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Chapter 1
Introduction to THz Communications

Thomas Kürner , Daniel M. Mittleman , and Tadao Nagatsuma

Abstract Terahertz (THz) systems are seen as an enabling technology for terabits
per second (Tbps) wireless communications. This chapter provides a brief overview
on the need for THz communications and the history of its development. Some
typical applications and their requirements are described, and the structure of the
book is introduced.

1.1 Need for THz Communications

The idea of using millimetre and submillimetre waves for the purpose of wireless
communications has been a topic of speculation since at least the 1960s. Several
authors identified numerous advantages, including copious bandwidth, enhanced
security, and diminished scattering compared to optical signals, more than 50 years
ago. These ideas inspired early research efforts, for example, into the properties
of the atmosphere at frequencies above 100 GHz (e.g. see [1]). Yet, it is only
more recently that technologies have progressed to the point where such wireless
systems can be considered to be feasible on the relatively near-term horizon. The
combination of this technological evolution and the rapid growth of wireless traffic,
which has continued to accelerate over the last two decades, has inspired many
researchers to recognize that a move to higher frequencies (above the currently
occupied bands which mostly lie below 6 GHz) can provide an effective solution to
alleviate the overcrowding of the spectrum and can enable new applications which
rely on ultra-broadband wireless links enabling data rates of 100 gigabits per second
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Fig. 1.1 Vision of a
point-to-multipoint
short-range wireless link [4].
(© 2000 Martin Koch,
reproduced with permission)

(Gbps) and beyond, even reaching data rates of terabits per second (Tbps). The
research trend devoted to the study of wireless communications above 100 GHz
began about 20 years ago; the first demonstration of sending data on a THz carrier
dates from the early 2000s [2, 3].

Figure 1.1 indicates an early diagram drawn by one of the pioneering researchers
in the field, dating from 2000, which illustrates a vision of a point-to-multipoint
short-range wireless link at 450 GHz [4]. At the time this picture was drawn,
few would have envisioned the smartphones of today or the Internet of Things,
a future in which wireless devices are innumerable and wireless connectivity is
ubiquitous. Yet, in the intervening two decades, wireless technologies have proven
to be an enabling platform for countless new applications, driving us towards
an increasingly interconnected society. The accompanying growth in demand has
driven the development of each new generation of wireless systems. Today, we are
witnessing the roll-out of the fifth generation (5G), which will for the first time
include a standard for short-range links in the millimetre-wave range [5].

Of course, throughout the history of wireless technology, new capabilities
have always inspired new (and often unanticipated) uses, generating even greater
demand. This has been true since the days of Marconi, and it seems likely to remain
true as 5G evolves from a novelty to the global workhorse wireless standard. As a
result, there appears to be little doubt that subsequent generations will be needed
beyond 5G and, eventually, that these will include standards and operations at
even higher frequencies, above 100 GHz. We do not presume to know when this
transition will occur – many are already assuming that it will be a component of
the sixth generation (6G) [6] enabling links with data rates of up to 1 Tbps, but it
may be too early to make that prediction. Nevertheless, the research community has
embraced the challenge. Activity in this field has grown very rapidly within the last
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few years. This growth has been inspired by both key technological advances and
burgeoning wireless demand, as noted above, but also perhaps by the ongoing 5G
roll-out, which offers some validation for the idea of using millimetre waves in a
mobile networking context. Many new capabilities and ideas have been described,
and a host of exciting demonstration experiments has been performed. The purpose
of this book is to provide a ‘snapshot’ of the global state of the art in wireless
communications research, at frequencies above 100 GHz.

To start the discussion, it is useful to consider the rationale for the frequency
range of interest. In this text, we focus exclusively on frequencies above 100 GHz.
The low-frequency limit of our range is to some extent arbitrary; however, there are
some rationales for the choice. First and most obvious, it clearly distinguishes this
work from considerations of 5G systems, which will contain no frequency bands
above about 60–80 GHz. In subsequent generations of wireless systems, if higher-
frequency bands are needed, it will be difficult to find any unallocated spectrum
that lies at frequencies below 100 GHz, which is not already incorporated into
the 5G standards. Therefore, this frequency is a reasonable choice as the dividing
line between the millimetre-wave bands that are already contemplated for the next
generation of wireless and those lying at higher frequencies that will be used in
future generations.

A second consideration is based more on the physics of propagation. As one
moves to higher frequencies, wireless transmission will necessarily become more
directional, as high-gain antennas will be needed to overcome the rapidly growing
(in proportion to frequency squared) free-space path loss. Although the millimetre-
wave bands of 5G are already considered to be very directional (in comparison with
legacy bands below 6 GHz), they are still fairly wide-angle fans of typically several
tens of degrees [7]. In contrast, at frequencies above 100 GHz, much narrower
almost pencil-like beams with angular widths of only a few degrees are typically
expected [7–9]. This narrow beam cone will necessitate many changes to the design
and operation of wireless systems, including not only the physical layer but also the
control plane and the multiple access (MAC) layer, for example. Things are really
very different at these higher frequencies.

Finally, at frequencies above 100 GHz, the attenuation of signals by atmospheric
water vapour becomes a significant issue, whereas it can often be ignored at lower
frequencies. The absorption spectrum of the atmosphere is dominated by a number
of relatively narrow (but in some cases quite strong) absorption lines (see Fig. 1.2),
arising from discrete rotational-vibrational transitions in water molecules in the gas
phase (in the figure, the lone peak below 100 GHz is due to O2; all the remaining
peaks are due to water vapour). These lines ride on top of a ‘continuum’ background
which increases with increasing frequency. This background attenuation is due
to effects such as absorption by water dimers and trimers [11]. Typically, one
would imagine that broadband wireless communication systems will be designed
to operate in the ‘windows’ between the strong but narrow loss peaks, where
the continuum is the dominant atmospheric effect (at least, in clear weather). As
frequency increases, these windows become increasingly sparse and narrow. This
fact dictates the upper frequency limit for most practical purposes. Above ~1 THz
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Fig. 1.2 Atmospheric
attenuation for a specific
water vapour density (black)
along with the free-space path
loss (4πdf /c)2, for a range of
1 km (blue), assuming
frequency-independent
antenna gain. The red curve
shows the sum of the two
effects. Water vapour
attenuation computed using
the ITU-R-P676 model [10]

(1000 GHz), it may be very difficult to find a window with low enough loss
over a broad enough bandwidth for practical communications applications. Thus,
the THz wireless research community has mostly focused on the frequency range
100–1000 GHz, with more interest concentrated on the more readily accessible low-
frequency side of that range. In this text, we refer to this as the ‘terahertz range’ and
to the ‘terahertz links’ that operate with carrier frequencies in this range.

1.2 History of THz Communications

A number of review articles have been published over the years, providing valuable
summaries of this rapidly evolving research landscape. One of the earlier examples
appeared in 2007 [12]. Here, the authors considered the possibility of using an
engineered environment, such as a specially designed multi-layer dielectric stack
as a wall covering [13] which would enable low-loss reflections of a terahertz beam
from the wall. This work recognized one of the key system design considerations
for THz networks – the range of possible ray paths connecting a transmitter to a
receiver is much smaller than what is encountered in conventional wireless systems
operating at lower frequencies. The so-called rich multipath scattering environment
which underlies many of the signal processing operations that are fundamental to
the operation of 4G and earlier networks is replaced by a sparse environment at
higher frequencies, with only one or perhaps a few possible paths. This distinction
arises because of several factors: the aforementioned atmospheric attenuation, but
also the relatively larger absorption (dielectric loss) of many solid materials [14]. As
a result, the idea of a ‘non-line-of-sight’ path which relies on scattering of radiation
over a wide range of angles is replaced by that of a ‘specular non-line-of-sight’ path
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which relies on a small number of specular reflections (e.g. one or two), which can
add significant loss due to absorption [8]. These paths, although lossy, may still
play a critical role as networks dynamically adapt to steer beams around a transient
blockage of the direct line-of-sight link [15], as envisioned in Fig. 1.1. However,
this creates a set of demanding requirements on the design of antenna systems,
which need to provide high-gain steerable or switchable antennas, as well as on
the signal processing algorithms. Today, ideas of using reflection from walls have
been further developed by introducing the concept of intelligent reflecting surfaces
(IRS) to improve coverage of THz communication systems by adjusting the discrete
phase shifts of the IRS elements and hence smartly reconfigure the propagation of
electromagnetic waves [16]. The corresponding antenna aspects will be covered in
Chaps. 17, 18, and 19.

Other review articles have provided additional valuable information and per-
spectives. For example, ref. [17] includes an early comprehensive discussion of
one of the key advantages of THz wireless links: enhanced security and resilience
against eavesdropping and jamming. This aspect of THz systems remains one of the
important motivations for the field and is recently a topic of increasing discussion
[18]. This review also touched on crucial issues such as the influence of precipitation
and the effects of atmospheric scintillation, many of which have subsequently been
the focus of more intense study. That article also attempted to summarize some
of the key demonstration experiments that had been performed up to that time. In
this book, we are to some extent inspired by this effort, and so we have included
an updated set of discussions of recent demonstration experiments, which is by
now a much longer list (see Chaps. 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42,
43, 44, 45, 46, 47, 48, 49, 50 and 51). Meanwhile, a contemporary review article
[19] provided a discussion of numerous complementary issues, such as the use of
ray tracing for evaluation of indoor link scenarios, as an alternative to statistical
approaches that are more commonly used at lower frequencies. This review also
touched on a number of physical layer issues, such as the prevalence of planar
antennas, and their importance in integration for, for example, MIMO arrays. This
work also noted the foundational demonstration of a 120-GHz-band link at the
2008 Beijing Olympic Games, which paved the way for much future development
[20]. Finally, the article concluded with a brief mention of the regulatory questions
that must inevitably be faced when considering any new radio technology, though
the frequency allocation from 116 GHz to 134 GHz was officially made in Japan
in January 2014. The path towards standardization and regulation is described
in another overview paper [21], focusing on the necessary steps to making THz
communication a reality. In recent years, significant progress has been made in
this area. In 2017, IEEE 802 Std. 15.3d-2017 – the first wireless communication
standard at carrier frequencies around 300 GHz – has been published [22], and
in 2019, the World Radiocommunication Conference (WRC 2019) has identified
137 GHz of spectrum in the frequency range 275–450 GHz, which can be used for
communications [23]. We also recognize the importance of this issue, which remains
a looming concern for the field. Consequently, this book provides an updated view
of the standardization and regulatory landscape in Chaps. 52, 53 and 54.

http://dx.doi.org/10.1007/978-3-030-73738-2_17
http://dx.doi.org/10.1007/978-3-030-73738-2_18
http://dx.doi.org/10.1007/978-3-030-73738-2_19
http://dx.doi.org/10.1007/978-3-030-73738-2_32
http://dx.doi.org/10.1007/978-3-030-73738-2_33
http://dx.doi.org/10.1007/978-3-030-73738-2_34
http://dx.doi.org/10.1007/978-3-030-73738-2_35
http://dx.doi.org/10.1007/978-3-030-73738-2_36
http://dx.doi.org/10.1007/978-3-030-73738-2_37
http://dx.doi.org/10.1007/978-3-030-73738-2_38
http://dx.doi.org/10.1007/978-3-030-73738-2_39
http://dx.doi.org/10.1007/978-3-030-73738-2_40
http://dx.doi.org/10.1007/978-3-030-73738-2_41
http://dx.doi.org/10.1007/978-3-030-73738-2_42
http://dx.doi.org/10.1007/978-3-030-73738-2_43
http://dx.doi.org/10.1007/978-3-030-73738-2_44
http://dx.doi.org/10.1007/978-3-030-73738-2_45
http://dx.doi.org/10.1007/978-3-030-73738-2_46
http://dx.doi.org/10.1007/978-3-030-73738-2_47
http://dx.doi.org/10.1007/978-3-030-73738-2_48
http://dx.doi.org/10.1007/978-3-030-73738-2_49
http://dx.doi.org/10.1007/978-3-030-73738-2_50
http://dx.doi.org/10.1007/978-3-030-73738-2_51
http://dx.doi.org/10.1007/978-3-030-73738-2_52
http://dx.doi.org/10.1007/978-3-030-73738-2_53
http://dx.doi.org/10.1007/978-3-030-73738-2_54
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One of the enduring research themes in this field involves the development of
new or improved sources and detectors. Indeed, one could argue that the recent
explosion of activity in THz wireless research has been enabled by recent impressive
developments in source and detector subsystems. Prior to the emergence of practical
sources and detectors, it was much harder to justify a system vision such as
shown in Fig. 1.1. Of course, this is still an extremely active area of research.
There are numerous distinct strategies for generating (and detecting) radiation in
the THz frequency range, each with its own set of advantages and disadvantages.
A number of review articles have focused on specific subsets. For example,
photonics-based approaches, reviewed in [24], have been the basis for many of
the demonstrations with the highest data rates. Meanwhile, approaches based on
the scaling of semiconductor electronics have also advanced rapidly and are now
competitive especially in the lower-frequency range, below 400 GHz [25]. The
ultimate choice of technology platform will depend on the details of the application
and will be influenced by many factors [26]. Discussions of the state of the art for
these and other technology aspects are prominently featured in this book in Chaps.
20, 21, 22, 23, 24, 25, 26 and 27.

Whereas the first two decades of research on THz communications have primar-
ily focused on RF aspects, namely, channel characterization and the development of
components for the RF front-ends, more recent research is emerging on baseband,
multiple access, and networking aspects, as potential applications have to be
demonstrated. Demanding requirements on baseband processing, multiple access,
and networking are coming not only from the use of ultrahigh carrier frequencies but
also from the ultrahigh data rates in the Tbps regime. This will require new concepts
in analogue-to-digital conversion [27] and bring the focus to implementation
efficiency, implementation cost, and power consumption, which are of key relevance
for the development of forward error correction schemes [28]. Initial access and
beam tracking as key elements in THz communications will require new MAC
concepts [29–30]. All these aspects are covered in Chaps. 28, 29, 30 and 31.

Since around the year 2010, several research groups have built demonstrators
to show that it is possible to fabricate transceiver systems at carrier frequencies of
200 GHz and above, enabling the transmission of tens of Gbps with link distances
of several meters up to almost 1 km. These transceiver systems use either electronic
[31, 32] or photonic [33] approaches to generate THz signals. In the year 2013 for
the first time, with a single-input and single-output wireless communication system
operating at 237.5 GHz, researchers demonstrated a data rate of 100 Gbps over 20 m
[34]. This breakthrough result was achieved by combining terahertz photonics and
electronics. In 2016, electronic beam steering at 300 GHz has been demonstrated
in the German TERAPAN project [35, 36]. Recently, demonstrators have been
built targeting proof of concepts for backhaul and fronthaul links at 300 GHz
[37, 38]. While the aforementioned demonstrators mainly rely on expensive III–
V semiconductor technology, significant progress has also been made in Si-based
demonstrators [39, 40]. A first 300-GHz CMOS demonstrator has been built in
2017 [41, 42], showing a real-time transmission of video over a range of 10 m.
Si-based and CMOS transceivers are a prerequisite to pave the way for mass-

http://dx.doi.org/10.1007/978-3-030-73738-2_20
http://dx.doi.org/10.1007/978-3-030-73738-2_21
http://dx.doi.org/10.1007/978-3-030-73738-2_22
http://dx.doi.org/10.1007/978-3-030-73738-2_23
http://dx.doi.org/10.1007/978-3-030-73738-2_24
http://dx.doi.org/10.1007/978-3-030-73738-2_25
http://dx.doi.org/10.1007/978-3-030-73738-2_26
http://dx.doi.org/10.1007/978-3-030-73738-2_27
http://dx.doi.org/10.1007/978-3-030-73738-2_28
http://dx.doi.org/10.1007/978-3-030-73738-2_29
http://dx.doi.org/10.1007/978-3-030-73738-2_30
http://dx.doi.org/10.1007/978-3-030-73738-2_31
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market applications. Numerous experiments and research projects targeting at
demonstrators are described in Chaps. 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42,
43, 44, 45, 46, 47, 48, 49, 50 and 51 in this book.

1.3 Applications and Requirements

The demonstrators mentioned above have triggered activities to exploit the THz
spectrum for numerous applications. The propagation conditions at these fre-
quencies and the consequent need for high-gain antennas have some important
implications for the potential applications, which can be split into two categories:

1. Fixed-point-to-point applications, where the positions of the antennas at both
ends of the links are a priori known. This avoids the need for beam steering both
during link establishment and while the link is active. Such applications are, for
example [43, 44]:

(a) Intra-device communication, i.e. a communication link within a device like
a computer, camera, or video projector including inter-chip communication

(b) Close proximity point-to-point applications like kiosk downloading or file
exchange between two electronic products such as smartphones, digital
cameras, camcorders, computers, TVs, game products, and printers

(c) Wireless links in data centres, where complementary THz links enable a
faster reconfiguration of the data centre.

(d) Wireless backhaul and fronthaul links in cellular networks, being a con-
nection between a base station and a more centralized network element
(backhauling) or a connection between a base band unit and a remote radio
head (fronthauling)

All these applications have been the target of IEEE 802.15.3d-2017 [22, 45],
which does not include any procedures for beam steering. Also due to either the
short link distance or the high-gain antennas used (or both), the requirements
on multiple access and interference mitigation can be relaxed. At the time when
the project to start the development of IEEE 802.15.3d-2017 was initiated, the
technology was considered mature enough to develop a standard.

2. Applications with at least one end of the link being mobile. This requires
algorithms for device discovery during link establishment [29, 30], beam forming
[46], and beam tracking [47]. Examples for such applications are:

(a) WLAN (Wireless Local Area Network)-type applications [21], where users
in conference or lecture rooms or hotspots in public areas can enjoy data
rates up to 10s of Gbps. Further examples include in-flight [48] or in-
train entertainment [49] or the use of augmented or virtual reality in indoor
environments.

(b) Backhauling for the aggregated data rate covering users in the moving
vehicles [49].

http://dx.doi.org/10.1007/978-3-030-73738-2_32
http://dx.doi.org/10.1007/978-3-030-73738-2_33
http://dx.doi.org/10.1007/978-3-030-73738-2_34
http://dx.doi.org/10.1007/978-3-030-73738-2_35
http://dx.doi.org/10.1007/978-3-030-73738-2_36
http://dx.doi.org/10.1007/978-3-030-73738-2_37
http://dx.doi.org/10.1007/978-3-030-73738-2_38
http://dx.doi.org/10.1007/978-3-030-73738-2_39
http://dx.doi.org/10.1007/978-3-030-73738-2_40
http://dx.doi.org/10.1007/978-3-030-73738-2_41
http://dx.doi.org/10.1007/978-3-030-73738-2_42
http://dx.doi.org/10.1007/978-3-030-73738-2_43
http://dx.doi.org/10.1007/978-3-030-73738-2_44
http://dx.doi.org/10.1007/978-3-030-73738-2_45
http://dx.doi.org/10.1007/978-3-030-73738-2_46
http://dx.doi.org/10.1007/978-3-030-73738-2_47
http://dx.doi.org/10.1007/978-3-030-73738-2_48
http://dx.doi.org/10.1007/978-3-030-73738-2_49
http://dx.doi.org/10.1007/978-3-030-73738-2_50
http://dx.doi.org/10.1007/978-3-030-73738-2_51
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(c) Vehicle-to-X communication allowing ultrahigh data rate exchange between
cars or between cars [50, 51] and an infrastructure.

At the time of writing this book, the technology is not yet considered mature
enough to start developing a standard for the second category of applications.
This suggests the need for research to achieve solutions enabling THz com-
munications for this latter category of applications. To achieve the needed
breakthrough results in antenna technology, signal processing in the context
of antennas and protocols will also be required. Solutions in semiconductor
technology allowing cost-efficient production of chipsets are mandatory to
introduce THz-based mass-market products. The growing momentum in all
aspects of the research discussed in this book may inspire effective solutions
to these numerous vexing challenges.

In almost all environments mentioned in the list of applications from both
categories above, research on propagation and channel characterization is already
underway, as described in Chaps. 10, 11, 12, 13, 14, 15 and 16 of this book.
Although stand-alone THz communications have not yet reached either their entry
into the market or the end of the basic research stage, new visions are already
appearing on the horizon: The integration of communications with sensing, imaging,
and localization will open the door for even more applications in the future,
undoubtedly including many that are currently unforeseeable [52].

1.4 Structure of the Book

We recognize that a book on this burgeoning topic cannot be assembled without
making choices about which topics to include. There is simply too much material
to be contained in a single volume. Therefore, we have attempted to select a subset
which represents some of the most significant and compelling examples. We hope
that readers find this overview of the field to be a useful guide to the state of the art,
as of the end of 2020.

Beyond this introductory chapter, this book is split into Parts I–XI containing 53
additional chapters, as illustrated in Fig. 1.3.

The first three parts are dedicated to ‘propagation and channel modelling’, and
it distinguishes the basics of ‘channel measurement techniques’, the description of
‘basic propagation phenomena’, and the application of these parts in ‘modelling and
measurements in complex environments’. Part IV is dedicated to ‘antenna concepts
and realization’ and completes the area on antennas and propagation.

The following four parts, V to VIII, are dedicated to ‘transceiver technologies’
and split into ‘silicon-based electronic’, ‘III–V-based electronics’, ‘photonics’, and
‘vacuum electronic devices’.

Four chapters on various aspects of ‘baseband processing and networking
interface’ are the subject of Part IX of the book.

http://dx.doi.org/10.1007/978-3-030-73738-2_10
http://dx.doi.org/10.1007/978-3-030-73738-2_11
http://dx.doi.org/10.1007/978-3-030-73738-2_12
http://dx.doi.org/10.1007/978-3-030-73738-2_13
http://dx.doi.org/10.1007/978-3-030-73738-2_14
http://dx.doi.org/10.1007/978-3-030-73738-2_15
http://dx.doi.org/10.1007/978-3-030-73738-2_16
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Propaga�on and Channel Modelling
Part I:

Channel Measurement 
Techniques

Chapter 2-5

Part II:
Basic Propaga�on 

Phenomena

Chapter 6-9

Part III:
Modelling and 

Measurements in 
Complex Environments

Chapter 1 0-1 6

Part IV:
Antenna Concepts and Realisa�on

Chapter 1 7-1 9

Part IX:
Baseband Processing and  Networking Interface

Chapter 28-31

Part X:
Demonstrators and Experiments

Chapter 32-51

Part XI:
Standardisa�on and Regula�on

Chapter 52-54

Transceiver Technologies
Part V:

Silicon-based Electronics

Chapter 20-21

Part VI:
III-V based Electronics

Chapter 22-25

Part VII:
Photonics

Chapter 26

Part VIII:
Vacuum Electronic Devices

Chapter 27

Fig. 1.3 Structure of the book

A large number of demonstrators and experiments are briefly described in Part X.
Although the list of demonstrators and experiments contained in these 20 chapters
is not exhaustive, Part X of the book provides a good overview of achievements so
far in the field of THz communications.

Part XI completes the book by describing the status and outlook in the area of
standardization and regulation.
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Chapter 2
Terahertz Time-Domain Spectroscopy

Peter Uhd Jepsen, Tobias Olaf Buchmann, Binbin Zhou,
Edmund John Railton Kelleher, and Martin Koch

Abstract Basic principles of transmission THz spectroscopy are reviewed, with
a focus on characterization of atmospheric transmission and dispersion. Important
literature on the use of the THz frequency range for wireless communication studies
is highlighted.

2.1 Introduction

Since its introduction in 1989 [1], terahertz time-domain spectroscopy (THz-TDS)
has been a standard tool in research laboratories for the experimental determination
of optical properties of materials in the THz frequency range. In this technique,
a beam of femtosecond laser pulses generates and detects the temporal shape of
ultrashort bursts of broadband electromagnetic radiation. Due to their frequency
content covering the THz range and short temporal duration, these radiation bursts
are commonly known as THz pulses. Figure 2.1 shows a schematic overview of
a typical experimental realization of a THz-TDS system. The femtosecond laser
beam is split into two parts with a beam splitter. One part is used for generation of
the THz pulses, and the other part is used for sampling of the temporal shape of the
THz pulse waveform. The key point of THz-TDS is that the electric field of the THz
pulse is measured as a function of time. Hence, the amplitude and phase of each
of its frequency components are known. This is the fundamental difference from
many other spectroscopic techniques, where only the intensity if the detected light
is recorded and thus phase information lost.

The sample is placed in the THz beam path, either in an intermediate focal
plane (not shown in Fig. 2.1) or in the case of an extended sample such as gas
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Fig. 2.1 Schematic of a
standard THz-TDS
experimental setup to
determine the index of
refraction and the absorption
coefficient of materials in the
THz spectral range

volume, in a collimated section of the beam as shown in Fig. 2.1. See [2] for a
more detailed description of the experimental technique, including an overview of
different sources and detector types used in THz-TDS.

2.2 Atmospheric Measurements with Terahertz Pulses

A thorough understanding of the propagation of THz radiation through the atmo-
sphere is naturally of high importance to the development of THz wireless com-
munication systems. The main concern here is the water vapour content of the
atmosphere, as the water molecule exhibits a rich absorption spectrum due to
rotational transitions across the 0.5–12 THz region. Figure 2.2 shows a severe
example of pulse distortion due to water vapour absorption and dispersion after
propagating through 64-cm laboratory atmosphere at 30% relative humidity. The
excitation of the many rotational transitions in the water molecules lead to a long-
lived re-emission (free induction decay [3]) following the main pulse (Fig. 2.2a) and
corresponding sharp absorption lines across the spectrum (Fig. 2.2b).

THz wireless communications is expected to exploit the transparency windows
in the lowest parts of this spectrum, specifically below 1 THz. The very first
demonstration of THz-TDS [1] used the laboratory atmosphere as a test case,
and in the following decades, the optical properties of the atmosphere and other
representative gases in this region have been studied to great detail with THz
time-domain techniques, for instance, by the Grischkowsky team and the Nuss
team [4–9]. Using either custom-built long-pass cells or even transmission between
buildings, THz-TDS measurements have also been used directly to investigate
propagation over rather long distances in the atmosphere [10–12].
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Fig. 2.2 (a) Ultrafast THz pulse distortion after 64-cm propagation in a laboratory atmosphere
(30% relative humidity). All oscillations after the main pulse at t = 1 ps are due to water vapour.
(b) Spectral content of the signal. Strong water vapour absorption lines fill the spectrum from 0.5
THz to above 12 THz

2.3 THz-TDS Methodology

At high field strengths, additional nonlinear interactions may take place, but
such interactions can be safely ignored when using standard, commercial THz
spectroscopy tools or custom-built THz spectrometers based on regular femtosecond
laser oscillators. Hence, here we will consider only linear propagation of the THz
field through the sample. For further simplification, we will only consider the THz
pulse to propagate as a plane wave, i.e. ignore effects due to tight focusing of the
THz beam that may complicate the analysis [13, 14].

The ultrashort THz pulse has a frequency content that can be determined by
the discrete Fourier transform Ẽ (ω) of the time trace of the pulse. The medium
in which the THz pulse propagates will have a (frequency-dependent) complex-
valued refractive index ñ = n + iκ , where κ = αc/2ω is the extinction coefficient
related to the power absorption coefficient α. If we select one frequency ω = 2πν
within the bandwidth of the THz pulse, propagation over a distance d in the medium
will modify the plane wave according to Ẽ (ω, d) = Ẽ (ω, 0) exp

(
iñωd/c

)
. A

complete THz-TDS measurement consists in general of at least one measurement
of the THz pulse after propagation through the medium of interest and at least one
measurement of the same THz pulse after propagation through the same distance in
a reference medium. If we consider the atmosphere as the sample, then a reference
environment can be dry air, a pure nitrogen atmosphere, or even vacuum. In any
case, the measurement relies on the knowledge of the refractive index of the
reference medium. For simplicity, we will here assume that the reference refractive
index is nref = 1. In this case, the experimentally measured transmission ratio of
the THz field component after propagation through the sample and the reference
will be T̃ (ω) = ∣∣T (ω)

∣∣ exp
(
i�φ (ω)

)
. This experimental value is compared to

the theoretical prediction exp(−α(ω)d/2) exp (i(n(ω) − 1)ωd/c) so that the index of
refraction (Eq. (2.1)) and the absorption coefficient (Eq. (2.2)) can be found:
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Fig. 2.3 (Top) Time domain (left) and spectral amplitude (right) of THz pulses propagated
through a relatively dry (RH = 13%, black) atmosphere and in RH = 25% and 42% (blue and
red, respectively). The middle and lower panel shows the extracted index of refraction and the
absorption coefficient at the two sets of relative humidity in the 0.25–4 THz range

n (ω) = �φ (ω) c

ωd
− 1 (2.1)

α (ω) = − 2

d
ln | T (ω) | (2.2)

The above equations are excellent approximations for spectroscopy of gases,
where the refractive index is close to unity and the absorption coefficient is rather
low. In the more general case, the transmission coefficient for the THz field in
and out of the sample region is not the same as for the reference region, and the
transmission coefficients must explicitly be taken into account [2].

Figure 2.3 shows an example of a THz-TDS measurement of the index of
refraction and the absorption coefficient of the atmosphere at two different levels of
relative humidity for the 105-mm-long beam path of the THz spectrometer. The top
row of the figure shows the time- and frequency-domain representation of the raw
data, and the middle and lower panels show the index of refraction and absorption
coefficient, extracted by using Eqs. (2.1) and (2.2).
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2.4 Modelling of THz Pulse Propagation in the Atmosphere

The complex-valued refractive index of the atmosphere can be modelled precisely
with the aid of data from the HITRAN database [15]. HITRAN reports the
temperature- and pressure-dependent strength and linewidth of absorption lines of
the atmospheric constituents, where mainly H2O is relevant for the description of
THz pulse propagation. The HITRAN database reports line strengths Sij (absorption
coefficient per column density of molecules), linewidths γ̃H , and frequencies ν̃ij
(reported in wavenumber units [cm−1]), leading to a spectral absorption profile
α
(
ν̃
) = ρSij f

(
ν̃
)
, where ρ is the density of the molecular species and f

(
ν̃
) =

(
γ̃H /π

)
/
(
γ̃ 2
H + (ν̃ − ν̃ij

)2) is a Lorentzian line profile. Summation over all

absorption lines then gives the transmission spectrum of the atmosphere in a given
frequency band.

The HITRAN data thus gives no direct information about the dispersion (refrac-
tive index profile) of the atmosphere. For Lorentzian line profiles, the standard
expression for the permittivity is

ε (ω) = 1 + A

ω2
0 − ω2 + iωγL

. (2.3)

However, under the assumption of weak absorption and dispersion (as is the
case of the atmosphere compared to, for example, condensed matter), the complex-
valued permittivity (Eq. (2.3) needed for modelling of THz pulse propagation is
related to the HITRAN parameters as [16]:

γL = 4πcγ̃H , (2.4)

A = 4c2ρSij . (2.5)

In this manner, HITRAN data can be used to construct a permittivity model
for the atmosphere at a given temperature, density, and pressure. This model
permittivity is the square of the complex refractive index of the atmosphere. A
given THz pulse can thus be numerically propagated through a model atmo-
sphere by multiplying its spectrum with the frequency-dependent transfer function
exp
(
iñ (ω) ωd/c

)
followed by an inverse Fourier transformation back to the time

domain. This principle, including a careful evaluation of the lineshape profile, has
been carried out by the Grischkowsky group [3, 6].
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2.5 THz-TDS in Areas Relevant to Wireless Communications

Terahertz time-domain spectroscopy is an important technique not only to character-
ize the transmission of THz waves through the atmosphere or THz communication
channels, respectively, but also to characterize the reflective properties of building
materials. These properties are important as it is expected that ideal line-of-sight
(LOS) link between the emitter and receiver of THz communication systems might
be temporarily obstructed, for example, by people moving through the room. In this
case, the THz system will have to rely on non-line-of-sight (NLOS) channels which
involve one or more reflections off walls or furniture as a backup. This concept
has been studied numerically by Kürner and coworkers more than a decade ago
in 2007 and 2008 [17, 18] and very recently in 2018 and 2019 experimentally by
the Mittleman group [19, 20]. Hence, a comprehensive knowledge of the reflection
properties of typical indoor building materials is required to allow for accurate pre-
dictions about the link performance [17]. As terahertz time-domain spectroscopy is a
broadband technique, it is ideally suited for material characterization regarding their
complex refractive index in the lower THz range. Early work on building materials
considered ‘smooth’ showed that the surface reflections could be described by Fres-
nel’s formulas [21, 22]. Subsequently, rough surfaces were subject to further studies.
It was noticed that scattering in the specular direction has a severe, frequency-
dependent impact on the received power [23–25]. In 2011, Jansen et al. used a
fibre-coupled terahertz time-domain spectroscopy system to perform angle- and
frequency-dependent measurements on rough surfaces to study diffuse scattering
[26]. They compared their experimental results to an extended Kirchhoff scattering
model as proposed by Beckmann [27]. Accompanying coverage simulations based
on a ray tracing algorithm clearly showed that the diffuse scattered power has a
strong impact on the non-line-of-sight propagation paths.

In addition, more complex geometries which can be encountered in an indoor
environment were studied. In particular, it was demonstrated that multiple reflec-
tions from painted walls or double-pane windows can lead to strong alterations of
the transmission and reflection behaviour [28].

Terahertz time-domain spectroscopy was also used in 2004 to demonstrate the
first THz communication link at several hundred GHz. Here, Kleine-Ostmann et al.
used an electrically driven room temperature semiconductor THz modulator which
was based on the depletion of a two-dimensional electron gas [29] to modulate
the transmission through a terahertz time-domain spectrometer [30]. In the data
transmission experiment, audio signals up to 25 kHz were imprinted onto a 75 MHz
train of broadband THz pulses. The communication channel had a length of 48 cm
spanning from the modulator to the receiver antenna. The signal strength was
sufficient to transmit pieces of music with a quality comparable of that of a phone
call. Now, 16 years later, after we have seen a remarkable fast progress in the field
of short-range THz communication systems with >600 GBit/s capacity [31, 32], this
first demonstration appears antediluvian. Yet, it was never thought to be a serious
approach towards a THz communication system since the transmittable data rate
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is limited by the RC time of the modulator. Finally, it is worth mentioning that
THz-TDS is an important tool for characterization of semiconductor materials used
in contemporary and future high-speed electronics [33, 34]. The switching time of
modern transistors approach the picosecond regime, and thus knowledge of material
properties in the THz range becomes more and more relevant.
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Chapter 3
Measurements with Modulated Signals

Daniel M. Mittleman

Abstract Historically, the majority of measurements to characterize devices, com-
ponents, channels, or systems in the terahertz range have been made using either
narrowband continuous sources or ultrabroadband pulse trains. In many cases, new
information is revealed when the characterization is performed using a modulated
data stream. This chapter discussed a few illustrative examples.

3.1 THz Communication Measurements

As described in Chap. 2, many of the early measurements in the THz range have
been performed using time-domain spectroscopy techniques. These include studies
to characterize components and devices such as filters and modulators, as well as
measurements of channel properties such as atmospheric attenuation and effects
of precipitation. The TDS technique offers many advantages and has become a
widespread laboratory tool, especially in the years since the first commercial TDS
instruments emerged in 2000.

However, in the context of wireless systems intended for high-speed data trans-
mission, it is important to recognize the shortcomings of time-domain spectroscopy
as a tool for device and system characterization. The technique inherently produces
a train of phase-locked ultrashort (and therefore ultrabroadband) pulses, at a rate
determined by the repetition rate of the mode-locked laser used to generate and
detect them. This rate is typically in the range of 100 MHz [3], although higher
rates are possible [4]. By the nature of a pulse train, it is impossible to modulate a
TDS source at a rate exceeding this repetition rate. Moreover, the spectral resolution
of TDS measurements is usually determined by the length of a scanning mechanical
delay and is therefore typically a few GHz, ultimately limited by the laser repetition
rate, since the regular pulse train corresponds to a frequency comb with a comb
spacing equal to this repetition rate. Therefore, it is generally not feasible to generate
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a carrier with a GHz-scale (or faster) modulation rate using TDS techniques. Even
if one did so, the power remaining after the required spectral filtering would be
extremely low, since TDS systems typically produce very low power per Hz of
bandwidth. For a typical commercial TDS system generating ~10 μW of average
power (integrated over the entire spectral range of the generated radiation), one
can estimate that this corresponds to about −130 dBm/Hz at the spectral peak of
the signal. As a result of these considerations, it is clear that TDS systems cannot
readily be used to characterize components or systems with modulated signals at
high data rates.

It is an interesting question to consider whether a broadband low spectral
resolution characterization of a component or system is sufficient to understand
how this component or system will perform when it is used with signals carrying
modulated data at a high bit rate. In some cases, this broadband characterization
is adequate. For example, a measurement which provides access to the complex
frequency-dependent dielectric function of a material is sufficient to completely
characterize the propagation of any complicated waveform in the medium, as long
as the spectrum of the signal falls within the spectral range of the measurement
and as long as its peak intensity is low enough to avoid inducing nonlinear effects.
One good illustration is the precise characterization of atmospheric absorption and
dispersion over the entire THz range, as reported in [5] (and references therein).
On the other hand, there can be situations where the behavior of modulated signals
can produce unanticipated results. Here, we discuss one example of each of these
situations in which specific device configurations were tested.

3.2 3D Printed THz Dielectric Waveguides

A first example involves the characterization of waveguides, which have been
designed for operation near 200 GHz. Dielectric waveguides represent one impor-
tant platform for both signal transport and signal processing. With relatively low
absorption losses and considerable design flexibility, dielectric structures offer
great promise as both active and passive devices. One particular advantage is the
possibility of fabrication by 3D printing, which offers a low-cost and highly versatile
method for production of nearly arbitrary waveguiding structures [6]. For example,
Weidenbach et al. [7] recently demonstrated a suite of 3D printed waveguide designs
with low loss in the THz range, including a fixed power splitter and a variable
waveguide splitter based on evanescent-wave coupling [8] between two parallel
dielectric waveguides.

One example of these evanescent-wave coupling structures was recently inves-
tigated using both a continuous-wave signal and a modulated signal with a
pseudorandom bit stream at 1 Gbps [1]. The waveguides are printed out of
polystyrene (PS), a material which is reasonably transparent at THz frequencies with
a nearly frequency-independent refractive index of 1.56 and which can be printed
using a Ultimaker Original 3D printer [9]. The printed waveguide has a square cross
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Fig. 3.1 Bit error rate as a function of separation between two evanescently coupled waveguides.
The data points show measured BER when a modulated signal is injected into the waveguide input.
In these measurements, the BER detector saturates at a rate of 10−9. The dashed curve show the
result obtained by measuring the power transmission using unmodulated data and then computing
the BER. The transmitter and receiver antennas are labeled in the inset as Tx and Rx. (Adapted
from [1])

section of size 0.8 mm by 0.8 mm, which assures single-mode operation in the
frequency range of interest. As shown in the inset to Fig. 3.1, it consists of a 90◦
turn followed by a coupling section in which two identical waveguides run parallel
to each other with a mechanically variable spacing between them. The 90◦ bend
prevents direct free-space coupling between the transmitter and receiver, and its
bending loss is negligible for a curvature radius r = 20 mm [7]. The coupling region
has a nominal length of 60 mm, although the effective coupling length is somewhat
larger due to nonzero coupling even in the curved regions.

For the data transmission experiments, the source is a frequency multiplier chain
(Virginia Diodes), which up-converts a modulated baseband signal to 196 GHz
producing about 60 mW of power at the output of the horn antenna. This carrier
wave is modulated at 1 Gbps via on-off keying (OOK) modulation. The signal is
detected (amplitude only) using a zero-biased Schottky diode intensity detector.
This signal is amplified to drive a bit error rate (BER) tester (Anritsu MP1764A)
for real-time signal analysis.

Figure 3.1 summarizes the comparison between the power measurements and
bit error rate measurements. The solid lines and data points indicate the measured
bit error rate as a function of the separation between the two waveguides in the
coupling region. As the separation increases, the signal oscillates between the two
waveguides, as expected [7]. For large separations (d > 1 mm), all the power remains
in the primary waveguide, and the BER saturates at 10−9. Meanwhile, the dashed
line shows the predicted bit error rate, computed using measurements of the power
vs. separation, according to the conventional result for an incoherent detector and
OOK modulation, as given in [10]. The oscillatory power results in a prediction of an
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oscillatory BER (dashed), in excellent agreement with the measured BER (squares).
This is a good illustration of a situation where the unmodulated signal can be used
to accurately predict the performance with a modulated signal.

3.3 THz Demultiplexing

A recent report of demultiplexing of THz signals provides an example of the
alternative situation, where the results obtained using modulated data are not
obvious from measurements using unmodulated sources. The example in this case
is a proposed frequency-division demultiplexer based on a leaky-wave parallel-plate
waveguide [11]. Signals injected into this waveguide, propagating in the TE1 mode,
emerge through a slot aperture at an angle which depends on their frequency. This
effect can be exploited for multiplexing and demultiplexing, by assigning specific
frequencies to individual users in a local area network according to their angular
location relative to the access point.

For radiation emitted from a leaky waveguide, the relation between frequency
and emission angle is determined by a phase-matching constraint on the parallel
component of the wave vector. A simple analysis gives the requirement:

β = k0 cos φ (3.1)

where β is the wave vector of the guided TE1 mode, k0 is the free-space wave vector,
and φ is the emission angle relative to the waveguide’s propagation axis. However,
because of the effects of diffraction, the radiation that emerges from the aperture has
a finite angular divergence, even if it consists of only a single-frequency component.
This angular width depends on geometrical parameters such as the length and width
of the slot aperture.

Under realistic conditions, the angular width of a single-frequency beam emerg-
ing from the aperture can be large compared to the angular separation between
a signal at frequency f and its modulation sidebands at f ± δf. This situation is
illustrated in Fig. 3.2a, which shows the radiation patterns computed for single tones
at a carrier frequency of 300 GHz, plus two sidebands at 290 GHz and 310 GHz
(assuming a modulation rate of 10 Gbps, for illustration purposes). In a case like
this, one might estimate the minimum necessary detector aperture based on the
angular width of the carrier frequency’s beam. One would then predict that lower
modulation rates (<10 Gbps), for which the side bands are more closely spaced in
angle, should exhibit no unusual changes as the detector’s angular position is varied.
In particular, the bit error rate should have the same dependence on detector angle
for any lower modulation rate. Yet, as shown in Fig. 3.2b, the measured BER vs.
detector angle shows a clear trend, even for much lower data rates [2]. This results
from a small asymmetry in the detection sensitivity across the detector’s aperture,
which causes the side bands on one side of the carrier to be detected slightly more
efficiently than on the other side. This asymmetry, although small enough to escape
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Fig. 3.2 (a) Radiation patterns computed for three different frequencies emerging from a slot
aperture in a leaky-wave parallel-plate waveguide: 290 GHz (blue), 300 GHz (black), and 310 GHz
(red). The dashed line indicates the angle predicted by Eq. (3.1) for 300 GHz. (b) Bit error rates for
a modulated signal emerging from a leaky-wave waveguide, as a function of the angular location
of the detector. The bit error rate’s dependence on detector position is different for different data
modulation rates. (Adapted from [2])

notice in conventional power calibration measurements, has a significant effect on
the bit error rates for different modulation rates. One might expect similar effects
to be very common in THz wireless systems, where diffraction (and therefore a
strong coupling between frequency and propagation direction) will be ubiquitous.
The result illustrated in Fig. 3.2b emphasizes the need for characterization of THz
components and systems using a variety of complementary techniques.
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Chapter 4
Vector Network Analyzer (VNA)

Thomas Kleine-Ostmann

Abstract This chapter discusses the fundamentals of vector network analysis
including the definition of scattering parameters, the hardware architecture of vector
network analyzers and frequency extenders, and methods for system error correc-
tion. The metrological approach of establishing traceability to the international
system of units (SI) is described as needed to measure with known measurement
uncertainty. The chapter ends with a brief view on using vector network analysis for
quasi-static channel measurements.

Vector network analysis is a well-established technique to determine the radio
frequency transmission and reflection properties of circuits, devices, setups, or linear
time-invariant networks in general. A vector network analyzer (VNA) determines
the frequency-dependent and complex-valued scattering parameters as defined for
an n-port network as measurands. These scattering parameters are used to derive
component properties (e.g., filter transmission, amplification, mixer attenuation),
antenna properties (gain, antenna factor), or transmission channel properties (chan-
nel impulse response after transformation of measurement results into the time
domain).

4.1 Scattering Parameters

For a two-port network, the scattering parameters S11, S21, S12, and S22 are defined
as complex ratios between forward (a1, a2) and backward (b1, b2) traveling waves
at the ports 1 and 2 as shown in Fig. 4.1 [1, 2]:
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Fig. 4.1 Two-port network
with wave quantities
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ZI2f,

b1 = 1√
Z
V1b = √

ZI1b, b2 = 1√
Z
V2b = √

ZI2b.

Here, Z is the characteristic impedance of the transmission lines (usually 50 Ohm),
and V1f, V2f, I1f, and I2f are the complex phasors of the forward travelling voltage
and current waves, whereas V1b, V2b, I1b, and I2b denote the backward travelling
waves. The scattering parameters Sij form the scattering matrix S which maps the
vector a of forward propagating waves into the vector b of backward travelling

waves:
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b =
(
b1

b2

)
= S · a =

[
S11 S12

S21 S22

]

·
(
a1

a2

)

The scattering parameters are complex relative quantities, which mean that
they are dimensionless. The complex number without unit can be represented in
amplitude and phase or as real and imaginary part, e.g., in the Touchstone® format.
The amplitude is very often given on a logarithmic scale: |Sij|dB = 20 dB lg |Sij|.

For passive networks not containing anisotropic media, the scattering matrix S is
reciprocal: Sij = Sji for i �= j. It can easily be calculated from the impedance matrix
Z or admittance matrix G commonly used to describe networks [2]. The concept
of the scattering matrix can be extended to n-port networks by replacing the 2 × 2
scattering matrix by n × n matrix.

4.2 Network Analyzer Architecture

The main components of a vector network analyzer (VNA) are the generator with
source switch which generates the stimulus signal, the test set which separates
forward and backward travelling waves, and the measurement and reference channel
receivers which are necessary to precisely measure the scattering parameters as
relative quantities. Figure 4.2 shows the architecture of a simple two-port network
analyzer [3]. The RF generator can be switched to ports 1 and 2, consecutively.
The signal is split in the test set. Half of it hits the device under test (DUT), and
half of it is measured in the reference receiver of the active port. In addition, the
measurement receiver at the active port measures the reflected signal returned from
the device under test, and the measurement receiver at the inactive port measures
the signal transmitted through the DUT. The scattering parameters are derived from
the ratio of the respective receiver readings.

The upper frequency limit of a VNA is usually defined by the coaxial connector
system used, e.g., 40 GHz (2.92 mm), 50 GHz (2.4 mm), or 67 GHz (1.85 mm).
To extend the available frequency range to the waveguide bands, a set of frequency
converters specific for the respective band will be used. Usually it is operated with
a four-port VNA which has access to reference and measurement channel at two of
the ports as shown in Fig. 4.3.

4.3 System Error Correction and Traceability

The couplers as main components of the test sets shown in Fig. 4.2 represent a
three-port network with scattering parameters S21, S31, and S32 themselves. Their
nonideal properties are described by the reflection tracking R = S32 • S21 and the
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Fig. 4.2 Two-port network analyzer architecture

Fig. 4.3 Frequency extension into the waveguide bands

reflectivity D = S31
/

R
. In addition to this, the source match S of the measurement

port deteriorates the measurement. In case of a one-port measurement of a DUT
with reflection factor �DUT , the measurement yields:

M = R

(
D + �DUT

1 − S · �DUT

)
.

The systematic errors caused by R, D, and S can be corrected by the procedure
of systematic error correction, often denoted as calibration of the VNA. Here,
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Fig. 4.4 Error box models for (a) one-port and (b) two-port system error correction [3] without
cross talk and not distinguishing between forward and backward model

after waiting for thermal stabilization of the VNA, calibration standards with
known properties are connected to the VNA and measured to calculate the error
box parameters as shown in Fig. 4.4 as needed for a numerical correction of the
measurement results.

In case of a one-port measurement, the task is to determine the four error box
parameters according to Fig. 4.4a, of which only three are independent (three-term
model). This can be done by consecutive measurements of an open, short, and match
(OSM method). If two-port measurements are intended, eight error box parameters
have to be determined according to Fig. 4.4b, of which only seven are independent.
Here, a number of methods exist involving additional calibration standards such as
through connection (T), unknown through connection (U), attenuation standard (A),
line standard (L), reflect standard (R), and symmetrical network standard (N): TOM,
TRM, TRL, TNA, and UOSM (see [3] for details). Very often, the VNA architecture
differs from that shown in Fig. 4.2 so that several ports share a reference receiver. In
that case, the switch needs to be modeled so that two seven-term models are required
that comprise twelve independent terms. Often, this twelve-term model is reduced
to 10 terms by neglecting crosstalk terms. The most common method for system
error correction in this case is the TOSM method.

After system error correction, the systematic errors are significantly reduced
when measuring with the VNA. However, a residual error remains. In addition to
the residual systematic error, other systematical and statistical errors contribute to
the measurement uncertainty when measuring with a VNA, as, for example, thermal
drift, noise floor and trace noise, repeatability of connectors, cable movement,
nonlinearities, and cross talk.

To be able to rely on measurements, an unbroken traceability chain of mea-
surements has to be established that connects the individual VNA measurement
to the representation of SI units kept at the National Metrology Institutes (such
as NIST in the USA, NPL in the UK, PTB in Germany, and many others) with
highest precision. The calculation of the resulting measurement uncertainty for
the VNA measurement is a rigorous analysis according to the rules internationally
defined by the Guide to the Expression of Uncertainty in Measurement [4] published
by broadly based international organizations working in the field of metrology. It
requires a complete modeling of the measurement process and determination of
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the input quantities with attributed measurement uncertainties that are propagated
through the model. The result is the best estimate of the measurand together with an
attributed standard measurement uncertainty that specifies the range, in which the
true value will be expected with an uncertainty of 68% (according to the standard
deviation of a Gaussian distribution). In case a higher confidence level is required,
an expanded measurement uncertainty can be specified by multiplying the standard
measurement uncertainty with an extension factor (for a simple analysis considering
the magnitude, only k = 2 leads to a confidence interval of 95% in case of a
sufficiently high degree of freedom).

The modeling of the measurement process required for VNA traceability and
specification of the overall measurement uncertainty is described in the Euramet
Calibration Guide cg-12 [5]. It includes description of the traceability chain,
determination of all relevant measurement uncertainty contributions, and best
measurement practice and practical advice. While traceability is well established
in coaxial line systems with standard measurement uncertainties reaching down to
0.0015 dB (calibration and measurement capability (CMC) of PTB as published by
the International Bureau of Weights and Measures (BIPM)), traceability in the upper
waveguide bands is an ongoing research topic [6, 7]. Here, calibration standards for
system error correction are lacking mechanical precision and are more difficult to
model correctly which leads to measurement uncertainties in the range of a dB.

4.4 Quasi-static Channel Characterization

Vector network analyzers in conjunction with horn antennas can be used for channel
and propagation measurements if the channel is varying slowly, only. The channel
properties are determined in a frequency sweep (duration Tsweep) measuring S21(f ),
which is proportional to the transfer function H(f ). From this, the (band limited)
impulse response h(t) or the power delay profile (PDP) ~ h2(t) can be determined
using an inverse Fourier transform. In order not to violate the Nyquist sampling
theorem, the maximum frequency of change has to be below 1/(2Tsweep). If angle of
departure (AoD) under which the transmitter (Tx) emits and angle of arrival (AoA)
under which the receiver (Rx) receives the incoming waves are not fixed, the sweep
time is not restricted to a single-frequency sweep but comprises the whole angular
scans of transmitter and receiver antenna. This leads to the determination of an
impulse response h(t,ϕAoD,ϕAoA) depending on the angles ϕAoD and ϕAoA in the
propagation plane. Depending on the orientation of the horn antenna polarization
with regard to reflecting surfaces, transversal electric (TE) or transversal magnetic
(TM) measurements can be performed.

Figure 4.5 shows a setup that has been used for quasi-static channel characteri-
zation [8]. The setup has been used to study diffraction [9] and basic propagation
properties for intra-device communication [10]. A four-port VNA with frequency
extension modules and 20 dB standard gain horn (SGH) antennas for the waveguide
bands WR 15 (50 GHz–75 GHz), WR 10 (75 GHz–110 GHz), WR 7 (110 GHz–
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Fig. 4.5 Quasi-static channel measurement setup

170 GHz), WR 5 (140 GHz–220 GHz), and WR 3 (220 GHz–325 GHz) have
been used for measurements. The output power of the converters is decreasing with
frequency from 4 dBm in the WR 15 band to −20 dBm in the WR 3 band. The length
of the cables connecting transmitter and receiver to the VNA is restricted to several
meters. With typical resolution bandwidths between 100 Hz in the WR 15 band and
10 kHz in the WR 3 band, measurements with high dynamic range larger than 80 dB
are possible in all five frequency bands. Depending on the desired maximum excess
delay τmax and delay resolution �τ , a sufficient number of frequency points N are
needed. With N = 6401 measurement points, a frequency spacing of �f = (fmax-
fmin) / (N-1) =105 GHz/6400 ≈ 16.4 MHz can be achieved in the WR 3 band
leading to a delay resolution of �τ = 1 / (fmax-fmin) ≈ 9.5 ps and a maximum
excess delay of τmax = N · �τ ≈ 61 ns. While the delay resolution of �τ ≈ 9.5 ps
corresponds to a spatial resolution of�d = c ·�τ ≈ 2.85 mm, the maximum excess
delay τmax ≈ 61 ns corresponds to a maximum detectable path length of dmax = c ·
τmax ≈ 18.3 m (with speed of light c ≈ 2.998 · 108 m/s). Such a measurement takes
several seconds.

The angular scan is realized using rotational stages with stepper motors. With
typical angular scanning resolutions of several degrees, complete circular scans of
Tx and Rx can take hours to days.
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Chapter 5
THz Broadband Channel Sounders

Robert Müller and Diego Dupleich

Abstract This chapter is the perfect introduction to get an overview of THz channel
sounder technologies. Additionally, all relevant state of the art and references for
the field of THz channel sounding are summarized. The aim of the THz sounder
chapter is to create a basic understanding of measurement setups and challenges
for the measurement of the electromagnetic wave propagation in the THz range.
All necessary principles, from generating the transmit signal over different mixing
principles to the THz band and the data acquisition, are compact summarized.

The use of millimeter frequency bands in 5G allows the implementation of
instantaneous bandwidths (BWs) with a couple of GHz [1–5] and opens the
possibility to reach the goal of 100 Gbit/s and higher data rates in mobile networks.
Additionally, in the field of Wi-Fi systems (IEEE802.11/802.15), different activities
from mmWave to THz and in the light spectrum are being carried out to enable
broadband communications with several Gbit/s. Current wireless systems can reach
several hundreds of Gbit/s using BWs larger than 2 GHz in the 5G mmWave and
in the 60 GHz ISM band. The advantages of THz systems in comparison to 5G
mmWave and 60 GHz ISM frequency bands are a great increase of the available BW.
However, channel sounders (CSs) and channel models can only be developed with
a clear idea on the use cases for future THz communication systems. These range
from networks for data centers [6], M2M communications in industry environments
[7], inter-device communication for smart devices [8], Wi-Fi applications [9], THz
backhauling for “6G” [10], body networks [11], and so on. Currently, the focus
is set on the extension of the existing wireless LAN systems providing higher
data rates. However, secondary applications such as localization and RADAR can
also be greatly improved in terms of resolution, thanks to the enormous available
BW in the THz frequency range. To analyze the potential and to develop suitable
technologies in these frequency bands, the equipment to measure the propagation
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of electromagnetic waves needs to provide a BW of more than 20 GHz [12–14].
Another important property of channel sounders is the ability to capture dynamic
propagation effects with the target BW of THz systems.

5.1 THz CS Overview

The main challenge on the design of a CS for THz measurements is the target
BW, which exceeds 20 GHz. The second question is the coverage range. THz
communications are foreseen to be applied in different scenarios and applications
which require distances from few centimeters up to kilometers. The third aspect is to
provide a stable reference clock distribution when the TX and RX units are separated
over several hundred meters in large scenarios, such as backhauling or small cell
access point. Additionally, a high measurement rate is necessary to analyze the
Doppler effects in THz communication. As an example, a walking person generates,
in average, a Doppler shift of around 400 Hz at 30 GHz (mmWave in 5G) and of
4000 Hz at 300 GHz.

The analysis of Doppler shift requires, at least, a sampling rate following
the Nyquist criteria with the highest Doppler frequency which is present in the
measurement. In combination with the large BWs and the required amplitude
dynamic range (in the optimum of 60 dB which is around 12-bit resolution of the
ADC [15]), the data value per second at 20 GHz BW is around 223.5 GB/s per
receiver channel. Depending on the selected measurement method and the period
length of the transmit signal, the measurement speed and the maximum Doppler
resolution of the CS system are determined.

From current knowledge of the authors, there is no measuring system available
that currently meets all the requirements for THz channel sounding in view
of coverage of large distances, measurement BW, measurement speed, spatial
resolution in azimuth/elevation, and polarization resolution.

Nevertheless, there are different approaches for the development of CSs for
THz applications, which will be discussed in the following subchapters. To get an
overview of common THz channel sounder systems, we focus on THz applications
for small- and medium-size scenarios like offices, data center, entrance halls, etc. In
these environments, many channel measurements with different CSs and VNAs are
done [6, 9, 16–19].

Most of the analyses were carried out using VNAs with frequency expansions
in the THz range as described in Chap. 4. Further analysis was performed using
different sounder architectures, e.g., FMCW baseband units [20] and correlation
sounders, or using broadband arbitrary waveform generator (AWG) in combination
with broadband DSO/DPO (digital storage oscilloscope/digital phosphor oscillo-
scope) [21]. Furthermore, the use of broadband ADC and DAC with several GHz of
BW for the baseband units from different suppliers such as National Instruments
[22], Teledyne SP Devices [23], Xilinx [24], and other companies is a possible
solution for a THz CS. With flexible solutions like the already mentioned DAC and

http://dx.doi.org/10.1007/978-3-030-73738-2_4
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Fig. 5.1 Overview of different basic principles for THz channel sounding

ADC or AWG or DPO/DSO, any of these previous operating modes can be enabled.
An overview of different channel sounder architectures is summarized in Fig. 5.1.

5.2 Broadband Baseband Units for THz Channel Sounding

In comparison to narrowband architectures (stepping of sinusoid) which are used
for VNA and FMCW [25] systems, broadband architectures offer the capability to
measure the full instantaneous BW of a THz system and enable the measurements of
dynamic propagation effects of the THz channels. The majority of broadband THz
sounder systems utilize a broadband and periodic pseudorandom binary sequence
(PRBS). The advantage of PRBS is the simple generation of the transmit signals
with flip-flops or faster digital outputs. For the realization of PRBS-based sounders,
different approaches are possible, and the most important types of PRCS systems
are explained in the following subsections.

Advantages of averaging gain, correlation gain, etc. of using different periodic
sequences are described in [26–28]. Alternatively, a multicarrier signal [29, 30] can
be used which requires additional broadband DACs instead of fast binary flip-flops
or digital outputs at the transmitter side.

5.3 Pseudo-Noise (PN)-based correlation: Sliding Correlator

There are two commonly used architectures for PN-sequence correlation-based
sounders. The first is an analog version of a correlation-based sounder. The
“sliding correlator” principle [27] generates the same PN (PN-G) with slightly
different clock frequencies at the transmitter and receiver (Fig. 5.2). The received
signal is mixed with a replica of the transmitted signal with a frequency offset
that generates the real-time channel impulse responses at the ADC. The sliding
correlator generates a time shift in the channel measurement when the received
PN-sequence slides past the PN-sequence which is generated at the receiver in the
correlator. To correct the time shift of the sliding correlator, multiple samplings of
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Fig. 5.2 Principle architecture of a sliding correlator THz channel sounder

the PN signal are required (measurement of several periods) or a parallel correlation
(with different clock shifts at every correlator) at the receiver hardware is necessary.

5.4 Real-Time Sampling Broadband Baseband Units for THz
CS

Another baseband realization for broadband sounders is based on the digitization
of the full measurement bandwidth of the received signal with a high sampling rate
in real time [26, 31] based on Nyquist sampling. Depending on the used signal
(multisine, PRBS), further processing takes place in digital domain. In most of the
THz channel sounder based on the PRBS principle (Fig. 5.3 red part), the correlation
is performed after the digitalization. At this point, different approaches for a PRBS
sounder can be followed: from a fast online correlation calculated directly in the
FPGA to an offline correlation after the measurement campaign. The correlation
process can be performed by multiplying the Fourier transformation of the received
signal with the conjugated response of the transmitted signal. In addition, filters to
suppress out-of-band mixing products of the sounder hardware or to limit the BW
can be applied in this stage. Finally, the CIR is obtained by applying the inverse FFT
to the result.

5.5 PN-Sequence Correlation-Based Subsampling System

A special compact realization of the direct PN-sequence correlation-based sounder
is the subsampling system which is used in [28, 32] (Fig. 5.3 green part). This
unit uses the periodic PN signal and a track and hold (T&H) to reach several GHz
BWs for THz measurements. The subsampling operation also reduces the problem
of fast data storage and enables a compact building factor of the baseband units.
The main disadvantages of the subsampling CS system are the longer measurement
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Fig. 5.3 Principle architectures of a direct correlation channel sounder in red and in green the
subsampling version PN-sequence correlation-based at receiver for THz channel sounders

Fig. 5.4 Left, the 200 GHz multiband sounder (180–220 GHz/71–78 GHz/3.5–10.5 GHz) of
the Technische Universität Ilmenau, right, the 300 GHz channel sounder (5.2–13.2 GHz/60.32–
68.32 GHz/300.2–308.2 GHz) of Technische Universität Braunschweig

time and the requirement of a highly stable and coherent clock feed in the GHz
range. On the other hand, a stable high-frequency clock can also be an advantage
for THz CSs, since it generates a low-phase noise RF signal when it is used for the
frequency conversion. Compared to other measurement methods that use reference
clocks in the MHz range, the phase noise influences can be smaller which improves
the quality of the measurement results. Another disadvantage, depending on the
subsampling factor, is the ability to record real-time events. Depending on the
subsampling factor, the measurement of Doppler frequencies is still possible up to
a few hundred of MHz.
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5.6 Techniques for Expanding Bandwidth of THz Channel
Sounder

A further increase of the measurement BW for broadband channel sounder systems
can be achieved by different technologies. One is the I/Q sampling. This can be
implemented in a parallel or sequential structure. The I/Q sampling can take place
at IF frequency, mostly away by a couple of GHz from the baseband signal, or
in the baseband. The extension of the BW using the I/Q mixing process requires a
calibration of the deviation from the ideal 90◦ phase shift between the I and Q stages.
The differences between the ADCs must also be considered during calibration with
the parallel I/Q method.

The parallel sampling of larger BWs can also take place with several ADCs in
the baseband, which is called time-interleaved (TI) sampling. The main challenge
of interleaving broadband ADCs is the untreated mismatch between the units that
generate spurs in the output spectrum. This is based on the fact that during the
manufacturing procedure of semiconductors, there is an unavoidable slight random
variation on every mid- to high-resolution ADC. This produces a mismatch in the
gain, and the offset can be considered as DC effects. The effects of timing (jitter
in the ADC) and BW (each ADC has a deviation from the target BW) mismatch
become more severe with larger BWs. To eliminate this influence of the ADCs,
the standard procedures “foreground” or “background” are often used to calibrate
time-interleaved broadband ADCs.

BW extensions of the transmission signal can be easily done by using a double
sideband up-conversion method. Depending on the receiver architecture, the mixing
clock at the receiver and transmitter can differ. Alternatively, the multi-gigabit
transceivers (MGTs) of the FPGA can be used to generate PRBS signals with BWs
of more than 50 GHz. For the generation of broadband multisine signals, TI-DACs
can be used.

5.7 Up- and Down-Conversion Principles for THz Sounders

In the next step, the baseband signal needs to be mixed up to the THz band
at the transmitter and mixed down at the receiver. Depending on the position
of the baseband signal, different mixing processes can be used. Historically, the
heterodyne principle is the most known in the RF techniques. The heterodyne
conversion uses an IF conversion step to reach the target radio frequency (RF).
Depending on the structure, heterodyne converters can also include several IF
stages for the mixing procedure. The heterodyne conversion principle offers a high
sensitivity, frequency, stability, and selectivity at the receiver. Another advantage is
the tunable RF position of the signal by changing the local oscillator frequency.

In contrast to the heterodyne conversion, the homodyne conversion (known
as direct conversion or zero IF) places the RF signal to zero. In comparison
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to the heterodyne principle, the conversion to the IF band is omitted here. The
homodyne conversion is a simple design at a first glance but has a disturbing effect,
which demands an extreme performance on the LO and the mixer. Instabilities
or imperfections in the LO chain and any DC offsets or imperfections in the
mixer corrupting the zero-IF output result in poor system performance. The zero-IF
principle has issues of achieving sufficient dynamic range, which is an important
factor for THz channel sounder for the received signals. Currently, we can find the
homodyne conversion in many devices like cellphones, software-defined radio, and
so on. The low-IF principle converts the RF signal down to a frequency close to
zero. The distance between zero and the baseband signal depends on the BW of
the useful signal and the target suppression of undesired mixing products and is
typically of a few hundred MHz. The low-IF conversion combines the advantage of
the heterodyne and homodyne architectures and avoids the DC offset and 1/f noise
problems of the homodyne conversion.

Mostly, a mixed architecture of heterodyne and low-IF conversion is used in
the design of measurement and communication systems in the THz range with
BWs greater than 10 GHz. However, the requirements for a channel sounder
are different from those for a communication system in terms of dynamics and
BW. The measuring system should always have at least the maximum BW of
the target communication system. To measure all propagation effects of the THz
channel, the measurement sensitivity should be at least in the dynamic range of
the target modulation. For QAM 1024 signals, the minimum required instantaneous
dynamic range should be greater than 30 dB [33] within a committed information
rate (CIR). In the THz frequency range and under the use of BWs larger than
20 GHz, different noise processes (shot noise, phase noise, thermal noise) become
increasingly noticeable. In order to minimize the influence of these noise processes,
the maximum possible transmission power that is allowed and technically available
should be used. Furthermore, the implementation of high-gain LNAs and AGCs
can further improve the dynamic measurement capabilities of THz CS systems.
An example of a mixed frequency conversion setup of a THz channel sounder is
displayed in Fig. 5.5.

5.8 Correction of RF-Hardware Influences of THz Channel
Sounder

After the discussion of the hardware design of channel sounders, it is necessary
to correct all remaining hardware influences which cannot be compensated by
the RF design. The calibration of CSs is crucial to avoid the influence of the
hardware, such as the antenna characteristics, attenuators, AGC, noise level, etc.,
on the interpretation of the measured data. Nonlinear distortions in the frequency
response can be easily removed using a back-to-back [34] or in situ calibration [35].
During the back-to-back calibration, the frequency response is measured between
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Fig. 5.5 A possible ideal setup for THz channel sounder which tries to minimize nonlinear
broadband effects at the RF components

the transmitter and receiver, using calibrated attenuators which cover the dynamic
range of the channel sounder system. For the in situ calibration, the frequency
response of the system is measured over the free space. Ideally, this reference
measurement has to be performed in an ideal environment as an anechoic chamber
or in an open field with as less reflections as possible. The correction of the
measurement data takes place afterward in post-processing to reduce or eliminate
internal reflection of the system and other linear distortions. In addition, a large
number of nonlinear components that are used in frequency-converting systems
introduce nonlinear distortions. The calibration of such a distortion in broadband
RF-systems requires knowledge of the whole system and a model which handles the
nonlinear distortions in dependency of BW and input power at the receiver. Some
approaches for the correction of nonlinear distortions can be found in [36, 37].

5.9 Measurement Setup and Procedure at THz

Up to this point, only the RF measurement system has been described. But in
comparison to a standard VNA, a channel sounder needs to characterize the spatial
parameters of the wave propagation. The spatial parameters consist of the angle
of departure (AoD) at TX and RX, the angle of arrival (AoA) at TX and RX,
the transmitted and received polarizations, the frequency, and the time variation of
the channel. A complete description of the polarization consists of two orthogonal
components at TX and RX. For the measurements, a positioner can be used
to sample the spatial domain [9, 17, 38]. Polarization can be measured using
dual-polarized antennas or linear polarized antennas which need to be rotated
mechanically by 90◦in the E-field plane.
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Alternatively, the directional information can also be recorded with antenna
arrays and under using high-resolution parameter estimator (HRPE) algorithms such
as RiMAX [39], SAGE, or MUSIC [40] in combination. In the lower GHz bands,
it is possible to resolve the directional information with a resolution well below the
half-power beamwidth of the opening angle of the antenna elements. These channel
sounding techniques using different 3D and 2D antenna arrays [39] are structured
for sampling of the spatial information. An important design point of these channel
sounding measurement antennas is the element spacing of approximately λ\2 to
resolve the phase difference at the highest measured frequency. However, in the THz
bands, only planar arrays with an antenna element spacing of approximately λ\2 of
the highest measured frequency can be used with HRPE. Currently, the physical
design, manufacturing, and feed of the RF signal to antenna elements represent a
challenge for the design of 3D channel sounding antennas at THz. More detailed
information about the boundary conditions and necessary calibration steps to apply
HRPE can be found in the abovementioned publications.

5.10 Conclusion

The research field of broadband THz CSs is challenging. Issues such as real-
time sampling, enormous instantaneous BWs, dynamic range (measurable path
loss), and direction- and polarization-resolved acquisition of the THz channels
still require some technological developments. Nevertheless, the THz channel is
an important medium for future communication systems, not only for inter-device
communication over a short distance or backhaul for 6G but also for secondary
applications such as RADAR, sensing of vital data, and so on. Due to the enormous
frequency resources which are available in the THz range, the full potential
of this technology cannot yet be foreseen. Channel measurements reflecting the
propagation characteristics at THz are an indispensable requirement to provide a
platform for the development of future and applications.

Finally, even the large manufacturers of communication technologies must be
convinced of the advantages and possibilities of THz. Here, the comparison of sev-
eral frequency bands in the same environment can help to show the potential of THz
technologies. Furthermore, only with an accepted channel model, communication
systems can be standardized at 3GPP, ITU, and IEEE and be successful in the mass
market.
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Chapter 6
Free Space Loss and Atmospheric Effects

Tae-In Jeon, Janne Lehtomäki, Joonas Kokkoniemi, Harri Juttula,
Anssi Mäkynen, and Markku Juntti

Abstract Free space path loss for THz communication is discussed. Molecular
absorption mainly caused by water vapor is a major effect in terahertz propagation in
the atmosphere. Both experimental and theoretical results are also discussed using
the ITU models and the am model. A simplified model for molecular absorption
that enables analytical study of THz communication is discussed without needing
numerical calculations using huge number of coefficients. The time delay (shift)
of the THz pulse is due to an increase in water vapor in the atmosphere, that is,
an increase in refractive index. The time delay was measured and compared with
theoretical calculation. Also, measured and calculated power attenuation losses for
snowy and rainy weather conditions are presented.

6.1 Experimental Measurements

6.1.1 Power Attenuation in the Atmosphere (Free Space Loss)

When THz wave propagates in the atmosphere, the water vapor content of the
atmosphere is the main barrier to THz propagation. Recently, using THz time-
domain spectroscopy (TDS) system, there have been studies of broadband coherent
THz pulse propagation in 186- and 910-m open paths under atmospheric weather
conditions [1–3]. With a 30.5-cm-diameter telescope mirror, the THz beam can be
collimated over a few 100 m distance in the atmosphere.

Figure 6.1a shows THz pulses propagated through 159-m outdoor free space
with two different water vapor densities (WVD), which can be calculated using the
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Fig. 6.1 (a) Measured THz
pulses through 27-m indoor
and 158-m outdoor free
spaces for WVD values of
1.1 g/m3 (RH and
temperature of 12.5% and 9.6
°C, respectively) and
11.2 g/m3 (RH and
temperature of 73.9% and
17.6 °C, respectively). (b)
Corresponding amplitude
spectra for the measured THz
pulses. (c) Measured power
attenuation in dB/km. Dashed
red and blue lines indicate the
power attenuation calculated
by ITU-R with and without
compensation for continuum
absorption at 1.78 THz [1]

relative humidity and temperature. THz pulse delay due to WVD with respect to the
first maximum of the pulse is 37.4 ps. The pulses with WVD of 1.1 g/m3 oscillate
at much higher frequencies than those of pulses with WVD of 11.2 g/m3, because
THz pulses with the lower WVD have larger bandwidth. Because it has a larger
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power attenuation, the amplitude of the THz pulse with a WVD of 11.2 g/m3 is
smaller than that of the pulse with a WVD of 1.1 g/m3. The corresponding amplitude
spectra for the THz pulses with 1 THz spectrum bandwidth are shown in Fig. 6.1b.
The amplitude spectrum of high WVD (EH ) is further reduced compared to that
of low WVD (EL). The power attenuation is given by 10 log(EH/EL)/0.159 km.
The measured power attenuation in dB/km is shown in Fig. 6.1c. The gray regions
cover the no-signal areas caused by strong water vapor absorption lines. The
strong water vapor attenuation values in the low-frequency regime due to the
resonant rotational lines are 0.183 and 0.325 THz, which are much stronger than
the continuum absorption and proportional to the square of the frequency. The
dashed red and blue lines indicate the power attenuation calculated by ITU-R
with and without compensation for continuum absorption at 1.78 THz (ITU-R
P.676-12: Attenuation by atmospheric gases and related effects) [4]. The measured
water resonant rotation lines are in a good agreement with the calculated power
attenuations by both ITU-R calculations. The power attenuation determined by ITU-
R + pseudo-line at 1.78 THz calculation is slightly higher than that determined by
ITU-R calculation in the low-frequency range. The measured continuum absorption
is about 5 dB/km higher than the calculated continuum absorption determined by
ITU-R + pseudo-line at 1.78 THz around 0.2 THz, which is a 10% increase of the
input amplitude spectrum for the WVD 1.1 g/m3 reference pulse. Because outdoor
weather cannot be controlled, the 2 THz pulses were measured more than a month
apart. However, the measured power attenuation exists between ITU-R + pseudo-
line at 1.78 THz calculation line and ITU-R calculation line in the high-frequency
range. Because the measurements were made in low WVD in the atmosphere, the
measured power attenuation is less than that found in the ITU-R + pseudo-line at
1.78 THz calculation. Since the power attenuation from 0.13 to 0.33 THz has very
low loss, this frequency bandwidth will in the future be good for THz applications
such as communications, sensing, and imaging.

6.1.2 Time Delay in the Atmosphere

When the concentration of WVD in the atmosphere is high, the refractivity of the
atmosphere increases. Therefore, the time delay (shift) of the THz pulse appears
as shown in Fig. 6.1a. The theoretical total time shift can be calculated from the
refractivity of the atmosphere, as shown in the formula based on the following Essen
and Froome equation [2, 3, 5]:

(n− 1)106 = 103.49

T
p1 + 177.4

T
p2 + 86.26

T

(
1 + 5748

T

)
p3 (6.1)

in which atmospheric pressure (p) = p1 + p2 + p3 where p1 is the partial pressure
of dry air, p2 is the partial pressure of CO2, and p3 is the partial pressure of water
vapor. Although CO2 has a high refractive index compared to other gases in the air,
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Fig. 6.2 Comparison of the measured and calculated time shifts as a function of WVD. Black
dots indicate the measured time shifts caused by outdoor water vapor and dry air. Red dots indicate
the measured time shifts caused by outdoor water vapor only. Solid and dashed lines indicate the
fitting lines for measured data and theoretically calculated data, respectively. The yellow area of
the figure indicates the time shift caused by the dry air [3]

we ignore the refractive index of CO2 because of the low concentration (∼0.03%) in
the outdoor air. Therefore, the partial pressure of dry air is the atmospheric pressure
minus the partial pressure of water vapor (p1 = p−p3). The partial pressure of dry
air depends on the partial pressure of water vapor in the atmosphere.

Figure 6.2 provides a comparison of the measured and calculated time shifts
as a function of WVD. We measured the time shift by measuring the THz pulse
propagation at distances of 186 and 910 m [1, 3]. The black dots indicate the
measured time shift derived by the phase difference for the lowest WVD and the
highest WVDs at 0.25 THz; the solid line is a fitting line for the measured data. The
measured time shift is caused by outdoor water vapor and dry air. If the time shift
takes into account only the water vapor in the atmosphere, the time shift caused
by dry air between water molecules must be eliminated. The red dots and solid
line indicate the measured time shift due to water vapor only and a fitting line,
respectively. The dashed lines indicate the theoretical calculation performed using
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Eq. (6.1). Measurement and theoretical calculation for water vapor agreed very well,
with values of 16.1 and 16.5 ps/(g/m3), respectively. The yellow area of the figure
indicates the time shift caused by dry air in the atmosphere.

6.2 Theoretical Model

6.2.1 Free Space Path Loss

Formally, free space path loss assumes the dielectric constant and the permeability
of the propagating medium are those of the vacuum [6]. Received power ratio (ratio
between received power Pr and transmitted power Pt ) including free space path loss
(FSPL) and the effect of the generic transmit and receive antennas is

Pr

Pt
= ArAtf

2

d2c2
(6.2)

where f is frequency, d is the distance, and Ar and At are effective antenna
apertures. FSPL assumes isotropic antennas for which the aperture decreases as a

function of frequency. For isotropic antenna Aisotropic = c2
/

4πf 2, where c is the

speed of light. By using Aisotropic in (6.2), we get

Pr

Pt
= c2

4πf 2

c2

4πf 2

f 2

d2c2 =
(

c

4πf d

)2

.

The inverse of this is the FSPL. Let us decompose it into two parts:

FSPL =
(

4πf d

c

)2

=
(

4πd2
)(4πf 2

c2

)

(6.3)

The spreading loss in the first term is independent of the frequency. The loss due
to increasing frequency comes from the effective aperture of the receiving antenna
(not from the channel itself). In the decibel scale, the FSPL is

FSPL[dB] = 10log10

((
4πdf

c

)2
)

= 20log10(d)+ 20log10(f )+ 20log10

(
4π

c

)

= 20log10(d)+ 20log10(f )− 147.56,
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where distance d is in meters and frequency f is in Hz. So far, we see that FSPL
increases as a function of frequency. For example, for 10-m distance, the FSPL at
2.4 GHz is 60 dB, and at 300 GHz, it is already 102 dB. However, there are some
special cases where this behavior is not true. In fact, when taking into account FSPL
+ antenna gains, the loss can decrease as a function of frequency. The reason for this
is that for fixed effective antenna apertures Ar and At , the receiver power ratio (6.2)
increases as a function of frequency due to the f 2 term. For example, for parabolic
antennas (and conical horn antennas)

A = ea
πd2

dia

4

where ddia is the diameter of the reflector (or the diameter of a conical horn aperture)
and ea is aperture efficiency. This is not a function of frequency (except possible
variation in ea).

After taking into account the gain of the antennas, the path loss becomes

FSPL[dB] − Gt − Gr,

where Gt and Gr are the transmit and receive antenna gains in dB, respectively.
It should be noted that some authors include antenna gains in FSPL, so the above
expression would be called FSPL, leading to much reduced FSPL for high antenna
gains. The gain for parabolic antenna can be calculated using

G = 4πAeff

λ2
= ea

(
πddiaf

c

)2

,

where Aeff is the effective antenna aperture and λ is the wavelength. For example,
parabolic antennas with 20 cm diameter and 80% efficiency on both sides at
365 GHz lead to >110 dB gain compared with FSPL as defined in (6.3). Parabolic
antennas are suitable, for example, for fixed point-to-point outdoor links.

Regarding distance, path loss increases by a factor of 6 dB if link distance
is doubled (square-law behavior). This is totally a different behavior than the
exponential losses which would be doubled in the dB domain.

The first Fresnel zone should be mostly free from obstructions to avoid issues
with radio reception. Luckily, the Fresnel zone reduces as a function of frequency.
For example, for a 100-m link at 2.4 GHz radius of the first Fresnel zone is 1.77 m,
but at 300 GHz, it is only 0.16 m. This means that at higher frequencies, we need to
worry less about the Fresnel zone being empty.
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6.2.2 Molecular Absorption

Molecular absorption is caused by the energy of the electromagnetic (EM) wave
exciting the molecules to higher energy states. At THz frequencies, water vapor is
the main cause of the absorption losses.

The Beer–Lambert law tells that transmittance (the ratio between received and
transmitted powers) is

τ (v, r) = e
−∑j k

j
a (v)r = e−kTOT

a (v)r

where v is the wavenumber in cm (wavenumber in cm is f/c, where f is frequency
in Hz and c is the speed of light in cm/s), kja (v) is the absorption coefficient of
j th gas at wavenumber v, and r is the distance from transmitter to receiver in
cm. The absorption coefficients depend on pressure, temperature, and molecular
composition of the channel kja (v) = Njσj (v), where Nj is the number density
and σj (v) is the absorption cross section for j th gas. The absorption cross section
describes the effective area for absorption of an element, and the number density
tells the number of elements. Line intensity describes the strength of the spectral
lines, and spectral line shape tells us the width and shape of the spectral lines.
By using the line intensity and line shape, we get absorption cross section with
σj (v) = Sj (T ) F j

(
p, v, T

)
, where S is line intensity and F is spectral shape. The

Lorentz line shape is

F iL

(
v − vic

)
= 1

π

aiL
(
v − vic

)2 +
(
αiL

)2

where αiL is line width. The exact calculations and necessary scaling of the line
intensity and the line shape can be done following [7, 8].

Van Vleck-Weisskopf (VVW) line shape includes correction for negative res-
onances. Van Vleck-Huber (VVH) is modification of VVW. Both VVW and
unmodified VVH are applicable at millimeter wave and lower frequencies [7].
As discussed in [7], a line wing cutoff at 750 GHz can be introduced leading to
VVH_750 line shape.

Molecular absorption can make channel frequency selective similar to multipath
channel without actual multipath [9]. Molecular absorption does not affect very
much short-distance links, but due to its exponential nature, it starts to affect, for
example, outdoor backhaul links. For easy calculations over the whole THz band,
ready-made programs/calculators can be used. For example, am: https://www.cfa.
harvard.edu/~spaine/am/ (open source, please note that installing in Linux can be
easier than in Windows).

https://www.cfa.harvard.edu/~spaine/am/
https://www.cfa.harvard.edu/~spaine/am/
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example.amc: configuration file for am

f 0 GHz 10000 GHz 50 MHz # frequency grid for computation
layer
P 1013.25 mbar # pressure
T 20 C # temperature in Celsius
h 100 m # link distance
column dry_air vmr
column h2o RH 50% # relative humidity
lineshape VVH_750 strict_self_broadening h2o_lines

We can process this configuration file by running in command line: am exam-
ple.amc > am.out. The resulting file am.out can be processed in MATLAB (such as
by adding FSPL). The first column in the file is frequency and the second column
is transmittance. Figure 6.3 shows the calculated molecular loss (without FSPL)
and compares results with the MATLAB’s implementation (function gaspl) of the
ITU P.676-10 model [10]. The FSPL is also shown separately. Please note that ITU
model is only specified up to 1000 GHz. With am, loss can be calculated for the
whole THz band (100 GHz–10 THz). We can see that molecular absorption has the
trend to increase with frequency but that even at high frequencies there are areas
with less loss (called “windows”) where communication could potentially occur.

Molecular absorption loss depends of course on the relative humidity but also
on temperature. Loss is very different at the same relative humidity but at different
temperatures such as 0◦ and 40 ◦C.

It is important to note that molecular absorption loss is additive in the dB scale.
For example, loss at 1 km could be obtained from loss at 100 m by multiplying the
loss (in dB) with 10. Therefore, the molecular loss in Fig. 6.3 could be called dB
per 100 m. However, free space path loss cannot be calculated this way, because
it cannot be specified as dB per 100 m. Instead, when going from 100 m to 1 km,
the FSPL will increase by 20log10 (10) = 20 dB. Sooner or later, the exponential
losses such as molecular absorption loss will dominate. For example, at 100 m at
325 GHz, the molecular absorption with 50% relative humidity is (by ITU model)
4.4 dB, and free space path loss is 122.7 dB. We can calculate from these that the
FSPL and molecular absorption loss will be equivalent at distance of 3484 m. Of
course, the effect of the molecular absorption loss is significant already when it
is less than FSPL. For example, we will reach 10 dB molecular absorption loss at
distance 100 × 10/4.4 = 227 m.

To get impulse response, we need also phase response in addition to amplitude
response. Commonly assumed linear phase response leads to noncausal impulse
response. Method for causal phase response has been presented in [11].

Researchers/engineers typically would like to have a closed form expression
for the channel model for analytical studies. The existing models either use huge
numbers of tabulated coefficients or are too complex to be used in practice. A
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Fig. 6.3 Molecular absorption loss, 50% relative humidity, 100-m link distance

simplified channel model enables analytical study of THz communication without
needing to resort to numerical calculations using huge number of coefficients.

A polynomial absorption loss model has been obtained by searching the strongest
absorption lines and extracting their parameters. Since the absorption on the
frequencies above 100 GHz is mainly caused by the water vapor, the volume mixing
ratio of water vapor is left floating. The Beer–Lambert model becomes [12, 13]

PLabs(f, μ) = e
d

(
∑

i

yi (f,μ)+g(f,μ)
)

, (6.4)

where f is the desired frequency, yi is an absorption coefficient for the ith
absorption line, g(f, μ) is a polynomial to fit the expression to the actual response,
and μ is the volume mixing ratio of water vapor. Listing of the polynomials yi and
g for model for 100–450 GHz frequency band can be found in [13]. There are six
polynomials yi corresponding to lines at frequencies at 119, 183, 325, 380, 439, and
448 GHz. For example,

y3(f, μ) = E(μ)

F(μ)+
(

f
100c − p3

)2 , (6.5)
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where E(μ) and F(μ) are second-order polynomials in terms of μ given in [13]
and p3 is constant given in [13]. Since the correction polynomial g is being used to
handle wing absorption, the model can be reduced by using only the polynomials yi
in/close to range of interest. For example, to cover frequency range 275–325 GHz,
we can use y3(f, μ)+ g(f, μ) in (6.4) instead of including all six polynomials. By
including polynomials y3(f, μ) and y4(f, μ), we can already cover 200–390 GHz
frequency range.

There is also ITU simplified model, but that model is only specified to be valid
up to 350 GHz, and it uses more polynomials and different line shape than the model
in [13].

6.2.3 Rain and Fog Loss

It is possible to reduce the effect of molecular absorption by operating between
the absorption peaks. However, for outdoor fixed point-to-point links, rain and fog
attenuations cannot be avoided, since they are present at all frequencies. Attenuation
due to raindrops increases strongly with increasing frequency up to 100 GHz, after
which the attenuation becomes a nearly constant function of frequency. ITU-R has
proposed models for rain and fog losses up to 1 THz. ITU-R model represents
an “average,” but for worst case analysis, we may need additional margin, since
the attenuation’s dependency on drop size distribution increases as a function of
frequency [14]. MATLAB has implemented the ITU-R P.838-3 raindrop attenuation
and ITU-R P.840-6 fog and cloud droplet attenuation models in functions “rainpl”
and “fogpl,” respectively, as part of the phased array system toolbox. These
attenuation models can be used to evaluate average losses, but if one wants to take
into account local atmospheric conditions, attenuation can be calculated with the
Mie scattering theory [15].

Physically water drops in rain and fog attenuate terahertz waves by absorbing
and scattering the incident wave. Both of these interactions depend on the size of
the drops and their amount in a unit volume of air. The impact of absorption and
scattering by water drops leads to exponential decay, and it can be written with
Beer–Lambert law as a function of distance z as:

I (z) = I0e
−μextz, (6.6)

where μext is the extinction coefficient of the water drops suspended in air. The
extinction coefficient includes both absorption and scattering, and it can be solved
with appropriate scattering theory of electromagnetic waves. Since typical diameters
of fog droplets ranges from 1 to 10 μm and for raindrops from 0.1 to 10 mm,
wavelength of terahertz waves can be in the same order of magnitude as the drops,
and the Mie scattering should be used. In case of drops that are much smaller than
incident wave, scattering can be treated with Rayleigh scattering. However, it should
be noted that the Mie scattering is more general case and it provides same results
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as Rayleigh scattering in case of small drops but the opposite is not true for large
drops. Therefore, while mathematically more complex than Rayleigh scattering, the
Mie theory is a safer option of the two.

The Mie scattering provides an analytical solution for scattering and absorption
characteristics of a perfectly spherical particle with known complex refractive index.
The raindrops are nearly spherical up to 2 mm diameter, after which they become
slightly flattened spheroids as their size increases. If we assume the drops to be
spherical, the Mie scattering theory gives a solution for extinction, scattering, and
absorption cross sections for water drops:

σext = 2π

k2

∞∑

n=1

(2n+ 1)�(an + bn) (6.7)

σsca = 2π

k2

∞∑

n=1

(2n+ 1)(|an|2 + |bn|2) (6.8)

σabs = σext − σsca (6.9)

Here, k is the wavenumber and an and bn are scattering coefficients related to the
scattered electric field of electromagnetic wave. Coefficients an and bn are functions
of complex refractive index and dimensionless size parameter, and they require
solving the Riccati-Bessel functions. Detailed formulations of an and bn are outside
the scope of this chapter, but luckily there are numerous implementations of the Mie
theory in many common programming languages that can be used to solve the cross
sections.

The extinction cross section (6.7) can be used to solve the extinction coefficient in
(6.6) by multiplying the cross section by the number of water drops in a unit volume
of air. Since rain and fog are actually composed of different numbers of drops
with different sizes, we must integrate over all possible drop sizes. The extinction
coefficient becomes now

μext =
∫ ∞

0
N(D)σext(D)dD. (6.10)

Here N(D) is the drop size distribution, which represents the number of drops with
diameter D + dD in a unit volume of air.

The drop size distributions can be either measured or taken from the literature.
Many drop size distributions for rain are typically expressed as functions of rain rate
R in mm/h. Two common distributions for raindrops are the Weibull distribution
[16] and the Marshall–Palmer distribution [17]. The Weibull distribution can be
written as:

N(D) = N0
c

b

(
D

b

)c−1

e−(D/b)c , (6.11)
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where N0 = 1000 m−3, b = 0.26R0.44 mm, and c = 0.95R0.14. The Marshall–
Palmer distribution can be written as:

N(D) = N0e
�D, (6.12)

where N0 = 8000 m−3mm−1 and � = 4.1R−0.21 mm−1. Generally, the Marshall–
Palmer distribution is valid only for drops larger than 2 mm, and it greatly
overestimates the number of smaller drops. In GHz and THz regime, the scattering
efficiency of small drops may be significant, and hence, the Marshall–Palmer
distribution is not recommended, while it may be a valid approximation in radio
wave applications in MHz frequencies.

In Fig. 6.4, the rain attenuation is shown for three different rain models together
with the attenuation of the air. ITU-R model is calculated with MATLAB’s rainpl
function. The attenuations labeled Weibull and Marshall–Palmer are calculated by
combining Eq. (6.6)–(6.10) with corresponding drop size distributions (6.11) and
(6.12). For comparison, specific attenuation of air with 60% relative humidity at
15 ◦C temperature is included in Fig. 6.4.

Figure 6.5 shows the measured power attenuations for snowy and rainy weather
conditions. Reference THz pulses were measured for cloudy weather. Because the
differences of the WVDs between the reference and sample pulses are very small
for both snowy and rainy weather, power attenuations are also small compared to

Fig. 6.4 Specific attenuation of three different rain models with 20 mm/h rainrate. For compari-
son, attenuation spectrum of air at 15 ◦C with 7.5 g/m3 of water vapor density is shown
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Fig. 6.5 The WVD
differences for snow and rain
are 0.1 and 0.6, respectively.
The amount of snowfall and
rainfall during the
measurement were
approximately 2 cm/h (which
corresponds to 2 mm/h
rainfall) and 3.5 mm/h,
respectively [1]

the data shown in Fig. 6.1c. Therefore, power attenuations in Fig. 6.5 are caused by
snow and rain in the THz beam path. The measured power attenuations for snowy
and rainy weather were around 20 dB/km. If power attenuations caused by snow and
rain are added to the power attenuation caused by WVD in the atmosphere, the total
power attenuation in the low-frequency range is still small. These measurements
demonstrate the potential of line-of-sight THz communications, sensing, and
imaging through snow and rain.
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Chapter 7
Reflection, Scattering, and Transmission
(Including Material Parameters)

Jianjun Ma, Rui Zhang, and Daniel Mittleman

Abstract Propagation modeling is fundamental in terahertz (THz) wireless com-
munications due to the insurmountable computational burden of electromagnetic
simulation methods when applied to THz propagation problems in the presence of
obstacles, as well as the high cost of measurement campaigns. This has promoted
the development of several propagation and channel models for various scenar-
ios, which require the knowledge of the reflection, transmission, and scattering
properties of the main obstacles present in the propagation environment. In this
chapter, we will present a review on the characteristics of such fundamental
interaction mechanisms that take place when obstacles are present, including the
electromagnetic characteristics of materials at THz frequencies.

7.1 Introduction

Most of the research on THz channel modeling focuses on the line-of-sight (LOS)
communications, which are obviously important due to very high path loss. That can
best be countered by having an LOS path available. However, it has been proved,
e.g., by us in [1, 2], that non-line-of-sight (NLOS) communications are possible at
least in some cases, due to tolerable path losses via reflections and scattering.

Reflection, scattering, and transmission are fundamental and important prop-
agation phenomena which should be characterized thoroughly for establishing
possible THz wireless links. Related channel models are still a necessity due to the
insurmountable numerical complexity of realistic problems, the high cost of mea-
surement campaigns, and the formidable computational burden of electromagnetic
simulation methods in the presence of dielectric or conductive multi-scale obstacles.
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This necessity has promoted the development of many propagation and channel
models for various scenarios, including human blockage models, path loss models,
intro-body models, and others [3]. All of these models require the knowledge of the
reflection, scattering, and transmission properties of the main obstacles present in
the propagation environment.

The purpose of this chapter is to review the characteristics of such fundamental
interaction mechanisms that take place when obstacles are present. The electromag-
netic characteristics (e.g., the complex permittivity) of these obstacle materials at
THz frequencies are summarized also for the channel modeling with more or less
careful derivations from Maxwell’s equations, which are usually used as a starting
point in the models for reflection, scattering, and transmission due to obstacles. In
this chapter, we will not show how the equations are derived, but derivation can be
found in the references.

7.2 Material Characterization

In order to obtain accurate channel models and predictions, material parameters,
i.e., refractive index and absorption coefficient, are required. The complex refractive
index n is derived from the complex dielectric permittivity ε of Maxwell’s equations
as ε = n2. The real and imaginary parts of n are related to refractive index and
absorption coefficient, respectively. Hence, the exact knowledge of these parameters
in THz frequency range allows for reliable channel modeling in future THz wireless
communication systems.

There have been several methods designed in efforts for material character-
ization, such as Fabry-Perót resonance [4, 5], Mach-Zehnder spectrometer [6],
waveguide reflectometer [7], oversize cavity resonator [8], rotation of a parallel slab
specimen with input and output devices [9], vector network analyzer (VNA) [10],
and THz time-domain spectroscopy (THz-TDS) technique [11]. Among all of this
methods, the THz-TDS and VNA (discussed in Chaps. 2 and 4, respectively) are the
most commonly used for material studies in the millimeter and THz range, while
others have their own particular applications such as other wavelength ranges, odd
specimen sizes, and different physical properties such as liquids and gases [12].

Although many studies addressed material characterization at THz frequencies
[13–15], a few studies have dealt with the characterization of common materials
found in nature or man-made building, objects, and biological tissues. For example,
a list of building materials, such as wood, brick, plastic, and glass, with measured
parameters is presented in [11]. More measurements for common indoor materials
(wallpaper, plaster, sanded birch board, concrete, and so on) and biological tissues
(can be regarded as different layer with different dielectric properties) are presented
in [10, 16–23].

http://dx.doi.org/10.1007/978-3-030-73738-2_2
http://dx.doi.org/10.1007/978-3-030-73738-2_4
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7.3 Specular and Nonspecular Reflection

Additional to the characterization of their basic electromagnetic properties, obsta-
cles can be characterized in terms of reflection and scattering characteristics. When
specular reflection dominates, which is the case for very smooth surfaces (when the
surface roughness deviations are much smaller than the wavelength) (Fig. 7.1(a)),
classical Fresnel equations should be sufficient in most cases to describe reflectivity
properties in the case of TE- or TM-polarized waves, given the frequency-dependent
dielectric properties [24, 25].

However, when surface roughness deviations are comparable to the wavelength
(as can often occur for wavelengths in the millimeter and submillimeter range),
the scattering losses in the specular direction should be considered as shown in
Fig. 7.1(b). The Fresnel reflection coefficients should be modified by introducing a
Rayleigh roughness factor [1, 20] as

r’i = ρR · ri, (7.1)

with i for TE or TM mode. The Rayleigh roughness factor ρR = e-g/2 with
g = (4π ·σ h·cosθ i/λ)2. Here, λ is the incident wavelength in free space, and σ h is the
root mean square value of the roughness (deviation from perfectly flat). A rougher
surface has a larger σ h and therefore exhibits a larger value of g.

When surface roughness is much more pronounced, nonspecular reflection,
also called diffuse scattering (Fig. 7.1(c)), should also be considered. This is a
much more challenging calculation, which can be approached by employing proper
small perturbation method (SPM) [26], radar cross-section (RCS) models [27], and
Kirchhoff approximation [28, 29] or using integral equation model (IEM) [2]. Such
methods work well when surface roughness can be described as Gaussian with a
correlation length much greater than the wavelength. This approximation is valid
for many indoor construction materials [30]. In case of surfaces with sharp edges or
abrupt material discontinuities, heuristic solutions can be used, such as the effective
roughness model, already applied with success at lower-frequency bands [31]. Here,
we briefly review each of these approaches.

The SPM was first introduced for sound waves on sinusoidal corrugated surfaces
[32] and then extended to conducting and dielectric surfaces [33–35]. It formulates
the scattering as a partial differential equation boundary value problem, and the

Fig. 7.1 Relative contributions of specular and diffuse scattering components for different surface
roughness conditions: (a) specular, (b) slightly specular, (c) very rough
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basic idea is to find a solution that matches the surface boundary conditions, where
the tangential component of the field must be continuous across the boundary. The
surface fields are expanded in a perturbation series with respect to surface height
[26] as

E = E0 + E1 + E2 + · · · . (7.2)

E0 is the surface field of a smooth and flat surface. In this approach, small
effective surface currents on a mean surface are assumed to replace the role of
small-scale roughness. So this method is only suitable for a surface with height
standard deviation much less than the incident wavelength and an average surface
slope comparable to or less than the surface standard deviation multiplied by the
wave number. The small-scale roughness is expanded in a Fourier series, and the
contribution to the field is therefore analyzed in terms of different wavelength
components.

It has been argued that the SPM does account for multiple scattering up to the
order of the perturbative expansion. This means that some multiple scattering effects
can be obtained in the higher-order solutions [36]. Theoretical calculations have
been compared to experimental measurements of aluminum plates with different
surface roughness [37], where correlation length needed to be slightly enlarged for
the relative lower frequency to get the best fit.

The Kirchhoff approach is commonly used to describe the scattering from rough
surfaces. According to the geometry of the scattering problem in [2], the scattering
field can be written in terms of the tangential surface fields in the medium above the
separating surface [26] as

Esqp = K

∫ {
q̂ ·
[
k̂s × (q̂ × Ep

)+ η (n̂ × Hp
)]}

ej(ks ·r)ds, (7.3)

with K = -jke-jkr/4πr and ks as the wave number for scattered wave. So the Kirch-
hoff approach is also sometimes referred to as the tangent plane approximation.

However, this equation cannot in general be solved analytically, and therefore
approximations have to be introduced as Kirchhoff approximation. For surface with
large σ h, the stationary-phase approximation has been used, and for surfaces with
small σ h, a scalar approximation should be considered first [26].

The radar cross-section model is a measure of the power density scattered in the
direction of the receiver relative to the power density of the radio wave illuminating
the scattering object [38]. It can be thought of as a combination of contributions from
small-scale and large-scale roughness, and the surface scattering can be calculated
by dividing the surface into small-scale and large-scale patches [39]. Thus,

RCS σ = σrough +
∣
∣∣χ2
s

∣
∣∣ σsmooth, (7.4)
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with σ rough and σ smooth as small-scale and large-scale RCS σ , respectively [25]. The
weighting factor χ s is the rough surface height characteristic function. This factor
is given as χ s = exp(−k0

2·σ h
2cos2θ i) and approaches to 1 as frequency decreases,

which implies that σ smooth dominates the RCS σ . However, as frequency reaches
to THz range, χ s becomes negligible for rough surfaces, and the impact of σ rough

becomes much more significant.
The value of σ smooth depends on the large-scale scattering object, where only

the width of the scattering object is considered. It is found to be in an inverse
relationship with the wavelength of the incident wave [38]. The σ rough can be
obtained by calculating the weighted average cross section of the individual,
randomly orientated small patches. Then it should be modulated by the slope of
small-scale patches, as described in [40].

The RCS model traces its origin to radar theory where it was originally designed
to detect large, metallic objects such as aircrafts and ships in the far field [41]. It
usually assumes that the scattering object is a perfect electrical conductor, which
may not be applicable for many practical wireless network scenarios.

The integral equation method is a relatively new method for calculating scattering
of electromagnetic waves from rough surfaces. It has been used extensively in the
microwave region in recent years and proved to offer good predictions for a wide
range of surface profiles [42]. The method can be viewed as an extension of the
Kirchhoff method and the SPM since it has been shown to reproduce results of
these two methods in appropriate limits.

The scattered field from the rough surface can be expressed as a combination of
the Kirchhoff and the complementary term [43] as

Esqp = Ekqp + Ecqp, (7.5)

which correlates to the Kirchhoff field coefficient and the complementary field
coefficient. Expressions for both are reported in [44], and the diffuse scattering
coefficient can be found in [43].

The IEM employs four correlation functions and multiple roughness scales to
characterize the surface height profile, which represent different approaches on how
to characterize the statistical correlation between two locations separated by a small
distance. It can therefore provide greater flexibility in matching the model based on
measured surface height profiles. A theoretical calculation is shown in Fig. 7.2 by
employing an x-exponential correlation function. It’s close to the measured data.

7.4 Transmission and Volume Effects

Sometimes, the theoretical models, which only consider surface scattering, could
not fit the measured data even when the correlation length was expanded to the
millimeter or THz range [42]. This can happen if the dielectric material is a
mixture with different types and quantities of particles with sizes comparable to
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Fig. 7.2 Comparison
between theoretical
predictions for a metallic
surface sample and measured
data. (Adapted from reference
[2])

Fig. 7.3 Surface and volume
scattering contributions by a
dielectric sample

the wavelength. That implies that the effects of volumetric inclusions must be taken
into account and volume scattering should be considered as shown in Fig. 7.3. It is
caused by discrete particles present in a homogeneous background medium, which
is different from surface scattering.

This phenomenon can be of particular relevance in the case of an intra-body
scenario [22, 45]. Since the body is composed of cells, organelles, proteins, and
molecules with various geometries and arrangements, the electromagnetic wave is
scattered by the microscopic nonuniformities of the particles present in living tissue.
So volume scattering inside medium should play the main role.

Two methods that can be used to describe volume scattering effects are an
exact analytical theory and a vector radiative transfer (VRT) theory. The analytical
approach, starting with Maxwell’s equations, can explain all multiple scattering,
diffraction, and interference effects, but it is mathematically complicated and
computationally demanding [46]. In contrast, the VRT approach deals with the
transport of energy through a medium containing particles and assumes that there
is no correlation between the fields scattered by different particles. This assumption
allows for the calculation of the incoherent scattering contributions, rather than the
addition of their electric field.

Most media are not composed of spherical particles, which means that scattering
by the particles is, in general, wave polarization-dependent. Also, the scattering
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medium is bounded by a lower surface and an upper surface. Reflection by and
transmission through surface boundaries are also polarization-dependent. So the
volumetric scattering contribution can be described by the VRT equation with both
incident and radiation intensities fully described by Stokes parameters [47] as

dI
(
R, ŝ

)

ds
= −κe

(
ŝ
) · I (R, ŝ)− κa,bI

(
R, ŝ

)+
∫∫

4π
�
(
ŝ, ŝ’

)
· I
(
R, ŝ’

)
d�’,

(7.6)

where κe(ŝ) is the extinction matrix that defines the attenuation of the Stokes vector-
specific intensity I(R, ŝ) with ŝ as the propagation direction and R as the distance
vector of the location of the differential volume. � (ŝ, ŝ) is the phase matrix, and
κa,b is the background absorption coefficient.

Except for some special cases, the VRT equation does not have an analytical
solution. The interactive approach is usually employed to cast the equation into an
integral form and then solve it interactively to obtain the zero-, first-, and second-
order solutions [26, 43]. In principle, an accurate solution can be obtained by
iterating many times.

We presented a review of models for reflection, scattering, and transmission
properties in the presence of obstacles in the propagation path with the characteriza-
tion of related materials being summarized. Classical Fresnel equations are enough
for specular reflection by a smooth surface, while a Rayleigh roughness factor
should be introduced when the surface roughness deviations are comparable to the
wavelength. If the deviations increase further and diffuse scattering dominates, the
small perturbation method, the Kirchhoff approximation, the radar cross-section
model, and the integral equation method are much used with the last one having
a larger domain of validity. When the effects of volumetric inclusions in a dielectric
layer cannot be not be neglected, the vector radiative transfer theory should be
employed together with the surface scattering methods for theoretical predictions.
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Chapter 8
Diffraction and Blockage

Thomas Kürner

Abstract In case the line-of-sight between a transmitter and a receiver is blocked,
diffraction and alternative propagation paths exploiting scattering and reflections
become relevant effects to be considered. In this chapter, first experimental and
theoretical descriptions of diffraction phenomena at 300 GHz are described. This
description is followed by models taking into account the effect of human blockage
considering both the diffraction effect and the statics of the spatial distribution and
movement of humans. Finally mitigation techniques to enable wireless communica-
tion in obstructed line-of-sight scenarios are briefly described.

8.1 Introduction

With the wavelength being on the order of 1 mm in THz communications, the
influence of even small objects will become relevant. This becomes especially
important, if the line-of-sight (LOS) path of the wireless link is blocked by an object,
which brings up the question concerning the extent to which a communication
link can be established via diffraction. Early publications mention diffraction at
THz frequencies already around the millennium [1, 2]. First investigations in the
context of wireless communications describe the effect of diffraction at 300 GHz
both experimentally and theoretically [3–5]. From these investigations it becomes
very clear that the observed path loss will exceed the limits to set-up a reliable
link. Among the expected operational environments for THz communications (see
Chap. 1), many scenarios exist, where blocking of the LOS path by humans or other
large static objects like building walls occurs frequently. In order to model these
scenarios properly, human blockage models for THz communications are required,
which have been proposed already in literature [5, 6]. Apart from modelling the
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blocking itself, mitigation techniques enabling communication via reflection and
scattering in obstructed line-of-sight (OLOS) have been proposed [7–9].

The remaining part of the chapter addresses the above-mentioned aspects
in Sects. 8.2 (Diffraction), 8.3 (Human Blockage) and 8.4 (Communication in
obstructed Line-of Sight).

8.2 Diffraction

Diffraction phenomena have been widely investigated at frequencies below 6 GHz.
First diffraction measurements at 60 GHz have been reported in the framework of
developing first 60 GHz wireless Local-area-network (WPAN) systems [10] and it
turned out, that simple knife-edge models can be used to model the effect of people
moving through rays [11, 12]. First systematic diffraction measurements at 60 GHz
and 300 GHz along with the comparison with theoretical models have been reported
in [3, 4] and will be briefly described in the following.

8.2.1 Diffraction Models

Knife-Edge Diffraction (KED) KED relies on perfect conductivity and provides
an approximation formula for the edge diffraction at a semi-infinite half-plane.
The diffracted electric field with reference to the electric field received from an
isotropic radiator in the absence of the obstructing edge can be calculated using the
Fresnel integral [13]. Although KED does not take into account either the effect of
polarisation or the exact shape of a real diffracting object, reasonable accuracy is
reported both below 6 GHz [14] and at 60 GHz [11].

Uniform Geometrical Theory of Diffraction (UTD) UTD provides heuristic solu-
tions for diffraction on various canonical objects. In [3], a dielectric wedge as
described in [15] and a conducting cylinder as described [16, 17] have been applied.
In both cases, the diffracted field is calculated w.r.t. the incident field at the edge.
UTD takes into account the effect of polarisation.

8.2.2 Diffraction Measurements

Diffraction measurements have been performed in [3, 4] at 60 GHz and 300 GHz at
both horizontal and vertical polarisation using a Rohde & Schwarz ZVA50 vector
network analyzer (VNA) in combination with external transmitting and receiving
test heads using standard gain horn antennas with similar antenna patterns in both
frequency bands. The measurement set-up is shown in Fig. 8.1a. This set-up allows
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Fig. 8.1 (a) left: Measurement Set-up; (b) right: Comparison of measured diffraction loss of the
wooden and metal wedge [3] (© 2012 IEEE, reproduced with permission)

both an angular-dependent measurement by changing angle α as well as a translation
in directions x and y.

The goals of these measurements have been to (i) validate the theoretical
diffraction models and (ii) compare the effects at 60 GHz and 300 GHz. Three types
of measurements have been performed:

Angular-Dependent Diffraction: In this set-up, the transmitter (Tx) is kept fixed
pointing always to the direction of the rotation axis. The receiver is rotated, with
positive angles corresponding to the lit region and negative angles corresponding
to the shadow region. In this measurement set-up, an additional polyethylene lens
(PE) at the receiver has been used. Figure 8.1b shows an exemplary result, where
the diffraction loss has been measured at a wooden and metal wedge at 300 GHz
and vertical polarisation. At the light shadow and the lit region, the diffraction
loss is almost independent of the material, whereas in the deep shadow region
(α = −30◦), the diffraction loss at the metal wedge as more than 10 dB higher
compared to the wooden one.

Translation Stage Measurements: In this set-up, both Tx and Rx are kept fixed with
α = 0◦. The measurement object is positioned on a translation stage and moved in
x- and y-direction. In these measurements only the standard gain horns have been
used. Figure 8.2 shows both the configuration used to measure the diffraction loss
for y = 0 and an exemplary measured and predicted diffraction loss for the UTD
and KED models for horizontal polarisation. For both UTD and KED – although
the diffracting object is not edge-shaped - results are in good agreement with the
measurements. Similar findings are reported in [3] for other polarisations and
also for metallic cylinders.

In a slightly modified 2D translator diffraction measurement set-up [4], the
object is moved both in x- and y-direction. Figure 8.3 shows the measured and
predicted UTD diffraction loss in horizontal polarisation using this set-up. The
increasing noise in the deep shadowing area due to the limited dynamic range
and the slight asymmetry of the interference pattern can be observed. The latter
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Fig. 8.2 (a) left: Translation stage measurement set-up; (b) right: Comparison of diffraction
measurements and modelling of a metallic cuboid at 300 GHz [3] (© 2012 IEEE, reproduced
with permission)

Fig. 8.3 Diffraction loss at
300 GHz (in dB) (a)
measured and (b) simulated
with the UTD at a metallic
cuboid (8x8x8 cm3) in
horizontal polarisation for
different displacements
orthogonal (x direction) and
parallel (y direction) to the
transmission link [4] (© 2012
IEEE, reproduced with
permission)
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Fig. 8.4 Comparison of measured human-induced shadowing events and prediction by a double
knife-edge model at 60 GHz (left) and 300 GHz (right) [3] (© 2012 IEEE, reproduced with
permission)

is due to non-ideal antenna alignment, which has been taken into account for the
simulations as well.

Diffraction by moving persons: In this set-up, shadowing caused by human bodies
has been measured. Similar to the second set-up depicted in Fig. 8.2, a person
crosses the link between TX and RX, while the time-dependent losses have been
measured. The distance between Tx and Rx was chosen to 2.7 m at 60 GHz and
1 m at 300 GHz. The test heads have been mounted at a height at 1.10 m. For the
prediction, the Double Knife-Edge Model from [14] has been applied, where a
person is modelled by two knife edges at the front and the back of the body. The
results are depicted in Fig. 8.4 showing a good agreement at 60 GHz for both
the lit and the shadow regions, whereas at 300 GHz, the measured diffraction
loss is lower than the predicted one in the deep shadow area, which is due to the
limited dynamic range at 300 GHz. Similar findings are reported in [5], where a
correlation-based channel sounder has been used in a similar set-up.

8.3 Modelling of Human Blockage

As shown in the previous section, the high diffraction loss at 300 GHz does not allow
one to maintain a wireless link, in the case that a human blocks the line-of-sight and
no other paths are available. In order to investigate the impact of human blockage on
the performance of a 300 GHz wireless communication system, the determination
of the probability of LoS and the duration of the blockage, respectively, is required.
Various methods for this task have been proposed and will be briefly described in
the following.

Ray Tracing/Ray Launching Based Models In this deterministic approach, a real-
istic scenario consisting of 3D environmental and a movement model of persons
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Fig. 8.5 Meeting room scenario with up to four antennas mounted in the corners of the room [5]
(© 2018 IEEE, reproduced with permission)

moving around in this environment are required. A ray tracing or ray launching
algorithm is applied to determine the LoS probability and the probability for the
duration of blockage. An example for such an investigation has been performed in
[5] for the meeting room scenario using a distributed antenna system (DAS) depicted
in Fig. 8.5. In this scenario, humans are modelled by elliptic cylinders with two
different heights of 1.85 m and 1.60 m. Tx antennas are mounted on up to four
corners of the room at a height of 2,40 m and the Rx is moved in the whole 2D area
at a height of 1 m.

Figure 8.6 shows the LOS coverage probability for three antenna configurations,
10 moving persons and a simulation of 1 h with a temporal resolution of 1 s. This
means 3600 different time instants have been evaluated for each location. The spatial
resolution is 20 cm × 20 cm. Here, the LoS coverage probability is defined as the
ratio of time where the LoS path between the Rx and at least one of the Tx antennas
is available. The cumulative distribution function (CDF) of the LoS duration is
shown in Fig. 8.6 for the same simulation scenario with 5 and 10 moving persons,
respectively, showing a clear dependency of the LoS probability on the number of
moving persons and the number of antennas in the DAS.

Empirical Models Based on Ray Tracing or Ray Launching Instead of performing
time-consuming ray tracing or ray launching, a further simplification consists of
deriving analytical formulas from the results of ray-based simulation. Such concepts
have been already successfully applied at 60 GHz to derive channel models used for
standardisation [11, 12]. In [5], such a method has been applied at 300 GHz to derive
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Fig. 8.6 Spatial distribution of LOS coverage probabilities for three different antenna settings
(based on results presented in [5]), red dots indicated the positions of the Tx antennas

CDFs for the LoS duration, the blockage duration and the number of blockages per
hour (Fig. 8.7).

Analytical LoS Probability Models In [6], an analytical model has been derived for
the determination of the LoS probability between Tx and Rx in room crowded with
persons. This method allows to adjust:

– The room dimensions
– The number of persons in the room
– The height of the Tx and Rx antennas
– The number of antennas (one antenna or two diagonally placed antennas)

enabling an easy assessment of the dependency of LoS on these parameter changes.

8.4 Communication in Obstructed Line-of Sight

Although a proper communication link at 300 GHz cannot be maintained through
diffraction, communication may be still possible using a single reflection or
scattering process (see Fig. 8.8). Such a scenario is called obstructed line-of-sight
(OLoS). Such scenarios do not only occur in case of shadowing by a person,
but also by building corners, which block the LoS path. The use of OLoS is
possible even by typical building materials. This was already investigated by some
early publications on the properties of building materials at 300 GHz [18–20].
Ma et al. have experimentally demonstrated, for the first time, that data links via
NLOS reflection in a non-specular direction can be established at frequencies above
100 GHz, with low bit error rates [9].
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Fig. 8.7 Cumulative Distribution Function of LoS durations with solid lines simulation results
and dashed lines regressions [5] (© 2018 IEEE, reproduced with permission)

Fig. 8.8 Communication Scenario for obstructed line-of-sight

Since the scattering loss might be high for some building materials or certain
directions, various groups have investigated the possibility of deploying artificial
reflectors:

– Turchinovich et al. [8] have proposed the use of flexible all-plastic mirrors
building on a well-known concept of dielectric mirrors in the far infrared. In
this approach, alternating layers of different polymer materials with a typical
thickness of several tens of micrometers are used to build the plastic mirror. The
mirrors are easy and cheap to produce. Furthermore, they have an almost constant
low reflection coefficient over a large range of incidence angles. In a simulative
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study [20], it was shown how coverage can be significantly improved by using
all-plastic mirrors.

– Barros et al. [8] have introduced another concept using dielectric mirrors, where
dielectric mirrors are coupled to a THz patch antenna in order to reflect signals
from neighbouring base stations. The mirrors can be adapted mechanically by
motors in order to adjust their preferred reflection angle.

– The concept of intelligent reflecting surface (IRS) makes use of a large number
of reflecting elements with adjustable phase-shifts to enhance the reflection of
the THz communication beam in certain directions [21].
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Chapter 9
Noise and Interference

Josep Miquel Jornet, Zahed Hossain, and Vitaly Petrov

Abstract The performance of a communication system does depend not only on
the strength of the signal at the receiver but on its relative strength when compared
to any other non-desired signal, such as noise and interference. Given the limited
power of THz transceivers and the high propagation losses of the THz channel,
understanding and either minimizing or leveraging the noise and interference at
the receiver are of key importance. In this chapter, the main noise and interference
sources at THz frequencies are described, with a special emphasis on the molecular
absorption noise and the multi-user interference in different application scenarios at
the nano- and macro-scales.

9.1 Molecular Absorption Noise

Beyond the conventional noise sources intrinsic to the transceiver device technology,
such as the thermal noise associated with electronic receivers or the photon-counting
or shot noise associated with photonic receivers, the THz channel introduces a new
type of noise, namely, the molecular absorption noise. Reciprocal to the process
by which the absorption of THz radiation leads to internal vibrations in different
types of molecules (e.g., water vapor), vibrating molecules result in the emission of
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THz radiation [1]. This property is known as the emissivity of the channel and for a
homogeneous gaseous medium is given by:

ε
(
f, r
) = 1 − τ (f, τ) , (9.1)

where f and r refer to frequency and distance, respectively, and τ is the transmit-
tance of the medium, defined as

τ
(
f, r
) = e−

∑
i,gki,g(f )r , with (9.2)

ki,g
(
f
) = p

p0

TST P
T
Qi,gσ i,g

(
f
)
, (9.3)

where p is the system pressure, p0 refers to the reference pressure (1 atm), TST P is
the standard pressure temperature (273.15 K), T is the system temperature, andQi,g

and σ i,g stand for the molecular volumetric density and absorption cross section of
isotopologue i of gas g, respectively.

There are two types of molecular absorption noise, namely, background noise
and self-induced noise [2, 3].

9.1.1 Background Noise

The background molecular absorption noise or sky noise is caused by the temper-
ature of the absorbing medium (e.g., the atmosphere), which makes it behave as
a black body radiator. This noise is independent of the transmitted signal and is
always present as long as the medium temperature is above 0 K. The background
noise temperature is given by

Tback
(
f
) = lim

r→∞ T ε
(
f, r
)
, (9.4)

where ε is the emissivity given by (9.1) and the limit takes into account that this
noise is contributed by the whole medium. The corresponding noise power density
(PSD) in Watts/Hz can be written as

SNback
(
f
) = kBTback

(
f
)
Arx

(
f
)
, (9.5)

where kB is the Boltzmann constant and Arx is the frequency-dependent effective
area or aperture of the receiver’s antenna. Finally, the background noise power
can be obtained by integrating the noise frequency response over the receiver’s
bandwidth B:

Nback =
∫

B

SNback
(
f
)
df. (9.6)
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9.1.2 Self-Induced Noise

The induced molecular absorption noise is created by ongoing transmissions
between one or more transmitters and one or more receivers. For simplicity, let
us consider the simplest scenario with one transmitter and one receiver. The self-
induced noise is correlated to the actual signal being transmitted: if no signal is being
transmitted, this noise is zero. The self-induced noise power density is given by

SNinduced
(
f, r
) = SX

(
f
)
Dtx

(
f
)
ε
(
f, r
) 1

4πr2
Arx

(
f
)
, (9.7)

where SX is the PSD of the transmitted signal and Dtx is the frequency-dependent
directivity of the transmitter. As before, the corresponding noise power is obtained
by integrating the PSD over the receiver’s bandwidth.

It is relevant to note that in a gaseous medium, the power lost due to molecular
absorption is in fact converted into molecular absorption noise, i.e., the total power
remains constant. While this is true, because the re-emission of the power by
vibrating molecules is random and out of phase, the resulting radiation needs to
be treated as noise. Nevertheless, because it is correlated to the transmitted signal,
its presence is an indicator of an ongoing transmission and can be leveraged in a
communication system [4].

Beyond gaseous media, the use of THz communications in intra-body applica-
tions requires the study of noise in liquid and solid media. The main difference
between the two scenarios arises from the fact that molecules in a liquid or a solid
cannot freely vibrate, but their motion is constrained. Excited absorbing molecules
attempt to vibrate, but such vibrations lead to friction and, ultimately, heat [5].
To properly characterize the photothermal effects, including noise, in intra-body
scenarios, an accurate multi-physics analysis combining the diffusive heat flow
equation and Maxwell’s equations needs to be conducted[6]. Such analysis needs to
take into account the absorption, scattering and thermal conductivity of the tissues
and body fluids involved (e.g., skin, fat, blood).

Finally, whether inside or outside of the body, from the stochastic perspective,
we can characterize the molecular absorption noise as being:

1. Additive. The noise linearly contributes to the received signal (i.e., it is not
multiplicative, as the noise found in optical systems).

2. Not independent. At least a fraction of it (i.e., the self-induced noise) is triggered
by the actual transmitted signal.

3. Gaussian. Due to the very large number of molecules present in a standard
medium, under the central limit theorem, it can be considered to be Gaussian.

4. Not white. Because of the frequency-selective nature of absorption and, thus,
emissivity, the noise is colored or pink.
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9.2 Multi-User Interference

Simultaneous transmissions by different nodes can result in multi-user interference.
Such interference can be modeled in different ways. At the physical layer, multi-
user interference can be accounted as an additional noise term affecting the signal-
to-interference-plus-noise-ratio (SINR) and, thus, the bit error rate (BER). At the
link layer, multi-user interference leads to frame or packet collisions, which might
trigger different retransmission strategies. Therefore, understanding and accurately
modeling multi-user interference is a necessary step toward enabling practical THz
communication systems.

Compared to the many existing works on interference modeling in wireless
networks, the peculiarities of the THz channel and the capabilities of THz devices
require the development of new models. Next, we describe the state of the art in
interference modeling for two key scenarios, namely, ultra-broadband short-range
and directional long-range THz communication systems.

9.2.1 Ultra-Broadband Short-Range Terahertz
Communications

In short-range THz communication application, such as wireless nanosensor net-
works [7] or wireless networks on chip [8], the THz-band channel provides very
large bandwidths, exceeding several contiguous THz. As a way to maximize the
utilization of such bandwidth, the transmission of 100-femtosecond-long pulses by
following an on-off keying modulation spread in time has been proposed [2]. The
PSD of such pulses has its main frequency components under 4 THz. By utilizing
an on-off keying modulation, the transmitter can reduce its energy consumption by
remaining silent during the transmission of “0s.” By spreading the transmission of
pulses in time, concurrent transmissions can be multiplexed in time.

The transmission of ultrashort pulses minimizes the probability of collisions due
to the very small time that the channel is occupied by each user. However, given
that many of the envisioned applications of THz communications involve very large
node densities, multi-user interference is unavoidable. Given the shape of such
pulses, the transmitted signals have large fluctuations between positive and negative
amplitude values. The existing interference studies for traditional narrowband
carrier-based wireless communication systems [9] are centered on modeling the
received signal power instead of the received signal amplitude and hence ignore
the fact that the interference can be constructive or destructive. This can cause
unrealistically large values of interference due to the high amplitude of the pulses.

To properly account for multi-user interference in ultra-broadband pulse-based
communication systems, the focus should be on modeling the interference ampli-
tude and its fluctuations through time. In this direction, in [10], a stochastic model of
multi-user interference in pulse-based THz-band communications is proposed and
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experimentally validated. This model is developed by considering the fact that the
interference power at the receiver is not a combination of the received powers from
the individual nodes, rather the power of the combination of the signal amplitudes.

In particular, the interference iu generated by one interfering node u at the
receiver is given by

iu (t) = √
ep,up

(
t − τt,u

)
, (9.8)

where ep,u stands for the energy of the received pulse, p is the shape of the
transmitted pulse with unitary energy, and τt,u refers to the total delay. Considering
that nodes are randomly distributed in space and transmit in an uncoordinated
manner, interference can be modeled as a random process. More specifically, the
single-node interference iu is a product of two independent random variables,
namely, the pulse amplitude and the pulse shape. The probability density function
(PDF) fEs of the pulse amplitude es , which depends on the transmission distance
and, thus, network topology, is given by

fEs (es) =

⎧
⎪⎨

⎪⎩

4ξ2/η|es |−
η+4
η

(a2−b2)η
for
√
ξa−η < es <

√
ξb−η

0 otherwise,
(9.9)

where ξr−η is the approximated energy loss function as a function of distance r and
a and b are the maximum and minimum distances at which interfering nodes are
located from the receiver. The PDF fP of the pulse shape p, which depends on the
waveform as well as on the timing of the transmission, is given by

fP
(
p
) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

1

πv

√

1− p2

v2

for − v < p < v

0 otherwise,
(9.10)

where v =
√

2
Tp

and Tp is the pulse duration. Now, by redefining the interference as

Y = ESP and recalling the definition of PDF of a function of two PDFs, the PDF
fY of the interference y can be obtained as [10]

fY
(
y
) =

⎧
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ξrb−η/2

0 otherwise.

(9.11)
Finally, since the signals from individual nodes add up at the receiver and are
independent, the PDF of the total interference can be determined by the convolution
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Fig. 9.1 The probability density function of the multi-user interference as the number of
interferers increases

of the individual PDFs [10]. As shown in Fig. 9.1, for large number of interferers, the
multi-user interference appears to follow a Gaussian distribution (as first assumed
in [2]).

9.2.2 Directional Long-Range Terahertz Communications

Given the limited power of THz transceivers, highly directional antennas are needed
at the transmitter and the receiver to overcome the severe propagation losses and
increase the communication beyond a few meters. A common belief is that the high
directivity of antennas eventually leads to a noise-limited regime of communication
systems [11]. However, razor-sharp-beam interference-free communications are not
on the immediate horizon. The reasons range from the complexity of high directivity
beamforming antennas to the synchronization challenges that they introduce, in
addition to an increasing network densification and the pervasive adoption of device-
to-device communications.

Another effect to take into account when modeling multi-user interference is
line-of-sight (LoS) blockage. This phenomenon has been addressed in a number of
papers in the context of microwave communication systems [12], where buildings
block the path between the transmitter and the receiver. Terahertz systems are
expected to operate over much shorter distances than microwave cellular systems,
and thus, buildings are not expectedly a major problem in outdoor deployments.
However, at these frequencies, users themselves may block the LoS path between
the transmitter and the receiver, as almost any object whose volume is larger than
several wavelengths (millimeters in the bands of interest) is effectively an obstacle.
Therefore, the process of LoS possible blockage by users also needs to be taken into
account.
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With these observations in mind, in [13], an analytical model of multi-user
interference and SINR for THz communication systems is developed by using the
tools of stochastic geometry. The model explicitly captures the following three
effects inherent for these frequencies: (1) path loss component caused by molecular
absorption, (2) directivity of the transmitter and the receiver, and (3) blockage of
the link by obstacles. Two radiation pattern models of directional antennas are
considered, namely, the cone model representing an ideal directional antenna and
the cone plus sphere model capturing specifics of a nonideal directional antenna
with side lobes. For the latter model, in a field of interfering nodes with density λI
and blocking radius rB , the mean multi-user interference I can be written as

E
[
I
] = A1α

2λI

2π
�(R, rB, λI ,K)+ A2[2π − α2]λI

2π
�(R, rB, λI ,K (9.12)

with

Ai = PT xGT xiGRx

(
c

4πf

)2

and (9.13)

� = e−λI r2
BEi(−R[K + λI rB ])− Ei(−r2

B [K + rBλI ]), (9.14)

where GTx1 refers to the gain of the main lobe of non-blocked interfering nodes,
GTx2 refers to the gain of the side lobes of the same, α is the antenna main lobe
beam width, and Ei(·) is the exponential integral function.

In Fig. 9.2a, the mean interference is shown as a function of the antenna main
lobe beam width for different transmitter and receiver configurations. It can be
seen that when utilizing directional antennas simultaneously at the transmitter
and the receiver, the interference drastically increases when decreasing the beam
width. While a narrow beam is more likely to be blocked, when it is not, the
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interference can be very high. However, as can be seen in Fig. 9.2b, the SINR
increases for narrower beams, which is a result of the intended transmitter signal
strength increasing much more than the interference.

9.3 Conclusion

Noise and multi-user interference play a key role in the performance of any wireless
communication system. For THz communications, the role of molecular absorption
noise and the ultra-broadband and ultra-directional nature of the channel need to be
taken into account both when studying noise and interference but, more importantly,
when developing tailored physical layer and networking solutions. In addition,
as higher power THz transceivers and more directional smart antenna systems
are developed, additional scenarios become relevant. For example, enabling the
coexistence of passive satellite-based THz sensors with on-the-ground high-power
THz communication links (e.g., in wireless backhaul applications) will require
accurate noise and multi-user interference analyses and, consequently, innovative
communication system designs, to prevent any disruption in the operation of Earth
and space exploration research. The work described in this chapter provides the
foundations to do so.
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Chapter 10
Indoor Environments

Vittorio Degli-Esposti

Abstract Indoor propagation characteristics in the THz band (0.1–10 THz) are
reviewed in the present chapter with focus on the impact of major propagation
mechanisms such as partition loss, reflection, and diffuse scattering. The most
important propagation and channel modeling approaches are presented and dis-
cussed, including empirical-statistical approaches, stochastic channel modeling, and
deterministic approaches based on ray tracing.

10.1 Introduction

Indoor environments represent the most natural ground for THz applications.
The high traffic density and high bitrate requirements, typical of indoor wireless
communications scenarios, can be coped with at THz frequencies due to the large
available bandwidth and to the possibility of using very directive transmission
beams to increase the signal-to-interference ratio [1]. At the same time, short-link
distances, low mobility, and the prevalent use of large terminals such as laptops,
tablets, and appliances with high-gain antenna arrays and good power supplies
can help to overcome the power-budget limitations of current THz technology.
Information showers for museums and public spaces, high-definition holographic
gaming, and infotainment for households, ultra-broadband mobile access for offices,
high-throughput density cellular overlays for sport, show and conference venues,
robotic control for industrial applications, centimeter-level localization, are among
the many envisioned THz applications that will primarily take place indoors [2, 3].

Compared to outdoor or close-proximity THz propagation, indoor THz propa-
gation shows specific characteristics. Typical indoor propagation distances of the
order of a few meters to a few hundred meters are often not enough to guarantee the
validity of far-field conditions and of plane-wave models [4]. Although rain and fog
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attenuations are not present, molecular absorption peaks cannot be neglected above
300 GHz [4]. Moreover, unlike lower frequency signals, THz signals can hardly
penetrate through walls, including dividing walls [3]. Therefore, typical THz indoor
propagation environments are limited to one room and to the adjacent rooms at most.
Techniques exploiting reflection from surfaces or from properly located mirrors
have been proposed to extend coverage to NLoS locations and around corridors’
corners [2].

As with lower frequencies, THz propagation and channel models can be roughly
divided into stochastic and deterministic models. Stochastic channel models are
usually derived by extracting from measurements – and/or calibrated ray tracing
simulations - statistical moments of important propagation and channel parameters
for a given kind of environments and are therefore defined empirical-statistical
models. Stochastic models find one important application in channel simulation for
link-level or system-level design. A complete coverage on this topic is given in
Chap. 16.

Deterministic models are based on physics rather than on empirical observation
and can therefore be defined physical-deterministic models. The most popular
deterministic models for indoor environment are Ray-Based models such as Ray
Tracing that naturally simulate the multipath propagation process and allow a
physically sound, multidimensional propagation characterization. Their drawback
is that they need an accurate description of the propagation environment and
only yield site-specific results, i.e., specific to the input environment configuration
only. Once properly validated and calibrated versus measurements, deterministic
models are often used to complement or replace measurements in the derivation and
parametrization of statistical channel models [5].

Unlike outdoor channel models, several indoor channel models for THz fre-
quencies are available in the literature [2]. The rest of the present chapter features
a review of state-of-the-art indoor THz channel measurements and empirical
modeling in Sect. 10.2, while a survey on deterministic THz propagation modeling
is provided in Sect. 10.3.

10.2 Indoor Measurements and Empirical Channel Modeling

Measurement-based studies on THz propagation in indoor environment can be
roughly divided into two categories: (i) propagation characterization studies
addressing specific aspects and (ii) channel sounding and modeling studies for
real-life environments. In the present section only (ii) will be covered with some
detail, while a few general considerations on indoor propagation characteristics will
be briefly given below.

http://dx.doi.org/10.1007/978-3-030-73738-2_16
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10.2.1 Indoor Propagation Characteristics

The indoor environment is characterized by space partitioning realized through
either real walls or lighter structures such as glass, chipboard, or gypsum panels.
While concrete walls’ transmission losses are too high for THz waves to overcome
them, lighter partition walls can be partially transparent, especially at sub-THz
frequencies. If we model partition walls as uniform flat layers, partition loss Lp
can be easily estimated using simple formulas. Since multiple reflections inside
the material layer are usually negligible at THz frequencies due to the small
wavelength with respect to thickness, Lp is dominated by (i) reflection attenuation
on the air-material and material-air interfaces and (ii) exponential attenuation due
to propagation inside the layer. An approximate partition loss estimate for normal
incidence and low-loss materials is [6]:

Lp = e2αw
(

1 − |�|2
)−2 ; α 
 σ

2ε0c
√
εr ′

(10.1)

where w is slab width, |�| is the reflection coefficient modulus at either interfaces, σ
is the conductivity [S/m], and α is the loss constant for low-loss dielectric materials
of relative complex permittivity εr = εr

′ − jεr
′ ′

with εr
′ ′ � εr

′
. Formula (10.1) can

also be used to estimate α from reflection and transmission measurements. Since σ
generally increases linearly with the frequency in a log(σ ) − log(f) scale [7], the
same applies to α which is proportional to it. Additional transmission losses due to
diffuse scattering should be added in case of unhomogeneous compound materials
such as chipboard or some kinds of stone and wood. In case stratified materials,
more complex formulations are necessary [8].

There is a vast literature on THz penetration through specific materials used
for technology and devices, but a very limited number of Lp measurement results
for indoor furnishing and partition materials have been published: most of them
are summarized in Table 10.1. While Lp is generally low enough at sub-THz
frequencies, it is very high at 300 GHz in most cases, except for gypsum, ceramic,
and nylon slabs.

Due to the high Lp values, indoor NLoS links cannot rely on transmission.
Therefore, one question that needs to be answered is whether NLoS links are
possible using reflected paths (RNLoS paths). Experimental investigation in [11]
at 100, 200, 300, and 400 GHz, using a simple setup with a CW wave modulated
with a 1Gbit/s signal, demonstrated that NLoS connection is possible through up to
two specular reflections: a BER of 10−8 can be achieved over a 2 m, 400 GHz link
undergoing 1 reflection on a painted cinderblock wall using a Tx power of −8 dBm
and 26 dB gain antennas. Similar results have been proved using a VNA setup [9].
Reflection from ceiling’s acoustic panels can be a good way to replace the LoS in
case of blocking, while reflection from wooden surfaces is generally too weak [12].
Specular reflection losses due to diffuse scattering are limited to a few dBs because
the roughness of most indoor surfaces is still small compared to the wavelength at
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Table 10.1 Measured mean penetration loss [dB] for some material slabs and slab-like objects
at different frequencies. Frequency values refer to center-band as most measurements are
wideband

Material w [cm] 100 GHz 140 GHz 300 GHz Ref.

Clay tile 1.5 9.3 [6]
Ceramic tile 0.7 4.7 12.9 [6]
Cement tile 2.5 ~39 [2]
Granite 2.1 18.5 [6]
Gypsum 2.0 11.0 [6]
Plywood 1.8 17.1 38.1 [6]
Solid wood 2 20 [3]

3.5 65.5 [3]
4.0 41.6 [3]

Drywall 14.5 15.0 [10]
Clear glass 0.6 9 [10]

2.5 86.7 [9]
Glass door 1.3 16.2 [10]
MDF door 3.5 65.5 [9]
Chipboard-1 1.6 16.5 46.9 [6]
Chipboard-2 1.6 11.9 45.3 [6]
Nylon 0.6 1.6 4.3 [6]

400 GHz. However, a stronger impact of diffuse scattering from surface roughness
is expected in the higher range of THz frequencies.

10.2.2 Channel Sounding and Modeling

Proper characterization of indoor channels requires a dynamic range of at least
40 dB to allow the identification of multiple-bounce contributions, high time- and
angle-resolution and a very large bandwidth, of at least several gigahertz to reflect
the foreseen indoor applications’ bandwidth. Over such large bandwidths, several
propagation parameters can change, including molecular absorption - mostly due to
water vapor – free-space loss, antenna characteristics, and material properties: this
must be taken into account at both measurement and modeling stages. Although
Doppler frequencies are limited to a few kilohertz due to low mobility, the high
probability of human blockage can make nonetheless the indoor channel dynamic.

To compensate for the high isotropic losses, antennas with a directivity of at least
20–25 dBs must be used even for short indoor links. This fact makes beam alignment
quite critical, but allows properly aligned links using horn antennas to be relatively
immune from multipath, including RNLoS paths. Under these conditions, dB-Path-
Loss (PL) versus link distance R in LoS links can be described using a one-slope
(or Hata-like) formula:
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PL = PL0 + 10n · Log(R)+ χσ (10.2)

where PL0 is path loss for R = 1 m and χσ is a zero-mean random variable of
standard deviation σ to model beam misalignments. Path-loss exponent n is found
to be very close to 2 (i.e., free space) at both 300 GHz and in the D-band (110–
170 GHz) while σ is of only 1.44 dB and 0.17 dB (for R < 1 m links, with a Gaussian
χσ ), respectively [9, 13]. Reflection loss must be added up in (10.2) for RNLoS
links. Moreover, an additional linear attenuation term Lα = Rα, α being specific
attenuation [dB/m], should be added for frequencies where molecular absorption is
non negligible. A two-ray effect is observed in desktop links where the presence
of reflection from the table surface, or from objects nearby, can generate frequency
and space selectivity with deep fades [9, 13]. Reflections from the transmitter and
receiver heads front faces can also affect the link. RMS delay spread is shown to be
of a few picoseconds in LoS links with good antenna alignment and of a few tens
of picoseconds in Obstructed LoS (OLoS) links with blocking due to small objects
such as a glass or a ceramic mug [13].

Although measurements with fixed horn antennas are useful, rotating directive
antennas at one or both link ends must be used to grasp the spatial characteristics of
the channel. This kind of setup allows to achieve at the same time a high dynamic
range and a complete channel characterization, including antenna-independent path-
loss, time-dispersion parameters and directional characteristics of the channel. The
knowledge of such characteristics is necessary to design future indoor THz system
that will make use of MIMO or beam-switching arrays to cope with mobility and
blockage of the main path and/or to increase channel performance. By rotating
the antennas in the azimuth plane and summing up power contributions from all
orientations, quasi-omnidirectional PL trends are derived in [14, 15] in the D-band
for several indoor environments, including a shopping mall with link distances
of up to 65 m. The PL trend is confirmed to follow Eq. (10.2), with a path loss
exponent close to 2 and a σ of a few dBs, slightly higher than with fixed directive
antennas, especially when partially obstructed LoS links are included [14]: in this
case χσ can be used to accounts for shadowing effects rather than misalignment.
Instead of summing power, by keeping track of the time-distribution or of the angle-
distribution of the signal at the Rx, RMS delay-spread and RMS angle-spread can
be computed, respectively. Differently from PL, the quasi-omnidirectional RMS
delay-spread is much higher than the directional RMS delay-spread (with directive
antennas): values between 3–10 ns in an office environment and up to 30 ns in the
shopping mall are reported. Average azimuth spread is found to be of about 30◦
in all environments [14]. Interestingly, similar results were found for the 300 GHz
band in a small office environment using a very high-resolution setup [16].

Equation (10.2) represents the simplest prototype of empirical-statistical propa-
gation model. More complex statistical channel models that take into account also
the frequency, angle, and space domains have been proposed in the last years for
the simulation of THz channels. A good example is the stochastic channel model
for THz MIMO links proposed in [5], which is based on the multidimensional
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MIMO channel transfer function concept [17] properly modified to suit a broadband
channel:

Hm,n(f )=
Nrays∑

i=1

Hi ·gm
(
f, φAoD,i , θAoD,i

)
ejki (f )·rm · gn

(
f, φAoA,i , θAoA,i

)
ejki (f )·rn

(10.3)

with

Hi
(
f, φAoD, θAoD, φAoA, θAoA

) = ai · ejϕi ·Di(f ) · e−j2πτ i(fi−f0)

· δ (φAoD − φAoD,i
) · δ (θAoD − θAoD,i

)

· δ (φAoA − φAoA,i
) · δ (θAoA − θAoA,i

)

where Hm,n(f) is the direction- and space-dependent transfer function between the
m-th and n-th MIMO antenna elements of position vectors rm and rn, and antenna
characteristics gm and gn, respectively, and the footers AoD, AoA in the angle
symbols stand for Angle of Departure and Angle of Arrival. All the remaining
quantities have intuitive meaning: for a complete explanation of the model refer to
Chap. 16. It is worth noting that factors ai and Di(f) represent the i-th path-gain and
its frequency dispersion due to the frequency variability of reflection coefficients
and of free-space loss. In [5], the model is extended to the polarization domain by
using a fully polarimetric channel matrix Hi – instead of a scalar transfer function
Hi as in (10.3) – for the i-th path [5]. All the quantities in (10.3) – except for
the characteristics of the antenna elements - are considered random variables that
can be correlated with each other: for example amplitude ai and delay τ i of the
i-th ray are correlated according to the Saleh-Valenzuela model [18]. The model
generates realizations of all random variables according to statistical distributions
derived through multiple ray tracing simulations in a given kind of environment
(e.g., a small office in [5]), and therefore extracts realistic realizations of the transfer
function random process that are representative of that kind of environment. Once
the ray tracing tool is properly calibrated and the statistical distributions calculated,
the method is 100 times faster than rerunning ray tracing for different positions over
the reference environment to get the same number of channel realizations.

An alternative approach to channel simulation is possible through Geometric
Stochastic Channel Models (GSCM) where the starting point is the generation of
a distribution of “scatterers”, according to a realistic statistical spatial distribution,
around the radio terminals positions. The channel’s transfer function realization is
then generated using simplified ray tracing techniques in order to preserve spatial
consistency with moving terminals. The GSCM approach, widely used for lower
frequency bands and standardized at international level [19], is not of widespread
use in THz propagation modeling.

http://dx.doi.org/10.1007/978-3-030-73738-2_16
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10.3 Deterministic Propagation Modeling

Deterministic propagation models rely on the electromagnetic propagation theory
rather than on formulas derived from measurements to describe the propagation
process. Due to the small wavelength compared to the dimensional scale of the
indoor propagation environment, electromagnetic methods that imply a domain
discretization with a sub-wavelength mesh size such as Finite Difference Time-
Domain (FDTD) methods, require huge computational resources at THz frequen-
cies. Therefore, the most widely used deterministic models for THz frequencies are
ray-based propagation models, namely Ray Tracing (RT) and its variations such
as ray launching (also referred to as shooting and bouncing ray method [20]). RT
being founded on the sound, albeit approximate, theory of Geometrical Optics (GO)
[21] and its generalization to treat diffraction, the Uniform Theory of Diffraction
[22], can be considered fairly reliable when the wavelength is small compared to
the size of the obstacles and when the propagation environment is limited and
therefore a detailed environment description (environment database), including
electromagnetic material properties is possible. Both conditions are satisfied in
indoor THz propagation.

The propagating rays are found using image theory and other geometric tech-
niques applying GO rules [23]. Usually all rays undergoing a maximum number
of interactions (or “bounces”, i.e., reflections and diffractions), Nb, with walls and
obstacles are taken into account. After geometric ray tracing, which is frequency-
independent, field computation at the Rx position is performed. In order to simulate
ultra-broadband propagation for THz applications, the so called “ultra-broadband
RT” or “frequency-domain RT” approach is followed: the signal bandwidth is
subdivided into Nf frequency components fi. The field phasor for the j-th ray and
for the frequency fi is then computed:

Ej
(
fi
) =

⎛

⎜⎜
⎝

N
j
b∏

n=1

Cj
n

(
fi
)

⎞

⎟⎟
⎠ · Ej0

(
fi
)
A
j
SF

(
fi
)
e−jk(fi)r

j
tot (10.4)

where Ej0 is the field emitted by the Tx antenna at 1 m in the direction of departure of
the j-ray,Cj

n
is the n-th interaction dyadic (a matrix that includes Fresnel’s reflection

coefficients or UTD diffraction coefficients [21]),AjSF is the spreading factor taking

into account free space attenuation [21], rjtot is the total length of the j-th ray, and
k is the wavenumber. Field computation (10.4) must be performed recursively for
each one of the Nf frequency components fi used to subdivide the total bandwidth. If
the field Ej(fi) of (10.4) corresponds to a signal of unit value at the Tx, the channel’s
transfer function can be computed using the following formulas [16]:
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Fig. 10.1 (a) Small office scenario with traced rays; (b) measured, RT- predicted (uncalibrated)
and RT-predicted (calibrated) power delay profile for environment depicted in (a) [16] (© 2013
KICS, reproduced with permission)

Hj(f ) =
Nf∑

i=1
Ej
(
fi
) · p̂Rx

(
φj , θj

)
�Rx

(
fi, φj , θj

)
δ
(
f − fi

) ;

H(f ) =
Nrays∑

j=1
Hj(f )

(10.5)

where p̂Rx is a unit phasor expressing the polarization characteristics of the Rx
antenna, �Rx is its effective length, and (φj, θ j) is the direction of arrival of the j-th
ray.

The channel’s impulse response, that takes into account both multipath dis-
persion and pulse broadening for each ray, can be derived by performing an
inverse fast Fourier transform of the transfer function (10.5). It is worth noting that
interaction coefficients can vary quite a lot with the frequency due to the effect
of stratified material such as painted walls or lacquered surfaces. Therefore, the
description of material properties fed to the RT model through the environment
database is necessarily inaccurate and a calibration of interaction coefficients versus
measurements is often necessary. If calibration is done properly, ultra-broadband RT
can yield very accurate results. In Fig. 10.1, a predicted and measured power-delay
profile for a small office environment is shown as an example [16].

According to high-resolution directional measurements presented in [16], only
reflections (up to the fourth order) could be identified, therefore only reflections
were considered in RT simulations. Diffraction is usually negligible at THz
frequencies unless specific problems such as the characterization of blocking from
humans and small objects must be addressed. Nevertheless, diffuse scattering from
rough or irregular surfaces cannot be neglected if the standard deviation of surface
roughness σh is comparable to the wavelength, which can happen for very rough
surfaces or very high frequencies. Under these circumstances, reflection coefficients
must be accordingly attenuated, for example using the Rayleigh factor [24] and new
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rays scattered by the whole surface, and therefore originating from every surface
element �s must be taken into account.

There are two main approaches for the computation of scattered rays’ field.
The first one is based on the Beckmann-Kirchhoff theory for scattering of incident
plane waves from Gaussian rough surfaces [25]. The surface is divided into surface
elements �s in order for the incoming wave-front to be considered locally plane
on �s even for close Tx positions. Then a scattering coefficient that depends on
the incident and scattering angles, as well as on the surface’s roughness parameters
(σh and correlation length) is applied to each tile to compute the intensity of the
scattered field given the intensity of the incident field. Although derived for perfectly
conducting surfaces, Kirchhoff’s theory has been generalized to finite conductivity
surfaces and successfully implemented into a RT tool [26]. The major limitations of
Kirchhoff’s theory are that roughness must be Gaussian and the correlation length
must be much larger than the wavelength, which prevents application to very rough
surfaces with dents and edges.

The second approach, called Effective Roughness (ER) approach, is semiheuris-
tic and is based on a simple power-flow budget at the generic surface element
�s [27]. Differently from the Kirchhoff model, specular reflected wave and the
scattered wave are treated as distinct waves where the attenuation of the former
is due to part of its power being diverted into the latter. Therefore, the following
power budget holds for a passive surface: Pi = Pr + Ps + Pp, where Pi, Pr, and Ps
are the incident, reflected, and scattered power flows at the surface element and
Pp is the remaining power that penetrates into it. The relative amplitude of the
scattered wave versus the reflected wave is determined by an independent scattering
parameter S, while a scattering pattern determines the directional properties of the
scattered wave. The specular wave attenuation factor derives from S and from the
power-budged equation. While the ER roughness model is not based on a rigorous
electromagnetic theory and requires calibration of both S and the scattering pattern’s
parameters versus measurements, is does not suffer from the foregoing limitations
of Kirchhoff’s theory and has been applied with success to mm-wave as well as to
THz frequencies [3].
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Chapter 11
Intra-device and Proximity Channel
Modeling

Alenka Zajic and Danping He

Abstract Ultra-broadband terahertz (THz) communication systems are expected
to help satisfy the ever-growing need for smaller devices that can offer higher-
speed wireless communication anywhere and anytime. In the past years, it has
become obvious that wireless data rates exceeding 10 Gbit/s will be required in
several years from now. The opening up of carrier frequencies in the terahertz
range is the most promising approach to provide sufficient bandwidth required
for ultrafast and ultra-broadband data transmissions. This large bandwidth paired
with higher-speed wireless links can open the door to a large number of novel
applications such as intra-device wireless communications and device-to-device
wireless communications. To design these new communication systems, the first
step is to understand propagation effects in these environments at THz frequencies
and develop channel models. This chapter summarizes advances in THz channel
modeling for intra-device and proximity wireless communication systems.

11.1 Intra-device Channel Modeling

Communication between components, such as processor and memory within a
computer system, currently relies on metal wires, and a transition to optical waveg-
uides is expected in the future. In intra-device communications, optics promises
much higher bandwidth (and thus improved computing performance). However,
both wires and optics suffer from significant challenges in terms of assembly
cost, airflow, service time, overall cost, etc. [1–3]. For system components, the
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number of pins or optical interfaces that a small chip package can have is limited,
and sophisticated connections can also make component insertion (e.g., during
assembly) and removal (e.g., to replace a failed component) more time-consuming
and costly [4–6].

Wireless communication can alleviate such cable management, serviceability,
and packaging constraints. Integration of wireless transceivers and antennas into the
chip package would provide communication bandwidth without adding pins or fiber
connectors to the chip package. A key challenge for wireless communication is that
the required data rates in existing systems are already in the hundreds of gigabits
per second for intra-system communication. For example, within a server computer
system, data rates already exceed 500 Gbits/s, e.g., since late 2014, the Intel Core i7
Extreme processors and most Intel Xeon E5 v3 processors can communicate with
the system’s main memory using four DDR4-2133 channels, with a total throughput
of 533 Gbits/s, and this is expected to soon increase to 800 Gbits/s when DRR4-3200
support is introduced.

Terahertz (THz) wireless communication has two key advantages that can be
combined to achieve the required data rates. First, the usable frequency band around
each frequency is much larger, so each channel can have a much higher data
rate. This alone can increase data rates to several tens of Gbits/s, but multiple-
input, multiple-output (MIMO) antennas are still needed to reach Tbits/s data rates.
Fortunately, THz frequencies allow smaller antennas and antenna spacing, which
provides for more MIMO channels within the same array aperture.

The first step to design communication systems for intra-device links is to
understand propagation environment inside a metal box and derive statistical
characteristics of this channel. At THz frequencies, there has been a large number of
measurement campaigns that characterize indoor propagation environment includ-
ing line-of-sight (LoS) propagation, non-line-of-sight (NLoS) propagation, angles
of departure and arrival, shadowing effects, and reflection and diffraction from
various materials [7–16]. Measurements have also been conducted to characterize
waveguide-like structures with different dimensions at 60 and 300 GHz for intra-
device communication [17]. Furthermore, on-board THz wireless communication
measurements have been conducted by considering different possible scenarios,
i.e., LoS, reflected non-line of sight (RNLoS), NLoS, and obstructed line of sight
(OLoS) [9]. Finally, the channel measurements at 300 GHz inside a desktop size
metal enclosure have been presented in [18].

Similarly, several channel models have been proposed for THz wireless channels
in indoor environments [19–26]. The stochastic channel model based on ray-tracing
(RT) has been proposed for the propagation channel of THz Kiosk download
application in [19]. A scenario-specific stochastic model for THz indoor radio
channels has been introduced in [20]. The stochastic model for distance-dependent
angular and RMS delay spreads has been conducted in [21]. The statistical channel
model for THz indoor multipath fading channels has been proposed in [22]. The
performances of different large-scale path loss models at 30 GHz, 140 GHz, and
300 GHz have been compared in [23]. The models for characterization of reflections
from the surfaces of different materials have been conducted in [24–26]. For signal
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propagation inside a waveguide structure, the channel model based on ray-tracing
has been proposed in [17].

Compared to the indoor environment, THz propagation in metal enclosures
experiences both traveling and resonant waves. This yields to larger number of
multiple reflections as well as larger multipath spread [18]. Also, due to the resonant
nature of the fields, the received power can vary with transceivers’ positions. Based
on these findings, a path loss model in an empty desktop size metal enclosure has
been presented in [27]. To characterize path loss in metal enclosures, in addition to
Friis equation terms, another term is required to describe the effect of the resonant
modes. For the THz wireless channel in metal enclosure, the theoretical path loss
(PL)dB can be calculated as

(PL)dB = (PL)t dB + 10log10(|E|2)−1 +Xσ , (11.1)

where (PL)t is the mean path loss of traveling wave and can be calculated by
averaging Friis formula over the frequency band as

(PL)t = 1

�f

∫

�f

(
4πD

γ
2 f

c0

)2

df, (11.2)

where D represents the signal traveled distance, γ is the path loss exponent, and c0
is the speed of light.

The parameter 10log10(|E|2)−1 which depends on the antenna height hr repre-
sents the received power variation contributed by resonating modes and is defined
as in [27]. Finally, Xσ is a zero-mean Gaussian random variable with standard
deviation σ . It describes the random shadowing effects.

Based on the cavity environment and the statistical properties of the channel
inside the metal cavity observed through measurements [18], a geometrical model
which describes propagation in resonant cavity as a superposition of LoS, single-
bounced (SB), double-bounced (DB), and multi-bounced (MB) rays is presented
[28]. Figure 11.1 illustrates the propagation mechanisms inside the desktop size
metal cavity with a geometry-based statistical model. Based on the geometrical
model, a parametric reference model has been presented with the consideration of
the signal propagation mechanisms in the excited cavity. The unique features of
this model are (1) inclusion of resonant modes in the cavity into statistical channel
model; (2) inclusion of path loss characterization that considers the losses due to
antenna misalignment, which is required for THz wireless communication; and
(3) coverage of large range of real-world scenarios, making it a very flexible and
useful modeling tool. From the geometrical model, the input delay spread function
of the Tx–Rx link can be expressed as the superposition of the LoS, SB, DB, and
MB rays as

h(t, τ ) = hLoS(t, τ )+ hSB(t, τ )+ hDB(t, τ )+ hMB(t, τ ), (11.3)
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Fig. 11.1 The intact geometrical model for chip-to-chip wireless communication channel in a
desktop size metal cavity [28]

where each channel impulse component is represented as a product of amplitude
and Dirac impulse function that represents time delay. The amplitudes are calculated
from the path loss, and time delays are obtained by calculating each ray’s traveling
distance and dividing it with the speed of light.

11.2 Proximity Channel Modeling

As a typical proximity communication, THz kiosk application offers ultrahigh
downloads of digital information to users’ handheld devices. The general configura-
tion of a kiosk downloading application is shown in Fig. 11.2a. The Tx is deployed
in a container and is surrounded by wave-absorbing material. The container has a
front cover (window) that not only protects the Tx but also allows communication
between Tx and receiver Rx. The front cover might be tilted with different angles
in different configurations. The Rx is situated in a handheld device, and the
distance between Rx and front cover may vary due to different user behaviors.
The propagation environment is determined by the kiosk station design and the
placements of the Tx and the Rx. Typical transmission ranges are in the order of
centimeter, and the multiple paths between Tx and Rx have significant impact on
the achievable data rates. The ray-tracing-based channel analysis and modeling of
the THz kiosk downloading applications are first presented in [19].

In order to obtain the first-hand information of the kiosk downloading channel,
channel measurements are conducted by using a vector network analyzer (VNA)
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Tx terminal
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Rx 
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Kiosk downloading
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2-mm PET
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Tx Rx

THz VNA heads for 
measurements

Moving on 
automatic stage

Fig. 11.2 (a) Overview of kiosk downloading communication system and the equivalent model
[29], (b) three possible Kiosk downloading scenarios, (c) measurement campaign: VNA with
automatic stage surrounded by wave absorber [29]

in an anechoic chamber between 220 GHz and 340 GHz [29]. Figure 11.2b shows
three possible configurations of Tx, Rx, and window alignment that are suggested
by IEEE 802.15 TG3d [29]. For all the three scenarios, both Tx and Rx have a metal
plate surrounding the antenna, which represents possible hardware design, e.g., the
radio unit inside the kiosk and the body of a mobile phone. In Scenario (i), the metal
plates and the front cover plate are parallel. The front cover plate is tilted in Scenario
(ii), while the metal plates at Tx and Rx are still parallel. In Scenario (iii), the front
cover plate and Rx metal plate are tilted and parallel to each other. The measurement
principle and corresponding devices are shown in Fig. 11.2c. In the measurements,
a smooth polyethylene terephthalate (PET) plate with a thickness of 2 mm is used
to represent the front cover. Commercially available 25-dBi horn antenna with
HPBW = 10◦ is used at both Tx and Rx. The radio channel is characterized by
measurement of the S-parameters (S21) for varying distances between Tx and Rx
using an automatic translation stage.

As the movements of Tx and Rx are constrained by the experimental equipment,
a 3D RT simulator [30] is calibrated based on the measured data to explore more
results for various deployments. Figure 11.3 shows the RT calibration result. The
average errors of ray power, root-mean-square (RMS) delay spread, and Rician
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Fig. 11.3 Calibrated ray tracing results: (a) calibration progress of Scenario (i); (b) calibrated
result of Scenario (i), (c) calibrated result of Scenario (ii); (d) calibrated result of Scenario (iii)

K-factor of the calibrated results are 1.0 dB, 0.02 ns, and 0.05 dB, respectively.
Thereafter, key parameters of the kiosk downloading channel at all potential posi-
tions and angles can be accurately extracted and modeled via intensive calibrated
RT simulations.

During an analysis of the significance of different ray types, it can be observed
that the direct path and the second-order reflections contribute more than 97% of the
received power. Due to the varying geometry alignments of the devices, the number
of significant multipath components as well as the RMS delay spread decreases
from Scenario (i) to Scenario (iii). For these, the amplitudes, time of arrival, phases,
angles of departure and arrival, polarization ratios, and other key parameters of
each scenario can be extracted from the RT result, and the stochastic channel model
can be derived. The model is validated by an analysis of the Rician K-factors and
RMS delay spreads in terms of rays, and the errors of which are less than 1.48 dB
and 0.07 ns, respectively. The specific values of these channel parameters can be
found in [19]. Provided that the thermal noise is not the bottleneck of the system
performance, the symbol rate increases as the communication distance between Tx
and Rx increases from 0.5 to 0.9 m, and the symbol rate increases as delay spread
decreases. The maximum symbol rate reaches 3 GBd at 0.9 m for the evaluated
system bandwidths. The example calculation proves that the data rate can reach
108 Gbit/s at 0.9 m with 60 GHz system bandwidth, when 64-QAM and carrier
aggregation technologies are applied. As the average RMS delay spread decreases
from Scenario (i) to (iii), the data rates of Scenario (ii) and (iii) are expected to
be higher compared to Scenario (1). Therefore, the target data rate of 100 Gbit/s
can be achieved for all the three scenarios with proper communication distance,
system bandwidth, and technologies such as higher-order modulation and carrier
aggregation. The developed channel model allows for the fast generation of channel
transfer functions and can be used to guide close proximity communication system
design at THz frequencies.
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16. Cheng, C., Kim, S., & Zajić, A. (2018). Study of diffraction at 30 GHz, 140 GHz, and 300 GHz.
In IEEE International Symposium on Antennas and Propagation USNC/URSI National Radio
Science Meeting. https://doi.org/10.1109/APUSNCURSINRSM.2018.8608803

17. Kürner, T., Fricke, A., Rey, S., et al. (2015). Measurements and modeling of basic propagation
characteristics for intra-device communications at 60 GHz and 300 GHz. Journal of Infrared,
Millimeter, and Terahertz Waves, 36(2), 144–158. https://doi.org/10.1007/s10762-014-0117-5

https://doi.org/10.1109/IITC.2006.1648640
https://doi.org/10.1109/IITC.2006.1648640
https://doi.org/10.1109/ICCAD.2005.1560098
https://doi.org/10.1109/IITC.2006.1648693
https://doi.org/10.1109/5.929647
https://doi.org/10.1109/5.867687
https://doi.org/10.1109/5.929646
https://doi.org/10.1109/ICC.2016.7511280
https://doi.org/10.1109/TVT.2014.2358191
https://doi.org/10.1109/TVT.2014.2358191
https://doi.org/10.1109/TAP.2016.2620598
https://doi.org/10.1109/TAP.2016.2620598
https://doi.org/10.1109/TAP.2011.2122294
https://doi.org/10.1109/TAP.2011.2122294
https://doi.org/10.1109/ICIMW.2010.5612330
https://doi.org/10.1109/TMTT.2011.2178859
https://doi.org/10.1109/CPEM.2012.6250900
https://doi.org/10.1109/IRMMW-THz.2013.6665413
https://doi.org/10.1109/APWC.2015.7300195
https://doi.org/10.1109/APWC.2015.7300195
https://doi.org/10.1109/APUSNCURSINRSM.2018.8608803
https://doi.org/10.1007/s10762-014-0117-5


116 A. Zajic and D. He
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27. Fu, J., Juyal, P., & Zajić, A. (2019). Path loss model as function of antenna height for 300 GHz
chip-to-chip communications. In IEEE International Symposium on Antennas and Propagation
and USNC-URSI (APS). https://doi.org/10.1109/APUSNCURSINRSM.2019.8888326
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Chapter 12
Backhaul/Fronthaul Outdoor Links

Akihiko Hirata, Bo Kum Jung, and Petr Jurcik

Abstract One of the promising applications of THz wireless link is mobile
backhaul/fronthaul. Terahertz mobile backhaul/fronthaul is outdoor fixed wireless
link over a distance of from tens of metres to several kilometres. This chapter
describes the system design, available link distance, technical challenges and field
trials of backhaul/Fronthaul THz wireless links.

Fast growing network traffic and increasing demand for high speed connectivity over
the next years require new wireless technologies to build communication systems
supporting ultra-high data rates. The growth of data traffic, capacity and connectivity
in radio access networks must also be reflected in wired or wireless transport
networks (i.e. backhaul and fronthaul links). In general, wireless systems offer
important advantages over optical fibres and free-space optical (FSO) alternatives
not only for mobile and nomadic terminals, but also in numerous fixed communi-
cation scenarios. In fixed outdoor applications, the deployment of optical fibre (or
any other wired alternative) is often prohibitively expensive, technically unfeasible
or too time-consuming. In addition, for high data rate indoor applications, such
as machine-to-machine/device-to-device communication in data centres, wireless
local and personal area networks, smart offices and home theatres, the versatility of
wireless communication systems is a major asset over any kind of wired solution
(e.g. optical fibres). On the other hand, FSO communication using infrared (IR)
laser light can avoid the aforementioned drawbacks of optical fibre, but compared
to THz wireless communication, the IR signal is significantly more attenuated by
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the presence of dust in the air than the THz signal which undergoes almost no
degradation [1]. In general, wireless systems profit from fast deployment, flexibility
and easy reconfiguration, as well as lower deployment costs (CAPEX).

12.1 System Design of Wireless Backhaul/Fronthaul

Since the concept of wireless Backhaul/Fronthaul is to deliver aggregated data from
UE to anchor point, the high capacity of wireless link is demanded. In this sense, the
5G access networks will extend the applied frequency spectrum above 6 GHz (e.g.
to the 26/28 GHz, V-band) where wireless transport links are currently operated.
Hence, the further improvement in data capacity of wireless transport networks
will be limited by the availability of frequency spectrum below 100 GHz, which
will be intensively used by 5G services. Significant allocation of higher frequency
bands beyond 100 GHz is expected to be necessary for the next generation(s)
of wireless transport networks. The characteristics of the most significant and
promising frequency bands used in current or future multi-gigabit wireless transport
networks (fixed services) are summarised in Table 12.1 [2].

The W-band and D-band have been already considered in the table of frequency
allocation issued by the ITU-R Radio Regulations for fixed wireless services [3].
The frequency spectrum beyond 275 GHz has not yet been allocated, but it is a key
agenda item for the ITU World Radio communication Conference (WRC) 2019 [4].

Table 12.1 Characteristics of the frequency bands under consideration [2]

Frequency
[GHz] Total BW [GHz]

Type of
licensing

Max link
capacity [Gbps]

Max link
length [km]

V-band 57–66 9 (14) Unlicensed 1–2 <1
(51–71)

E-band 71–76 10 (5 + 5) Lightly
licensed

10–20 2-3 k

81–86
W-band 92–94 17.85 Lightly

licensed
Expectation ~40 <1

94.1–100
102–109.5
111.8–
114.25

D-band 130–134 31.8 NA Expectation ~40 <1
141–148.5
151.5–164
167–174.8

THz-band 252–325 73 NA Expectation
>100–200

<1
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The volume of data traffic consumed by the 5G and beyond 5G (B5G) use-cases,
services and applications is expected to significantly grow in comparison to today’s
4G/LTE generation. A factor of approximately 5–10× is foreseen. Evolving from
4G/LTE to 5G network architecture, the main change is that the original single-
node baseband functions in 4G/LTE are split between Central Unit (CU), Distributed
Unit(s) (DU) and Radio Unit(s) (RU) resulting in a so-called centralised network
architecture with functional split.

The required throughput of the transport network depends greatly on the
particular split option. The lower the split point, the higher the required throughput
and the typical configurations of 5G macro BS require hundreds to thousands
of Gbps of throughout. Such throughputs can be served by the future terahertz-
based products targeting throughputs beyond 100 Gbps [5]. Table 12.2 shows the
example specification of THz band wireless link [5]. Table 12.3 shows maximum
achievable link distance where 100 Gbps is available [5]. The throughputs are
calculated from bandwidth and modulation scheme (efficiency) appropriate to the
realised CNR at each condition. The throughput is not proportional to the bandwidth
since the bandwidth expansion causes SNR degradation. The receiver sensitivities
have been derived by link level simulations and the SNR requirements for a BER
of 10. The latter values have been derived by link level simulations and the SNR
requirements for a BER of 10−12. In case of single carrier system, bandwidth of
25.92 GHz (64-QAM) or 51.84 GHz (8-PSK, 16-QAM) is necessary for 100 Gbps
data transmission. When four channels are used, bandwidth necessary for 100-Gbps
throughput becomes 12.96 GHz (8-PSK, 16-QAM).

The maximum transmission distance is estimated under the further assumption
of a 20 dB margin for atmospheric attenuation due to weather conditions. In case
of single carrier system, the maximum available link distance becomes 168–352 m.
In case of four channel system, the maximum available link distance increases to
470–704 m.

Table 12.2 Example of beyond 5G THz backhaul/fronthaul [5]

Parameter Value Remarks

RF frequency [GHz] 300
Baud rate [Gbaud] BW/1.2 Due to roll-off
NF [dB] 10 T = 300 K
TX power [dBm] 10
Link distance [m] 1000
Antenna gain [dBi] 50 Common for both TX and RX
Payload rate 0.9 Payload/frame length
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Table 12.3 Maximum available link distance of THz link, where 100 Gbps is available [5]

Number of
Carrier

Bandwidth
(GHz) Modulation FEC Rate

Receiver
Sensitivity
(dBm)

Maximum Link
Distance (m)

1 51.84 8-PSK 14/15 −43 352
1 51.84 16-QAM 14/15 −39 235
1 25.92 64-QAM 14/15 −36 168
2 25.92 8-PSK 14/15 −46 498
2 25.92 16-QAM 14/15 −42 332
2 12.96 64-QAM 14/15 −40 237
4 12.96 8-PSK 14/15 −49 704
4 12.96 16-QAM 14/15 −45 470

12.2 Challenges of Wireless Backhaul/Fronthaul

Researches about wireless Backhaul/Fronthaul are in general early stage and
currently taking the first step especially into using of sub-THz frequency spectrum.
Therefore, there are several facing challenges to overcome in order to utilise new
technologies in live access networks. First of all, Backhaul/Fronthaul link should
be principally extreme stable otherwise customers will experience bad quality of
service since the function of Backhaul/Fronthaul is to transport accumulated packets
from users to the core network or anchor points; therefore, unstable channel may
high probably occur naturally high BER which results unsuccessful transmission
of data. In this sense, wireless channel has flaw due to the nature property of
fluctuate channel state occurred by discrete reasons. Herewith weather condition
is counted. Since target service environment of wireless Backhaul/Fronthaul is
outdoor usage, the impact of weather changes on communication channel is not
avoidable. In general, attenuation of propagating signal cased by weather is more
sensible at higher frequency spectrum [6–8]. In addition, an exemplar of attenuation
under average weather condition of pertaining cities is provided in [5]. Out of the
weather condition itself, antenna mismatching has huge influence on the wireless
communication. Free space attenuation of radiate energy is highly relevant on
the frequency. Consequently, using 300 GHz frequency spectrum encounters high
attenuation, e.g. 122 dBm attenuation over 100 m at 300 GHz shown in Fig. 12.1.

As a result, communication range considering link budget is highly limited. The
average propagation loss of the novel THz band is 6.6 dB higher than D-band,
10 dB higher than W-band, 12.4 dB higher than E-band and 13.1 dB higher than
V-band for a link distance of 100 m. The free-space loss is the dominant factor
which limits achievable link distance. Due to high atmospheric attenuation in V-
band (up to 1.5 dB per 100 m), the propagation loss rises more steeply than for the
other frequency bands. For example, the propagation loss in V-band is lower than
E-band at the link distance below 150 m, but higher than in D-band at link distances
above 600 m. Note that due to additional atmospheric attenuation at V-band, there
is no significant advantage of V-band over the THz band at link distances above
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Fig. 12.1 Average propagation loss as a function of link distance

600 m. To overcome this high attenuation, high gain antenna even approximately
50 dBi antenna both of Tx and Rx is indispensable key for supporting a current
wireless communication technique. However, as the gain of antenna is higher,
main beam width of antenna becomes narrower. In other words, antenna should
be pointing in right way unless received power of signal to wireless communicate
will be decreased rapidly according to the mismatched angle [9]. By influence of the
mismatch of antenna, SINR is likely to drop which limits potential feasible capacity
of wireless channel in the sense of coding/modulation scheme and occurs further
wireless link failure in extreme cases. Besides of propagation perspective, extreme
real-time communication is one of the new application features of 5G according
to NGMN 5G white paper [10]. In the 5G mobile network, generally under 10 ms
within some specific cases under 1 ms of latency is aimed to be supported. Which
means, entire computational time including coding/modulation of communication
path between end user to end user should be guaranteed in order to support extreme
low latency communication. In fact, latency is dominantly determined by more or
less computational time of physical devices. This leads to the limited number of
allowed relay (anchor) cell sites. Consequently, entire planning method of wireless
Backhaul/Fronthaul is bounded by the computational speed of physical devices.
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Chapter 13
Smart Rail Mobility

Ke Guan and Bo Ai

Abstract As a widely acknowledged efficient and green transportation model,
rail traffic is expected to evolve into a new era of “smart rail mobility” where
infrastructure, trains, and travelers will be interconnected to achieve optimized
mobility, higher safety, and lower costs. Thus, a seamless high-data rate wireless
connectivity with up to dozens of GHz bandwidth is required. Such a huge
bandwidth requirement motivates the exploration of the underutilized millime-
ter (mm) wave and terahertz (THz) bands. In this chapter, the motivations of
developing mmWave and THz communications for railway are clarified by first
defining the applications and scenarios required for smart rail mobility. Then, the
wireless channel in one “smart rail mobility” scenario—the intra-wagon scenario—
is characterized through ultra-wideband (UWB) channel sounding and ray-tracing at
mmWave and THz bands. Moreover, the train-to-infrastructure (T2I) inside-station
channel is measured, simulated, and characterized at the THz band for the first time.
All parameters are fed into and verified by the 3GPP-like quasi-deterministic radio
channel generator (QuaDRiGa). This can provide the foundation for future work
that aims to add the smart rail mobility scenario into the standard channel model
families and, furthermore, provides a baseline for system design and evaluation of
THz communications. Finally, we point out the future directions toward the full
version of the smart rail mobility which will be powered by THz communications.

13.1 Introduction

Empowered by future communication technologies, such as the sixth-generation
mobile communication system (6G), rail transport is expected to evolve into a new
era of “smart rail mobility” where infrastructure, trains, passengers, and goods will
be fully interconnected. In this vision, railway communications are required to
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evolve from handling only the critical signaling applications to various high data
rate applications: on-board and wayside high-definition (HD) video surveillance,
on-board real-time high data rate connectivity, train operation information, real-
time train dispatching HD video, and multimedia journey information [1, 2]. These
applications should be realized in the five scenarios—train-to-infrastructure (T2I),
inside-station, train-to-train (T2T), infrastructure-to-infrastructure (I2I), and intra-
wagon [3]. Figure 13.1 illustrates the panorama of all the five communication
scenarios of smart rail mobility.

According to the evaluation approach introduced by Guan et al. [3], the band-
width requirements in both the inside station and I2I scenarios go from several
hundred MHz to several GHz. For the T2T and intra-wagon scenarios, up to dozens
of GHz bandwidths will be required, respectively. The biggest challenge is posed
by the T2I scenario because this link needs to achieve very high data rates, low
latencies, as well as close to 100% availability while traveling at speeds around
500 km/h (as of 2018, high-speed trains do not exceed 350 km/h in commercial
travels, but the speed record is at 574 km/h since 2007). As the main interface
between the network on-train and the fixed network, in the T2I scenario, an
aggregated stream for the backhaul for both T2T and intra-wagon scenarios is
transmitted. Therefore, a bandwidth of dozens of GHz (or even higher) is needed
to accommodate up to 100 Gbps data rates. Such high data rate and huge bandwidth
requirements form a strong driving force to exploit the the terahertz (THz) band,
i.e., beyond 300 GHz, where the available spectrum is massively abundant [4, 5].
Hence, in order to effectively support the design, evaluation, and development of
the THz communication-enabled smart rail mobility, the fundamental knowledge of
the propagation channel characteristics is of paramount significance [6].
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Fig. 13.1 Panorama of all the five communication scenarios of smart rail mobility [3] (Copyright
© 2016 IEEE, reproduced with permission)
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13.2 Train-to-Infrastructure Inside-Station Channel
Characteristics at the Terahertz Band

The T2I inside-station channel at 300 GHz are characterized through measure-
ment, simulation, and modeling for the first time in [7]. To begin with, channel
measurements are conducted in a train test center at 304.2 GHz with 8 GHz
bandwidth, using an M-sequence (a kind of pseudorandom sequence) correlation-
based ultra-wideband (UWB) channel sounder. This channel sounder is composed
of a controlling laptop, a base unit, sensor nodes, frequency extensions, and cables.
The M-sequence is generated by the clock frequency of 9.22 GHz, which has a
length of 4095 chips and duration of 444.14 ns, allowing a maximum path length of
around 133 m. Correspondingly, the delay resolution is the chip duration of 108.5 ps
which corresponds to a length of 3.25 cm. In the measurements, the channel impulse
responses (CIRs) at 304.2 GHz with 8 GHz bandwidth are measured. This sounder
has been reported and detailed in [8]. More information of doing measurements
using this channel sounder can be found in [9]. As shown in Fig. 13.2, two groups
of measurements emulating the T2I inside-station channel are done in a train test
center with trains, tracks, and lampposts, highly similar to the T2I inside-station
scenario.

The Rician K-factor and root-mean-square (RMS) delay spread extracted from
measurements are 3.52–3.60 dB and 8.92–9.23 ns, respectively. The Rician K-
factors are larger than the measured results (1–3 ns) in an open train station at
930 MHz [10]; the RMS delay spreads are smaller than the measured results (16 ns)
in a railway depot at 60 GHz [11]. This implies that the multipath propagation in
THz channel in a train test center and its similar scenarios such as T2I inside station
is sparser than the lower-frequency channels.

With the purpose of physically interpreting the measurement results of channel
sounding, an in-house-developed high-performance computing (HPC) and cloud-

The first group of measurements The second group of measurements
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Frequency extension

RxAntenna

Cable

Antenna

Frequency extension

Gangway bellows
(rubber)

Train body (metal)

Rx Tx

Fig. 13.2 Measurement campaign in a train test center. [7] (Copyright © 2019 IEEE, reproduced
with permission)
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based three-dimensional (3D) ray-tracing (RT) simulator is applied to the same
scenario of measurement campaign. This RT simulator—CloudRT—is jointly devel-
oped by Beijing Jiaotong University and Technische Universität Braunschweig. It
can trace rays corresponding to various propagation mechanisms, such as direct
rays, reflected rays, scattered rays, etc., and is validated and calibrated by a large
number of measurements at sub-6 GHz [12, 13] and THz band [14, 15]. More than
ten properties of each ray can be output from RT results, such as reflection order,
time of arrival, power, AoA, azimuth angle of departure (AoD), elevation angle of
arrival (EoA), elevation angle of departure (EoD), and so on. More information on
CloudRT can be found in tutorial [16] and http://www.raytracer.cloud/.

As shown in Fig. 13.3, the in-house-developed RT simulator confirms that the
most important multipath in the first measurement is a second-order reflection
even from the inner of the train wagon through the open door, while for the
second measurement, even the fourth-order reflection can influence the channel.
These findings reflect the fact that when intensive metallic reflectors exist, the THz
propagation paths could be formed through multiple reflections. Thus, any metallic
objects with smooth surface and dimensions obviously larger than the wavelength
of THz wave should not be ignored.

Then, the measurement-validated RT simulator is utilized to do extensive simu-
lations in a reconstructed realistic train station model for totally four cases of T2I
inside-station channels defined by different Tx deployments and train conditions.
Through analyzing the channel characteristics based on RT results, it is suggested to
deploy the Tx on the catenary mast because it has smaller path loss and RMS delay
spread. Moreover, it is found that when the Tx is on the catenary mast, the train on
the adjacent track provides strong multipaths and enhances the waveguide effect,
which decreases the path loss and suppresses the time dispersion of the channel.
More details of the channel characteristics in this scenario can be found in [7],
which provides the foundation for future work that aims to add the T2I scenario
into the standard channel model families, providing a baseline for system design
and evaluation of relevant THz railway communications.

Multipaths of the first group of measurements Multipaths of the second group of measurements
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Fig. 13.3 Significant rays in the measurement campaign in a train test center. [7] (Copyright ©
2019 IEEE, reproduced with permission)
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13.3 Intra-wagon Channel Characteristics at the Terahertz
Band

The intra-wagon channels at the 300 GHz band are characterized through
measurement-validated RT simulations in [17]. As shown in Fig. 13.4, the CloudRT
is calibrated and validated by a series of THz channel measurements inside a
high-speed train wagon. With this measurement-validated RT simulator, extensive
simulations with different transmitter (Tx) and receiver (Rx) deployments are
conducted. At low frequencies, the channel is strongly influenced by the line of
sight (LOS) and, therefore, is usually classified into LOS and non-LOS (NLOS)
regions. However, the simulation results at 300 GHz bands show that the first-order
reflection also imposes a significant impact on the channel characteristics. This
motivates us to further classify the NLOS region into light NLOS (L-NLOS) and
deep NLOS (D-NLOS) according to the existence of the first-order reflection. With
this new classification, the promising NLOS regions can be distinguished from the
real dark ones, providing a more precise baseline for channel modeling and system
evaluation.

As can be seen in Fig. 13.5, the LOS, L-NLOS, and D-NLOS regions identified
by RT simulations are marked by yellow, green, and dark blue, respectively. When
only one Tx can be deployed, putting it at the ceiling in the center can offer 6.20
and 6.40% of the area ratios of LOS and L-NLOS higher than deploying it on the
side. But still, even the Tx-center strategy can only achieve 49.50% of the LOS and
L-NLOS regions in total. The rest 50.50% of the area will be hard to build the link.
However, if we combine these two deployment strategies, the total area ratio of the
LOS and L-NLOS regions can achieve 78.41%. Thus, the optimum solution is to
deploy three transmitters per wagon, one at the ceiling in the center (Tx-center) and
two at both end sides (Tx-side1 and Tx-side2). In this way, most of the users inside
wagon receive either LOS or at least one strong reflection to build the THz links.

Measurement campaign for intra-wagon channel Ray-tracing simulations for intra-wagon channel

Tx

Rx

Antenna
Frequency extension

Sensor node

Rotation unit

Fig. 13.4 Measurement campaign and ray-tracing simulations for intra-wagon channel. [17]
(Copyright © 2019 IEEE, reproduced with permission)



128 K. Guan and B. Ai

Fig. 13.5 LOS, L-NLOS,
and D-NLOS regions
identified by RT simulations.
[17] (Copyright © 2019
IEEE, reproduced with
permission)
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Based on RT simulation results, a total of 12 cases (3 propagation regions with
2 Tx deployments at 2 frequencies) are characterized in terms of path loss, shadow
fading, root-mean-square delay spread, Rician K-factor, azimuth/elevation angular
spread of arrival/departure, cross-polarization ratio, and their cross-correlations. The
values of all these parameters can be found in [17]. These results provide valuable
insights into the system design and evaluation for intra-wagon communications.

13.4 Future Directions on Smart Rail Mobility

In this section, we draw the roadmap and discuss the future directions by defining
two versions of the smart rail mobility paradigm—the basic version and the full
version—in terms of data rate, bandwidth, carrier frequency, technical challenges,
and implementation timeline.

In the basic version, considering the available bandwidths at mmWave band
from 1 GHz (at 28 GHz) to 9 GHz (at 60 GHz), data rates of 1–10 Gbps could be
achieved even with moderate spectral efficiencies. However, considering adaptive
beam-forming at mmWave band, if using current beam training protocols involving
an exhaustive search or prioritized sector search ordering, challenges will arise on
how to keep the T2I link configuration time within the latency bounds of HD video
or VoIP services. Moreover, novel handover scheme (e.g., efforts in [18]) and multi-
beam concurrent transmission scheme (such as the heterogeneous multi-beam cloud
radio access network architecture proposed in [19]) will be needed for improving
handover performance and providing seamless mobility and coverage for mmWave
network. To sum up, referring to the timeline of the standardization of 5G mmWave
railway communications, e.g., IEEE 802.15 Interest Group HRRC (Interest Group
High Rate Rail Communications), as well as the 5G standardization in 3GPP and
ITU-R, mmWave communications are practical to enable the basic version of smart
rail mobility in the next 2 years—2020–2025.

For the full version, taking advantage of the ultrahigh bandwidths beyond 20 GHz
available in the terahertz (THz) frequency range, higher data rate transmission
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(i.e., beyond 100 Gbps) is possible to achieve. However, compared to the mmWave
band, the beam width at THz frequencies is much narrower (even 1◦) in order to
compensate the higher path loss. Thus, it is more challenging to realize adaptive
beam-forming in the T2I scenario. But if we can accurately predict the train
location, it is possible to avoid (or at least greatly mitigate) the need of beam
training, and then the aforementioned disadvantage of longer link configuration
time at THz can be neglected. Note that the speed of a train can be time-variant,
which will raise challenges to design competent localization algorithms. For inter-
car and infrastructure-to-infrastructure scenarios, to overcome the performance loss
from aerodynamics-induced beam misalignment, it is still necessary to develop
efficient beam alignment techniques (like the new angle of arrival estimation
algorithms in [20]), which are more challenging for THz due to the narrower beam
widths. But from a long-term point of view, THz communications have broader
prospects, because the very strong distance-frequency-dependent characteristics of
the THz band can motivate the development of novel communication schemes,
such as distance-aware multi-carrier modulation (DAMC), hybrid beam-forming
scheme with DAMC transmission, etc. To summarize, according to the progress
on THz communication standardization, for instance, IEEE 802.15.3d-2017 and
IEEE 802.15 IGthz, the full version of smart rail mobility providing a seamless
high data rate connectivity beyond 100 Gbps is expected to be enabled by THz
communications between 2025 and 2030.
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Chapter 14
Data Centers

Johannes M. Eckhardt and Tobias Doeker

Abstract The requirements on modern data centers grow continuously. An inte-
gration of wireless links at terahertz frequencies promise a high data rate and
new flexibility. In this book chapter, we summarize the benefits and challenges of
terahertz communication in a data center and present channel measurements for
the top-of-rack and intra-rack use case. It is shown that multipath propagation in
combination with high side lobes from beam-steerable antennas might cause inter-
symbol interference even in directional point-to-point communication.

14.1 Benefits and Challenges of THz Communication
in a Data Center

Data centers experience a transformation from storage-driven applications such as
managing huge data bases toward more complex and computationally intense tasks
that handle processing and analysis requests [1]. Therefore, the new requirements
request ultralow latency, high capacity, reliability, scalability, and flexibility [2]. The
performance of present data center networks (DCNs) is limited by short bursts on
links that are sparsely used on average, however, these bursts still lead to a drop of
the quality of service [3].

The integration of wireless links into a data center (DC) brings along several
benefits. In combination with beam steering, wireless links enable a full dynamic
reconfiguration of the DCN. Modifying a deployed network is normally complex,
lengthy, and costly. With wireless connections, the links are no longer restricted by
physical cabling. The controller of a software defined network (SDN) will be able to
change the network topology based on the current demands and traffic patterns [4].
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In addition, a direct communication between nodes that bypasses the aggregate and
core switches is favorable for latency requirements.

Basically, the integration can be realized by a complete replacement of wired
links [5]. Alternatively, the wireless links are added in addition and transform the
DC into a wirelessly augmented DC [6]. In either way, a reduced cabling complexity
leads to better airflow and improved cooling [7].

However, the wireless links are only beneficial for a data transmission if the
provided data rate is comparable to the data rate of fiber connections. The terahertz
(THz) communication meets this requirement aiming at high data rates up to several
100 Gbit/s. In addition, the highly directional antennas that compensate the high
free-space path loss (FSPL) at THz frequencies reduce the interference. Hence,
more links can operate in parallel.

The DC application case was early identified [8] and already tackled [9] by the
research community. Nonetheless, the THz communications were made possible
only in the last years by the advances in the device development, and a long way
is still to go. Devices with higher output power are needed, and beam-steerable
antenna arrays with low side lobes and a sufficient gain and steering range have to
be developed [10]. Also, higher-layer protocols have to be rethought or adapted [4].

To successfully build a new communication system operating at THz frequencies,
the radio channel has to be carefully studied and modeled in order to adapt the
physical layer and higher-layer protocols. Thus, channel models are needed for each
specific application incorporating the propagation in the complex environment, the
geometry, and the materials.

A first simulation-based model is presented in [11] that investigates the effect of
water vapor absorption using a free-space propagation model up to 2 THz. A more
detailed simulation-based approach is described in [12] that derives a stochastic
channel model from ray-tracing simulations in an ideal DC model and provides
simulated transfer functions of the radio channel in the band from 252 GHz to
325 GHz. A measurement series in a mock-up environment at 300 GHz is analyzed
in [13], whereas the first measurement campaign in a real DC is reported in [14]. The
latest modeling approach was presented in [15] showing a cluster-based model that
is derived from measurements for medium-height rack-to-rack connections. The rest
of this book chapter presents channel characteristics for inter-rack, more specifically
top-of-rack (ToR) and intra-rack (IR) scenarios based on measurements from [14].

14.2 Environment Description and Setup

The general DC is characterized by a clear and regular arrangement of the server
racks. Metal, glass, and building materials represent the most common materials in
this environment. In a high number of cases, the propagation scenario is a static line-
of-sight (LOS) scenario with fixed transmitter (TX) and receiver (RX) positions. In
some cases, a first-order reflection via a reflector is considered if a direct link is not
possible.
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The DC under investigation is organized in rows, while the cabling is laid in the
floor. On top of each row of racks, a plastic curtain separates the air into cold and
hot regions. In order to efficiently cool the servers, the air from a cold aisle passes
through the server rack, and the heated air in the hot aisle is aspirated from the
ceiling. In doing so, the curtains prevent an inefficient mixing of the air. For a more
detailed description of the environment, the reader is referred to [14].

The channel measurements are performed with a sub-mmWave channel sounder
operating at 304.26 GHz with a bandwidth of 8 GHz. It measures the channel
impulse response (CIR) by cross-correlating the transmitted M-sequence of order
12 and the received signal. In the process, the system is driven by a 9.22 GHz
clock that allows a chip duration of 108.5 ps corresponding to a spatial resolution
of 3.24 cm. The length of the test sequence enables a maximum excess delay of
444.14 ns that equate to a maximum measureable path length of 133.3 m. The RX
uses a subsampling factor of 128 that results in a measurement rate of 17 590 CIR/s.
By averaging 4096 measurements, a dynamic range of 60 dB can be reached [16].

The channel sounder is equipped with standard gain horn antennas with a gain of
26.4 dBi and a half power beam width (HPBW) of 8.5° for the ToR measurements
and a gain of 15 dBi and an HPBW of 30° for the IR measurements. Measurements
are performed with both vertical and horizontal polarizations. To obtain omnidi-
rectional channel characteristics in the ToR scenario from the directional channel
measurement, TX and RX are mounted on top of automated rotating units that scan
the horizontal plan with a programmable step size. The omnidirectional CIR is then
created in a post-processing step. For IR measurements, height-adjustable tripods
are used.

14.3 Inter-rack Measurements

Inter-rack communication, also called rack-to-rack communication, is a promising
use case of wireless data transmission in a DC. Here, the inter-rack links can be
divided into two regimes. Links at medium height will face a different propagation
environment than ToR links that are located above the rack. The data traffic within
a rack is managed by the ToR switch. Thus, the positioning of the THz interface
on top of the rack is intuitive. In addition, the geometry of the DC allows for a
communication over a longer distance and multiple rows in a likely LOS scenario.
Measurements are performed for TX and RX being located in the same aisle, the
adjacent aisle, and the next but one aisle. Figure 14.1 illustrates the measurement
setup.

In all ToR measurements, a strong direct path is detected. The path loss can be
modeled with the FSPL whereby each row of curtains adds a transmission loss of
7 dB. In the CIR, two parts can be identified. The first part contains a high density
of multipath components (MPCs). After a certain delay threshold, only lone MPCs
are present. This threshold is observed at an excess delay of 83 ns, 30 ns, and 40 ns
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Fig. 14.1 ToR measurement
setup
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Fig. 14.2 PAP of the ToR scenario in the same aisle

for the same aisle, adjacent aisle, and next but one aisle, respectively. The intensity
of this characteristic decreases with the number of rows between TX and RX.

The investigation of the multipath propagation in the DC is of particular
importance. The scenario in the same aisle shows a strong MPC from a first-order
reflection at the curtains with an additional path loss of only 2.8 dB at an excess
delay of 1.42 ns. The corresponding power angular profile (PAP) is presented in
Fig. 14.2. In combination with a side lobe of an antenna array, this MPC can lead to
inter-symbol interference (ISI) and limit the data rate drastically.

In the adjacent aisle scenario, two striking MPCs are present beside the direct
path. They are measured with an additional path loss of 16.0 dB and 14.1 dB at
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an excess delay of 21.01 ns and 55.50 ns, respectively. All other MPCs show an
additional path loss of at least 20 dB. The next but one aisle scenario is characterized
by a couple of MPCs that have an additional path loss between 27.3 dB and 32.4 dB
and occur up to an excess delay of 40 ns.

The polarization also effects the propagation. In horizontal polarization, some
of the rather weak MPCs can no longer be detected. All other paths can easily be
matched whereby the difference stays within an interval of 5 dB. The direct path is
not affected by the polarization in our measurements.

In terms of root mean square (RMS) delay spread, first an increase is observed
from 6.6 ns to 10.4 ns for the same aisle and adjacent aisle, respectively. Then, the
delay spread decreases to 3.1 ns in the next but one aisle. This behavior can be
explained by the fact that in the same aisle scenario, the powerful MPCs with a
short delay dominate. In the adjacent aisle setup, rather MPCs with medium power at
larger delays exist, and all paths are affected by the transmission loss of the curtain.
Finally, the number of paths with a reasonable impact decreases for the next but one
aisle setup. In contrast, the angular spread monotonically decreases from 22.0° to
11.8° and to 8.7°, respectively, which also reflects the decrease in MPCs.

14.4 Intra-rack Measurements

To gain adaptability, reconfigurability, and less cabling on a smaller scale, wireless
links can be added within a rack. Here, the metal housing poses a challenge since
it can lead to strong multipath propagation. The IR channel is investigated by a
measurement setup that emulates a likely IR link in a server rack with a height
of 1.95 m, a width of 0.603 m, and a depth of 1.09 m. TX and RX are placed in
the bottom and top corner inside the rack facing toward each other. Three different
transmission distances and a different number of servers in the rack are evaluated.
The cabling is omitted assuming a proper cable management and a high degree of
wireless integration. Figure 14.3 shows an exemplary setup. It should be noted that
the doors are closed for the measurement.

All measurements are placed in a LOS scenario whereby no particular influence
of the number of server blades on the path loss of the direct path is visible. However,
in the presence of servers, multiple clusters of MPCs are detected but no direct
relation between the number of servers and the number of clusters is observed.
Figure 14.4 compares the CIRs of the measurement with the largest distance and
six servers (see Fig. 14.3) and the measurement with the largest distance without
any servers. Additionally, the ground strut is covered with absorbers in the latter
case. Clusters belonging to the server blades are visible from 7 ns to 9 ns, 10 ns to
12 ns, 13 ns to 15 ns, and 22 ns to 24 ns. The two peaks at a delay of 16.13 ns and
16.33 ns with an additional path loss of 19.7 dB and 19.2 dB, respectively, are linked
to the ground strut of the rack. In conclusion, the influence of the rack housing is
stronger than the impact of the server blades. To reduce its impact, the rack could
be covered with a thin foil absorbing THz frequencies.
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Fig. 14.3 IR measur. setup
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14.5 Conclusion

Wireless links at THz frequencies in DCs show multiple promising benefits.
Especially the ToR use case will feature higher flexibility and reconfigurability
at runtime. ToR links are characterized by a static LOS scenario with known and
fixed positions of TX and RX. Although the open space over the rack top offers
the most favorable condition for wireless communication, reflecting objects such
as plastic curtains or columns cause strong multipath propagation. In combination
with high side lobes of beam-steerable antenna arrays, this might lead to ISI even
in a directional point-to-point link. In the IR scenario, the metal housing causes
reflections that have to be considered for the link design.
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Chapter 15
Vehicular Environments

Vitaly Petrov, Johannes M. Eckhardt, Dmitri Moltchanov,
Yevgeni Koucheryavy, and Thomas Kürner

Abstract High-rate data exchange between the prospective (semi)autonomous
vehicles is one of the promising usage scenarios for THz band communication
systems. However, the vehicular scenarios have certain specifics to be accounted
for when developing THz vehicular communication technologies. Particularly,
the propagation of the THz signal in vehicular setups differs from the one in
conventional indoor or outdoor cellular deployments. This chapter summarizes the
preliminary findings in the area of THz communications in vehicular environments.

15.1 Motivation and Specifics of THz Vehicular
Communications

The prospective dynamic networks formed by smart connected vehicles are
expected to generate and exchange massive amounts of data coming from
heterogeneous sensors: up to 1 TB/h generated by a single vehicle, according
to [1]. Such high volumes cannot be delivered with state-of-the-art communication
technologies. Therefore, the research community is actively exploring the
adaptation of extremely high-rate THz communication systems to vehicle-centric
scenarios [2]. At the same time, the successful adoption of THz communications in
vehicular deployments requires a better understanding of the major vehicle-specific
propagation effects, as outlined further in this chapter.

Following prior chapters, the characteristics of the THz channel highly depend on
the scenario geometry and the materials in the environment. Even minor changes,
such as road signs, may notably affect the performance [3]. There are not many
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measurement campaigns reported to date for THz or sub-THz frequencies [4–6].
When extrapolating the results available for the millimeter wave bands [7–11], we
expect the nonnegligible impact of the reflections and scattering from the vehicle
bodies, the road infrastructure, the roadbed itself, and even the plants surrounding
the road. Admitting the importance of all the listed effects, in this chapter, we
focus on the two phenomena that are crucial for the design and evaluation of the
prospective THz vehicular communication systems, namely, vehicular blockage,
detailed in Sect. 15.2, and vehicle-specific interference, discussed in Sect. 15.3.

15.2 Vehicle-Body Blockage

15.2.1 Measuring the Impact of Blockage

To characterize the impact of vehicular blockage in THz communications, a
measurement campaign has been conducted and described in [4]. The authors
explored the setup, where the signal propagates through the vehicle body (see
Fig. 15.1). For this study, the low-THz (sub-THz) channel sounder manufactured
by Ilmsens was used. The measurements were conducted in a sub-THz frequency
range: from 300.2 GHz to 308.2 GHz. Both the transmitter (Tx) and receiver (Rx)
sides were equipped with horn antennas, each featured by approximately ≈8°
beamwidth and ≈26 dBi gain.

The selected results of this campaign are reported in Table 15.1. As can be
observed from this table, the vehicle-body blockage has a notable effect. Additional
attenuation from 28 dB to 50 dB is introduced on top of already high propagation
losses, discussed in prior chapters. The exact penetration losses depend primarily
on the height of the vehicle-to-vehicle V2V link. Particularly, the propagation at

Fig. 15.1 Measuring vehicle-body penetration loss at sub-THz frequencies
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Table 15.1 Penetration
losses in vehicular
communications at 300 GHz

Measured path Loss

Bumper level, h ∈ [0.9 m . . . 1.1 m] 45 dB

Engine level, h ∈ [1.1 m . . . 1.2 m] 50 dB

Front and rear windows, h ∈ [1.4 m . . . 1.6 m] 40 dB

Near the rooftop, h = 1.6 m 20 dB

Front side windows, h ∈ [1.25 m . . . 1.4 m] 33 dB

Rear side windows, h ∈ [1.25 m . . . 1.4 m] 28 dB

the engine-level, h ∈ [1.1 m . . . 1.2 m], is affected the most, as the signal has
to penetrate through or diffract around many metal constructions. In contrast, the
weakest attenuation is observed at the window level, h ∈ [1.4 m . . . 1.6 m], as the
signal penetrates only two narrow pieces of glass. Similar observations are made for
side propagation.

Summarizing, the following conclusions are made:

1. Vehicle-body penetration loss is highly height-selective. Therefore, in contrast
to human-body blockage, where the obstacle can be modeled as a homogeneous
cylinder (e.g., as in [12, 13]), the vehicle-body blockage calls for the development
of more fine-graded models. Particularly, the height of the THz signal and its
direction, when propagating through the vehicle body, must be accounted for.

2. Vehicle-body is a nonnegligible blocker for THz communication systems.
The introduction of ≥28 dB loss in Table 15.1 may change the signal-to-
noise (SNR) level at the Rx from, e.g., 10 dB (reliable data exchange) to
−18 dB (outage with most of the modulation and coding schemes). Therefore,
additional techniques should be applied for blockage mitigation in THz vehicular
communication systems.

15.2.2 Blockage Mitigation

The vehicle-body blockage has a major impact on THz vehicular communications.
In this subsection, we introduce two possible approaches for blockage mitigation.

Under-vehicle Propagation As detailed in [4], THz signals reflect from the road
with moderate losses and thus can propagate under the vehicle body. This approach
is particularly beneficial for direct V2V THz communications in case Tx and Rx
antennas are located at the bumper level (close to the road surface). Hence, a notable
part of the THz beam is not blocked. In addition, the angle of incidence when
reflecting from the road is close to 90◦, thus leading to moderate reflection losses.

Multi-connectivity Another possible solution to mitigate the unexpected blockage
in THz vehicular communications is by utilizing the multi-connectivity technique.
The approach suggests the target Tx and Rx devices stay connected via other
vehicles in proximity. When the primary path (e.g., a direct link) is blocked, the
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nodes can utilize one of the alternative options. The ubiquitous use of this approach
leads to the appearance of directional vehicular mesh networks [14]. However,
the constant maintenance of many connectivity paths increases system complexity.
Therefore, the number of used paths, termed as degree of multi-connectivity,
must be properly selected, balancing the target reliability level and the associated
overheads [15].

15.3 Directional Interference in Vehicular Setups

15.3.1 Measuring the Impact of Interference

To study the multipath interference in THz vehicular communication systems,
the impact of side reflections from the neighboring vehicles has been measured
in [4]. In this measurement setup, the separation distance between the Tx and
Rx vehicles varied from 2 m to 12 m, while the car on the side lane was always
equally distant from both sides (see Fig. 15.2). In addition, custom rotation units
were used, allowing to obtain the power angular profile (PAP) in all the considered
configurations.

The selected results of this study are presented in Fig. 15.3, illustrating the PAP
for the Tx-Rx distances of 2 m and 6 m. The presented results are normalized to the
corresponding values for the LoS path (top left corners of the plots). We observe
that the side reflection effect is visible for both distances. However, the difference
in terms of the power and the angles is lower for the longer distances: 3.5 dB and
≈24° for d = 6 m vs. 12 dB and ≈40° for d = 2 m. Hence, the reflections from the
neighboring vehicles contribute to the multipath interference.

Fig. 15.2 Measuring the vehicle side reflection for the multipath interference modeling at THz
frequencies
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Fig. 15.3 Power angular profile for the side reflection at 300 GHz. (a) d = 2 m. (b) d = 6 m

The THz vehicular communications may be affected not only by the multipath
interference but also by the direct interference coming from the neighboring
vehicles. To analyze this effect, a detailed study has been conducted in [5]. For
this purpose, mathematical and simulation-based frameworks were developed for
two typical deployments: (1) highway, characterized by large separation distances
between the vehicles (tens of meters), and (2) urban, characterized by short
and random inter-vehicle distance (a few meters). It has been observed that the
impact of interference is nonnegligible in both deployment options. In addition,
the average interference power grows fast with the beamwidth of the employed
radiation patterns and slowly decreases with the distance between the vehicles on
the neighboring lanes.

Summarizing, the following conclusions are made:

1. The impact of the multipath interference is distance-dependent. As illustrated
in both [4] and [5], the interference caused by the multipath reflections from the
vehicles on the neighboring lanes is nonnegligible. Particularly, the power of the
reflected signal may be just 3 dB to 6 dB lower than one of the direct line of
sight (LoS) paths. At the same time, the actual impact of the interference greatly
depends on the separation distance between the Tx and Rx vehicles. When the
distance is short, beams cannot reach the vehicles on other lanes and thus do not
contribute to the interference level. In contrast, for longer distances, the length
of the reflected path becomes comparable to one of the LoS paths, while the
reflection losses also decrease as the reflection angle of incident approaches 90◦.

2. The impact of the inter-vehicle interference is density-dependent. A high
density of vehicular traffic (e.g., in urban cities) leads to low separation distances
between the Tx and Rx vehicles. Hence, most of the interference coming from
the neighboring lanes is blocked by the vehicle bodies. In contrast, a low density
of vehicular traffic (e.g., in empty highways) leads to a low quantity of vehicles
interfering with the target link. Finally, as discussed in [6], the most profound
impact of inter-vehicle interference is observed for moderate densities of traffic
(≈10 m to 20 m between the vehicles). For such a setup, the density is high
enough to cause collided transmissions, while the scenario geometry still allows
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most of the interference to reach the target Rx (low probability of blockage by
the vehicles).

15.3.2 Interference Mitigation

Both the multipath interference and direct interference from the neighboring vehi-
cles play an important role in THz vehicular communications. In this subsection, we
present two possible approaches for interference mitigation in vehicular setups.

Narrow THz Beams A straightforward approach to mitigate directional inter-
ference is to reduce the beamwidth of the employed antenna radiation patterns.
Following [5], the average interference power (both the multipath self-interference
and the interference from other vehicles) decreases notably when narrowing the
beams. Particularly, the utilization of the antenna radiation patterns of less than 5◦
beamwidth leads to favorable conditions for THz band vehicular communications
in a highway scenario. However, the utilization of extremely directional radiation
patterns challenges the beam steering and beam tracking in the presence of mobile
nodes [16].

Directional CSMA Another possible approach to mitigate the interference in THz
vehicular communications is by applying the directional carrier sense multiple
access (CSMA) approach, as detailed in [6] and [17]. The measurements reported
in [4] and [6] illustrate that the THz signal reflects from the front and rear of the
vehicle with moderate losses. Therefore, almost any vehicle that may potentially
interfere with the target THz link may sense the channel before sending any data and
postpone its transmission in case an active data exchange is detected. Particularly,
the use of robust physical layer preambles is suggested in [6] to facilitate the reliable
detection of active communication. With the presented approach, both the range and
the capacity of THz vehicular communications are improved by over 30% each.

15.4 Conclusions

Vehicle-centric scenarios have multiple specific features that must be considered
when developing the THz vehicular communication systems. In this chapter, we
discussed the two major relevant features: (1) vehicle-body blockage and (2)
vehicle-centric interference. The research on THz vehicular systems is still at an
early stage, and many questions remain open. Nevertheless, the presented first-
order performance estimations, together with the listed approaches to mitigate
these effects, will facilitate the development of reliable and efficient THz vehicular
communication systems.
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Chapter 16
Stochastic Channel Models

Danping He and Zhangdui Zhong

Abstract Considering the fact that stochastic channel models are indispensable
for THz system design and performance evaluation for nonspecific sites, practical
and efficient models covering various types of complex environments are urgently
needed. This chapter offers the in-depth look at the modeling approaches for
the aforementioned environments and summarizes the general way to derive THz
stochastic channel models.

16.1 Review of THz Stochastic Channel Models

High data rate THz communications are envisioned to bring benefits to indoor,
wireless data center, backhaul/fronthaul outdoor, intra-device, close proximity,
railway, and vehicular scenarios. As accurate and efficient channel models are
critical for THz system design and network planning, the features of propagation
environments, the channel measurement, and channel characteristics have been
studied by many researchers and standardization organizations. The state-of-the-art
works have been introduced in Chaps. 10–15 for the potential environments.

According to the current studies, channel modeling approaches can be classified
as stochastic and deterministic channel models. Detailed classifications of the
models are shown in Fig. 16.1. Stochastic channel models include cluster-based,
ray-based approaches, and so on. Ray-tracing (RT) and map-based approaches are
typical deterministic models. Fairly speaking, the stochastic models with summa-
rized statistics are suitable for scenario-specific but not site-specific overall system
design and statistical performance evaluation, while the deterministic approaches
are more suitable for evaluating design performance and network planning in
specific sites. As a roadmap to obtain accurate deterministic models is much clearer
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Fig. 16.1 Categories of THz channel models

than the stochastic models, we focus on discussing the way to derive THz stochastic
channel models for various environments.

16.1.1 Cluster-Based Stochastic Channel Modeling

Clusters are sets of multipath that have similar propagation characteristics in
delay domain and/or spatial domain. In data center [1], indoor [2], and train-to-
infrastructure (T2I) inside-station [3] communication scenarios, the cluster-based
models were developed and validated. The K-power means the clustering algorithm
is applied in the three works to group the multipath components into a reasonable
number of clusters.

Extended Saleh-Valenzuela (S-V) models are proposed to use in data center and
indoor environments. Typical S-V model can be expressed as:

h(t) =
L∑

l=0

Kl∑

k=0

βkle
j�kl · δ (t − Tl − τkl) (16.1)

where l and k are the indexes of cluster and path and L and Kl are the number of
the cluster and the sub-path in cluster “l,” respectively. Tl is the arrival time of the
lth cluster, while βkl , �kl , and τkl are the amplitude, phase, and delay of the kth
sub-path in the lth cluster, respectively. The path gain is modeled as:

β2
kl = β2 (Tl, τkl) = β2(0, 0)e−

Tl
� e

− τkl
γ (16.2)

where β2(0, 0) is the average power of the first sub-path of the first cluster and �
and γ are the power-delay time constant of the cluster and sub-paths, respectively.

The authors of [1] extended the S-V model by considering the angular domain
information, whereas the authors of [1] found that � could not precisely capture the
attenuation of the multipath clusters in the THz data center environment. Therefore,
S-V model is modified, and � is expressed into two sections as a function of T :
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�(T )

{
�1, 0 < T < τth
�2, τth ≤ T < τmax

(16.3)

where τth is a delay threshold value serving as a breakpoint for � and can be
selected based on the distribution of multipath clusters. �1 and �2 can be determined
through linear regression of cluster peak powers in dB and the associated delays in
nanoseconds.

The 3GPP-like QuaDRiGa model is employed and validated in the T2I scenario
[3]. Compared with Saleh-Valenzuela model, QuaDRiGa supports time-variant
channel. However, QuaDRiGa requires more statistical features derived from key
channel parameters, including PL, shadow fading, RMS delay spread, Rician K-
factor, azimuth/elevation angular spread of arrival/departure, cross-polarization
ratio, and their cross correlations.

16.1.2 Ray-Based Stochastic Channel Modeling

In addition to the cluster-based stochastic models, ray-based stochastic models are
also popular in THz scenarios like metal enclosures [4], kiosk downloading [5], and
indoor office environment [6]. By taking advantage of the high-resolution channel
measurement in the delay and spatial domain, the multipath components can be
distinguished better in THz band than the sub-6 GHz and mmWave frequency bands.
Moreover, as the geometric structures of these environments are much less complex
than the data center, integrated indoor, and inside-station environments, fewer
MPCs and clearer propagation phenomena are observed. Therefore, significant rays
are extracted and categorized into different types according to the propagation
mechanisms, and they are modeled individually. The CTF Hi(f ) of each ray is a
function of time, frequency, and angle:

Hi(f ) = ai,f0e
jϕiDf0(f )e

−jπτi (f−f0)

· δ(φAOD − φAOD,i)δ(θAOD − θAOD,i)
· δ(φAOA − φAOA,i)δ(θAOA − θAOA,i)

(16.4)

where ai,f0 is the amplitude of ray i at reference frequency f0, ϕi is the phase of
ray i at f0, Df0(f ) is the frequency dependency function of f at f0, τi is the delay
of ray i, and AOA and AOD are the angles of arrival and departure, respectively.
The multipath amplitudes in ai can be further decomposed into their co- and cross-
polarized components ai,co and ai,cross :

ai =
(
ai,co,θ ai,cross,θ

ai,cross,φ ai,co,φ

)

(16.5)
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In order to obtain the CTF of the entire channel, the path-specific CTFs of all the
rays in (16.4) should be summarized and weighted with the polarimetric Tx and Rx
antenna radiation patterns Gtx and Grx :

H =
NRays∑

i=1

G′
txHiGrx (16.6)

Compared with the existing cluster-based methods, ray-based method is more
suitable for the environments with less objects so that the propagation of multi-path
components can be well explained.

16.2 Work Flow of Deriving Stochastic Channel Modeling

The key features that a THz stochastic channel model should represent include, but
are not limited to, the path loss (PL), delay spread (DS), K-factor (KF), 3D angular
spreads (AS) in azimuth and elevation domain, cross-polarization ratio (XPR), and
number of multi-path components (MPCs). Extracting the key channel parameters
and analyzing their statistical features are very important to stochastic channel
models.

For example, “A-B” model is one of the typical ways to model PL:

PL (dB) = A · log10

(
d

d0

)
+ B +Xσ (16.7)

where d is the distance between the Tx and the Rx in meter; d0 is the reference
distance, which is 1 m; A is the slope; B is the intercept; and the Xσ is the shadow
fading (SF), which can be expressed as a Gaussian variable with zero mean and a
standard deviation σSF.

The Rician K-factor is defined as the ratio of the power of the strongest
component to the power of the sum of the remaining components in the received
signal. Traditionally, the Rician K-factor is calculated from the narrow-band
channel sounding results by using a moment-based method. However, the UWB
channel sounding results have high resolution in the time domain. Thus, the Rician
K-factor can be calculated according to its definition:

KF = 10 · log10

(
P0∑

Premaining

)

(16.8)

whereKF denotes the RicianK-factor and P0 and Premaining denote the power of the
first component and the power of each of the remaining components, respectively.

RMS delay spread is used to quantify the dispersion effect of the multipath
channel. It is defined as the square root of the second central moment of the PDP:
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στ =

√√√
√√√√√√

N∑

n=1
τn2 · Pn
N∑

n=1
Pn

−

⎛

⎜
⎜⎜⎜
⎝

N∑

n=1
τn · Pn
N∑

n=1
Pn

⎞

⎟
⎟⎟⎟
⎠

2

(16.9)

where στ denotes the RMS delay spread and Pn and τn denote the power and the
excess delay of the nth multipath, respectively.

The angular spreads are calculated by the 3GPP definition:

σAS =

√√√
√√√√√

N∑

n=1

(
θn,μ

)2 · Pn
N∑

n=1
Pn

(16.10)

where σAS denotes the angular spread (AS), Pn denotes the power of the nth
multipath, and θn,μ is defined by:

θn,μ = mod
(
θn − μθ + π, 2π)− π (16.11)

where θn is the AoA/AoD/EoA/EoD of the nth ray. μn is:

μθ =
∑N
n=1 θn · Pn
∑N
n=1 Pn

(16.12)

The calculations of the channel parameters strongly depend on the accuracy
of the extracted clusters/rays. However, it is always challenging to identify clus-
ters/rays from the measurements. Traditional approaches (see Fig. 16.2) are realized
by postprocessing channel measurement results directly according to identification
algorithms (e.g., SAGE, MUSIC) and vision inspection. However, there are unex-
pected user-specified parameters in the identification algorithms to be manually
adjusted, which makes the extracted result of the traditional approach arbitrary and
lacks rigorous explanation.

To tackle the aforementioned issues, RT, which can trace rays for direct reflec-
tion, scattering, transmission, and diffraction propagations, has been successfully
applied in the recent works to dig the influence of the objects in the environment
and identify the traveling paths of rays.

As shown in Fig. 16.2, if channel measurement and environment model are
available, RT can be used to calibrate the geometries of the 3D environment
model and the electromagnetic (EM) parameters of materials. Then, the reliable RT
deterministic channel simulator is obtained. The comprehensive channel parameters
can be derived from the detailed extracted ray information, and the key coefficients
of the stochastic channel model can be tuned as well. The works [5, 6] are
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representatives of this approach. Based on RT calibration, the material parameters
including penetration loss, dielectric parameters, and scattering coefficients can
be tuned to match the power level of each traced ray. Practical RT simulations
can be conducted for different simulation configurations in similar scenarios. This
approach shows clear advantages to overcome the constraints of measurement: not
only the same measured environment but also different ones with similar objects
and materials, as well as various transceiver configurations, can be explored.
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Part IV
Antenna Concepts and Realization



Chapter 17
High-Gain Antennas

Akihiko Hirata and Jiro Hirokawa

Abstract High-gain antennas are necessary for terahertz wireless communications
in order to achieve high C/N ratio required for high data rate, and to compensate for
low transmitter power and low receiver sensitivity. However, it is difficult to build
high-gain antennas at THz band. This chapter describes the nonplanar and planar
antenna technologies in order to achieve high-gain at THz band.

17.1 Introduction

In THz communications, antennas tend to require higher realized gain. The required
realized gain to get an equal receiving power to a lower frequency antenna should be
increased when the operating frequency of an antenna is higher. The realized gain
is degraded by the reflection of the antenna from the gain. The gain is reduced by
the loss of the antenna material from the directivity. The loss of the antenna material
includes not only that of the material itself such as the loss tangent of a dielectric
but also the conductivity of a metal. The conductivity of a metal depends on the
fabrication process of metal. For an example, the roughness of a metal reduces the
conductivity effectively.

Antennas are classified to nonplanar antennas and planar antennas. A nonplanar
antenna increases the directivity almost proportionally by enlarging the size while
a planar antenna not. A planar antenna can increase the directivity with keeping the
height unchanged. Figure 17.1 shows the relationship between the antenna gain and
frequency of the antennas shown in this chapter.
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Fig. 17.1 Relationship between the antenna gain and frequency

17.2 Nonplanar Antennas

Nonplanar antennas are categorized mainly into reflector antennas, horn anten-
nas, and lens antennas. One of the major reflector antennas at THz band is a
Cassegrain antenna. Cassegrain antennas are already commercially available up to
325 GHz, and their maximum gain exceeds 50 dBi. These antennas are used for
outdoor wireless data transmission experiments over a distance of >100 m. One
of the problems for reflector antenna is the processing accuracy. As the operation
frequency increases, the roughness and spherical accuracy of parabolic reflector
and position of secondary reflector severely affect the efficiency of the antenna.
P. Nayeri proposed a 3D printed dielectric reflectarrays at 100 GHz [1]. These
reflectarrays were fabricated by Polymer-jetting 3-D printing technology, which
made it possible to achieve rapid prototyping at a low-cost. A 400-GHz single-
layered folded reflectarray antenna with a gain of 33.7 dBi was presented by Z.-
W. Miao et al.[2]. It was composed of a feed source, a single-layered reflectarray
using a lithography process on quartz, and a wire-grid polarizer implemented by the
printed-circuit-board technology.

Another problem of high gain reflector antennas is the accurate measurement
of the radiation pattern, because the output power of THz transmitters and the
sensitivity of THz receivers are limited, which reduce the dynamic range of
the measurement system. Radiation patterns of reflector antennas are defined by
Recommendation ITU-R P.1245 [3], and they are used for sharing studies with other
services, such as earth exploration satellite service or radio astronomy. However, this
recommendation covers up to 86 GHz, and there is no recommendation that can be
applied for THz band high-gain antenna. Therefore, it is necessary to measure the
accurate radiation pattern of THz-band high-gain antenna and to make new antenna
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models at this band. Near field measurement of high-gain antenna by EO probe and
calculation of far field from the measured near field is one of the promising solution
[4].

Offset reflector antennas are also commercially available at a frequency of up to
400 GHz. H. Wang et al. present the terahertz high-gain offset reflector antennas [5].
They employed silicon carbide material and thermally stable carbon fiber-reinforced
plastic, and they achieved antenna gain of 55.3 dB and 57.2 dB, respectively. K.
Fan demonstrated a quasi-planar reflector antenna at 325–500 GHz. The antenna
was composed of a feeding horn, quasi-planar reflectors, choke slots, and an E-
plane flared horn. The choke slots were used to suppress the reflected wave from the
sidewall and reduce the impact on the radiation performance, and its maximum gain
was 32 dBi at 500 GHz [6].

Various types of horn antennas, such as rectangular horn, circular horn, are
commercially available at up to 500 GHz. The gain of these antennas is about
25 dBi, and these antennas are used for indoor wireless communications experi-
ments up to 10 m. At the research and development level, horn antennas operating at
higher frequencies have been reported. B. Maffei reported WR-1.5 corrugated horn
whose directivity was over 30 dBi at 625 GHz [7]. N. Chahat et al. demonstrated a
multiflare angle horn with a directivity of 31.7 dBi at 1.9 THz [8]. A spline-profile
diagonal horn at 664 GHz was presented by H. J. Gibson et al.[9]. The gain of the
antenna was 22 dBi, and this was achieved by applying a spline curve to the vertical
cutting axis of the “V” cutting tool, while retaining the ease of direct machining into
a split block.

Si lens antennas are commonly used to collimate the output of semiconductor
THz source, such as photoconductor, photodiode, resonant tunneling diode, transis-
tors, and so on, by integrating Si lens on the backside of the semiconductor substrate.
A 500 GHz-band Si lens antennas with a gain of over 20 dBi had been reported [10,
11]. A. Neto et al. firstly demonstrated the applicability of the leaky lens antenna
concept at THz frequencies [12]. The antenna is integrated with a Kinetic Inductance
Detector, so that the two of them function as an ultra sensitive detector over a
bandwidth ranging from 0.15 to 1.5 THz. In order to increase the antenna gain,
or in order to reduce the fabrication cost at THz band, cavity-backed Fresnel zone
plate lens [13] and metallic lens [14] are reported.

17.3 Planar Antennas

Planar antennas are categorized mainly to leaky antennas with continuous radiation
and array antennas with discretized radiations. In an array antenna, the radiating
antenna elements should be connected with the feeding point by transmission lines.
Not only the antenna efficiency of the radiating elements but also the loss of the
transmission line should be considered. The losses of the transmission line are
categorized to the conductor loss if a metal is used, the dielectric loss if a dielectric
is used, and the radiation loss if an open transmission loss is used. As functions of
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the height of the transmission line, the conductor loss is almost antiproportional, the
dielectric loss is almost unchanged, and the radiation loss is almost proportional.
If a dielectric is used, the dielectric loss is not avoidable. In a closed transmission
line, the height should be large, but needs not to excite higher modes. In an open
transmission line, the height should be chosen properly to minimize the overall loss.

A. J. Alazemi et al. presented millimeter-wave and terahertz double bow-tie slot
antennas on a synthesized elliptical silicon lens to cover 0.1 THz–0.3 THz and
0.2 THz–0.6 THz, respectively [15]. The double bow-tie slot antenna resulted in
a wide impedance bandwidth and 78–97% Gaussian coupling efficiency over a 3:1
frequency range. A wideband coplanar-waveguide low-pass filter is designed using
slow-wave techniques, and the measured filter response shows an S21 < −25 dB
over a 3:1 frequency range.

K. Sarabandi et al. designed and developed a frequency beam-scanning array
antenna operating at Y-band (220–325 GHz) [16]. The antenna is a traveling-wave
antenna with a meandered rectangular waveguide structure. The array generates
a beamwidth of about 2.5◦ with ±25◦ beam steering capability as the frequency
sweeps from 230 GHz to 245 GHz. The antenna consists of over 600 patch elements
and is confined within a volume of 45 mm × 8.5 mm × 1.25 mm and weighs less
than 4.5 g. A prototype of the antenna is fabricated using silicon micromachining
with a high level of accuracy. The antenna exhibits a measured scanning range of
over 48◦ with a gain of over 28.5 dBi.

A. Gomez-Torrent et al. designed a dielectric filled parallel-plate waveguide
(PPW) leaky-wave antenna fed by a pillbox [17]. The pillbox, a two-level PPW
structure, has an integrated parabolic reflector to generate a planar wave front. The
operation bandwidth of the antenna spans from 220 GHz to 300 GHz providing
a simulated field of view of 56◦. The micromachined low-loss PPW structure
resulted in a measured average radiation efficiency of −1 dB and a maximum gain
of 28.5 dBi with an input reflection below −10 dB. The overall frequency beam
steering frontend is 24 mm × 24 mm × 0.9 mm.

A corporate-feed slotted waveguide array antenna is developed with broadband
characteristics in terms of gain and reflection by using diffusion bonding of thin
laminated plates in the 120 GHz and 350 GHz bands. In the 120 GHz band
antennas, copper plates with chemical etching can be used [18]. When the number
of the slots becomes large such as 32x32 or more, long and narrow metal parts
exist in a thin plate and they could be easily bended in handling. Double layer
structure is introduced in the feeding circuit. A 32x32-element array antenna shows
more than a 38 dBi antenna gain with over 60% antenna efficiency and 15 GHz
bandwidth (119.0–134.0 GHz) and a 64x64-element array shows a higher than
43 dBi antenna gain with over 50% antenna efficiency and 14.5 GHz bandwidth
(118.5–133.0 GHz), respectively. In the 350 GHz band antennas, silicon wafers are
etched by deep reactive ion etching process with accuracy lower than ±5 μm [19].
They are gold plated and then bonded with the diffusion bonding process. A 16x16-
element array antenna is designed and fabricated. The 3 dB down gain bandwidth is
50.8 GHz in simulation and is 44.6 GHz in measurement. This antenna is improved
by optimizing the designs to the process requirements of the Silicon-On-Insulator
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Fig. 17.2 Calculated and measured gains and efficiencies of array antennas with the new feeding
structure (a) 32x32-element array and (b) 64x64-element array antenna [18] (@ 2014 IEEE,
reproduced with permission)

micromachining technology in order to achieve the lower measured loss and the
larger bandwidth [20]. Two antennas have measured gains of 32.8 dBi and 38.0 dBi
and consist of a 16x16-element array and a 32x32-element array, respectively. The
measured operation bandwidth for the both antennas is 80 GHz (22% fractional
bandwidth), and the total measured efficiency is above −2.5 dB and above −3.5 dB
for the two designs in the whole bandwidth.

Gap waveguide supplies contactless characteristics to avoid the good electrical
contact between the different metallic layers. A series feed array antenna and a full
corporate feed array antenna are fabricated and compared in D-band (110 GHz–
170 GHz) [21]. In a 24x16-slot series feed array antenna, the measured gain is
around 30 dBi to 31.5 dBi from 141 GHz to 149 GHz and the antenna efficiency is
between 40% and 60%. In a 32x32-slot corporate feed array antenna, the measured
gain is about 37 dBi and the antenna efficiency is around 50% from 138 GHz to
148 GHz (Fig. 17.2).
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Chapter 18
Antenna Arrays for Beamforming

Muhsin Ali, Alejandro Rivera-Lavado, Álvaro José Pascual-Garcia,
David González-Ovejero, Ronan Sauleau, Luis Enrique García-Muñoz,
and Guillermo Carpintero

Abstract This chapter presents the antenna arrays for beamforming and beam-
steering in the mmW and THz frequency ranges based on phased arrays and
leaky-wave antennas. The common feature of the presented approaches is that the
antenna emitters (AE) are fed by high-speed photomixers. This enables photonic
control of the phase in the antennas and introducing the delays in optical domain for
true time-delay steering. Among the beamforming approaches presented, the first
one uses dielectric rod waveguide technology for coupling the radiation out of the
substrate with wideband performance, while the other two are planar antennas.

18.1 Introduction

The development of next-generation mobile communication networks (e.g., 5G, 6G)
is addressing the bandwidth challenge, leaping from 20 MHz currently available at
microwave bands below 6 GHz to tens of GHz in the low-loss windows at millimeter
(mmW, 30 GHz to 300 GHz) and Terahertz (THz, 300 GHz to 3 THz) wave
frequency ranges. However, at these frequency ranges, the free-space propagation
losses and atmospheric absorption are of primary concern, mainly due to the low
RF output power generated by the currently available THz signal sources, without
a clear winner technology. It is a formidable system design challenge to minimize
losses at the generation side to deliver enough power at the receiving end. To address
the challenge of boosting the radiated power at high frequencies, beamforming is a
promising technology to consider [1], taking advantage of the highly directive nature
of THz antennas with small physical aperture.
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Fig. 18.1 An illustration of
next-generation
communication system
utilizing mmW/THz
beamforming

Beamforming is defined as the art to control the shape, directivity, and radiation
direction of the beam. In this chapter, we present an overview of mmW and THz
antenna array structures enabling dynamic beamforming and beam-steering. These
will be needed in next-generation small-cell wireless access networks as illustrated
in Fig. 18.1. In a distributed architecture, the antenna sites contain remote radio
head (RRH) units that need to be controlled from the base band unit (BBU).
The connection between BBU and RRH is established through low-loss fiber-
optic fronthaul, allowing the centralization of resources and processing at central
office to reduce the RRH complexity. Complex antenna arrays with beamforming
are advantageous for the directional coverage to the mobile user equipment (UE),
especially if we have control of the radiation direction in the optical domain.

The mmW/THz beamforming has sparked an interest in developing antenna
arrays. Attempts have been made to develop linear horn antennas for phased array
systems [2, 3], using complex fabrication, complicating the 2D scaling, see also
Chap. 33. CMOS technology has proven to offer densely integrated 2D THz phased
arrays on silicon [4], albeit with very limiting frequency tuning capability due to
narrowband nature of electronic phase shifters. In [5], the authors presented fast
frequency-steerable antennas for the application in THz radar.

This chapter describes three breakthrough approaches to integrated antenna
arrays for beamforming and beam-steering in the mmW and THz frequency
ranges based on phased arrays and leaky-wave antennas. The common feature
of the presented approaches is that the antenna emitters (AE) are fed by high-
speed photomixers, either photoconductors (PC) or photodiodes (PD). This enables
controlling the phase of the signals in the optical domain for true time-delay (TTD)
steering. Among the approaches, we have selected key technologies using planar
antennas that can be adapted to the THz bands. The first one to be discussed uses
dielectric rod waveguide technology for coupling the radiation out of the substrate.

http://dx.doi.org/10.1007/978-3-030-73738-2_33


18 Antenna Arrays for Beamforming 163

18.2 Dielectric Rod Waveguide Antennas

Optoelectronic THz sources are grown on high-permittivity substrates, such as InP
or GaAs. When placed in the gap of a printed AE, most of the power is scattered into
the substrate [6]. The use of dielectric structures, such as silicon lenses, dielectric
horns [7], and dielectric rod waveguides (DRW) [8], is required to achieve efficient
radiation of the generated signal. DRW antennas, Fig. 18.2a and b, are a cost-
affordable, low weight, and compact alternative to electrically large lenses that
efficiently radiate the power into a single beam as shown in Fig. 18.2c. This occurs
for frequencies on which most of the power is radiated close to the DRW antenna
tip [8], that is, from 100 GHz to 200 GHz for the device shown in Fig. 18.2b.

Figure 18.2e and f shows the simulated E-field amplitude on a DRW antenna with
an embedded planar lens. The planar lens is defined by reducing the permittivity of
the DRW antenna around it by etching electrically small holes in the substrate. This
dielectric structure extends the range of frequencies on which most of the power
is radiated in a single area close to the tip. It is possible to achieve a single-lobe
radiation pattern from 100 GHz up to 800 GHz [9] when the AE is placed in the
lens focus. The most relevant radiation zones are marked in Fig. 18.2f. As can be
seen, there are radiation zones that lead to secondary lobes in the radiation pattern at
800 GHz. Since most of the power is still radiated close to the tip, the interference
between different zones is mitigated, which avoids radiation nulls in the endfire
direction.

An array of DRW antennas can effectively combine the power of an arbitrarily
large number of mm- and sub-mm wave sources in a single output beam. This is not
possible with an electrically large silicon lens since the power generated in the out-
of-focus elements is not combined into the main beam [11]. Arrays with one lens per
element lead to sparse configurations and/or smaller efficiencies [12]. Since DRW
antennas are compact, it is still possible to place one element per AE in a dense
configuration with good scanning properties.

To reduce the experimental complexity, first tests of DRW antenna arrays were
conducted with rectangular waveguide feeds. An early 2 × 1 DRW antenna array
prototype was presented in [13]. Figure 18.3 shows a 4 × 4 silicon DRW antenna
array [14]. It is designed for a frequency of 100 GHz. It consists of 16 E-tapered
DRW antennas of length 15 mm, width 1 mm, and thickness 0.5 mm (Fig. 18.3a)
fed by a WR-10 power divider (Fig. 18.3b). An E-plane pitch of 2λ0/3 and an H-
plane pitch of λ0 was used, with λ0 being wavelength at center frequency.

A total gain of 23.5 dBi and a cross-polar discrimination (XPD) of 26 dB are
measured at 100 GHz, shown in Fig. 18.3c. According to our simulation results,
the coupling between the adjacent elements both in E- and H-plane is smaller than
25 dB.

Figure 18.4a shows a 1 × 4 array of E-plane tapered DRW antennas fed by four
antenna emitters. They work from 100 GHz to 200 GHz. A pitch of 1 mm between
the elements is chosen since a spacing of λ0/2 at a central frequency of 150 GHz is



164 M. Ali et al.

LTAPER

W ROD

2

-90

-60

-30
0
(a)

(c) (d)

(e)

(f)

(b)

30

60

90-20 -15 -10 -5 0 -90

-60

-30
0

30

60

90-20 -15 -10 -5 0

LANT

STHK

εDRW εDRW

AE
X

Y
Z

εSC

ε0 ε0

Fig. 18.2 (a) Sketch of a DRW antenna placed at the backside of the antenna emitter wafer. (b)
DRW antenna assembled to a n-i-pn-i-p AE. The rod length, LTAPER, is 8 mm, width WROD,
equal to 0.5 mm, and the thickness is 0.5 mm. (c) Measured radiation pattern at 150 GHz. Co-
polar component for both E-plane (φ = 0◦, black) and H-plane (φ = 90◦, red) is shown. (d)
Measured radiation pattern of a TeraScan1550 quasi-optical terahertz source [10] at 100 GHz (red)
and 150 GHz (green). Only H-plane co-polar component is shown. Simulated E-field amplitude
distribution on a DRW antenna with an embedded planar lens at (e) 300 GHz and (f) 800 GHz. [8]
© 2015 IEEE, [9] © 2019 Springer nature, reproduced with permission
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Fig. 18.3 (a) 4 × 4 DRW antenna array. (b) WR-10 power divider for feeding the 16 antennas. (c)
Simulated (dashed) and measured (solid) radiation pattern. Both E-plane (φ = 0◦, red) and H-plane
(φ = 90◦, blue) are shown. The cross-polar component (H-plane black and E-plane green) is also
displayed. [14] © 2019 Springer nature, reproduced with permission

-90

-60

-30
0

30

60

90
0-5-10-15-20

x

Y

L

Fig. 18.4 (a) 1 × 4 DRW antenna array fed by four log-periodic AEs. (b) Scanning on the E-
Plane. A progressive phase shift β of 0◦ (black), 30◦ (red), 60◦ (blue), and 90◦ (green) is shown

suitable for broadside scanning arrays [15], as confirmed by the simulation results
given in Fig. 18.4b.

Next, we consider the mm and sub-mm signal phase shifting. Since the DRW
is an open transmission line, it is possible to modify the propagation constant by
modifying the conditions in the waveguide walls, so the phase shifter can be easily
integrated with the DRW antenna. Some technologies, such as microelectromechan-
ical systems (MEMS), have been proved suitable for this purpose [16].

Carbon nanotubes (CNT) can be used for implementing a cost-affordable DRW-
based phase shifter. Figure 18.5 shows an E-plane tapered sapphire DRW with CNTs
deposited on top. They are illuminated by a tungsten lamp. Two W85104A WR-
10 frequency-extension heads allow us to characterize the DRW S21 parameter for
different illumination conditions.

Three power densities were considered: P0 = 0 mW/mm2, P1 = 0.63 mW/mm2

and P2 = 1.26 mW/mm2. Figure 18.6 shows the amplitude and the phase of the
S21 parameter. To test repeatability in the measurements, two samples of P0 and
three of P1 were taken alternatively. All the plots have been normalized to the P0

measurement. As can be seen, there is no noticeable change in the S21 amplitude. A
maximum phase shift of 33◦ was achieved.

At this point, the mechanism of this effect is not fully understood. With the
results presented in Fig. 18.6, it is not possible to determine whether there is optical
interaction between light and nanotubes or there is heating due to light absorption in
the CNT layer. Any possible effect on the DRW substrate in these results has been
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Fig. 18.5 Sketch of a CNT-based phase shifter
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Fig. 18.6 (a) Amplitude and (b) phase of the measured S21 parameter for three different light
intensities: P0 = 0 mW/mm2, P1 = 0.63 mW/mm2, and P2 = 1.26 mW/mm2

Fig. 18.7 (a) Amplitude and (b) phase of the measured S21 of the unloaded sapphire DRW without
and with 2.52 mW/mm2 light intensity illumination

discarded by characterizing the same DRW with no CNTs and two illumination
conditions: no power and 2.52 mW/mm2, with the results shown in Fig. 18.7. No
difference between the two conditions is noticed.
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18.3 Leaky-Wave Antenna

One of the simplest forms to steer the beam in 1D is frequency-selective beam-
forming using a leaky-wave antenna (LWA). In this configuration, a traveling wave
encounters periodic perturbations in one direction, so that it leaks progressively. If
the electrical path between successive perturbations is such that the traveling wave
encounters them in phase, the antenna will radiate a beam at or near broadside, as
is clear from the array factor. Conversely, as frequency increases, the electrical path
between elements will increase too, and the array factor will produce a beam moving
with frequency from the backward to the forward quadrant [17]. The design of the
LWA is motivated by the necessity of increasing the emitted power and or directivity
by a scalable layout. This feature is advantageous with respect to classical mmW
antennas. A proof of concept for E-band frequencies has been reported in [18], and
it is shown in Fig. 18.8.

The geometrical features have been printed on a low-loss grounded Duroid
5880 substrate (εr = 2.24, tanδ = 0.004 at 60 GHz), suitable for high-frequency
applications. The antenna is excited by a 2 × 1 array of high-speed uni-traveling
carrier photodiodes (UTC-PD) grown on InP [19]. Each UTC-PD presents a 50-
� grounded coplanar waveguide output. By controlling the number of rows and
their length, one can easily accomplish symmetrical patterns (at E- and H-planes)
or increase the directivity or the emitted power (more PDs can be included in the
direction perpendicular to the rows).

The antenna is comprised of three main sections: A feed network, a radiating
section including four rows, and an RF choke plus DC pads for PD polarization,
as indicated in Fig. 18.8. The choke is composed of seven cascaded T-sections and
shows an isolation level better than 35 dB for the range of operation of the antenna
(75 GHz to 85 GHz). The feed network contains a transition between the PD output
to the microstrip line in the PCB substrate, and a power splitter so that each PD feeds
two columns of the array for a more symmetric radiation pattern. The rows in the
radiating section are mirrored to decrease the level of cross-polarization. Each row is
periodically loaded by groups of λ/4 stubs that progressively radiate the input power.
The stubs are carefully designed so that the LWA does not present the open-stopband
effect common in LWAs at frequency of broadside radiation [17]. For experimental

Fig. 18.8 Layout of the LWA
with the different sections
indicated [18]

DC Pad

RF chokePatchStubs Feed Network
30 mm

 2x1 UTC-PD array
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Fig. 18.9 (a) Normalized co-polar directivity at H-plane at different frequencies for the two-
row prototype adapted for GSG probe measurements. Continuous line: simulation, dashed line:
measurements. (b) Simulated and measured peak gain [18]

verification with quasi-optical elements, the antenna is truncated in a matched patch
that radiates the remaining power.

A two-row prototype, adapted for excitation with a GSG probe, has been
manufactured to examine frequency-selective beam steering along the plane of the
row (H-plane). The prototype was measured at University of Nice. The results,
shown in Fig. 18.9a, show that beam-steering in 1D is accomplished for a scanning
range of 22◦. Note that side-lobes are substantially high because the row is truncated
by a patch, and the patterns are optimized for the prototype excited by the PDs.
Figure 18.9b shows the antenna gain at different frequencies. The LWA does not
present a reduced level of gain at the frequency of broadside operation (around
81 GHz); thus, the scanning range is extended from the backward quadrant (θ < 0)
to broadside and the forward quadrant (θ > 0). Finally, it is worth mentioning that
extending the row to 19 periods leads to a half-power beam-width (HPBW) of 4◦
at broadside (18.5 dBi gain for one row), while maintaining good input matching
characteristics. The prototype, integrated with one active UTC-PD, shows a 3-dB
power drop bandwidth between 75 GHz and 85 GHz, and is capable of error-free
transmission at 2.15 Gbps for a 25 cm link.

18.3.1 Beam-Switching with a Patch Array

An attractive variation of beam steering is beam switching, as illustrated in Fig.
18.10a. In the case shown, two antennas (upper and lower) are located at the back
focal plane of a lens (F), a distance s out of the optical axis. From geometrical
optics, the beam tilt for each antenna is given by:

tan θ = ± s

F
. (18.1)
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Fig. 18.10 (a) Schematic of beam switching, (b) simulation results of beam switching using two
2 × 2 patch arrays (upper, U. and lower, L.) at the focal plane of a PTFE lens (51 mm diameter)

Only one antenna is active at a time; thus, the beam can be switched among
different directions governed by the previous equation. In [20], we have reported a
prototype to demonstrate beam-switching using a photonic transmitter. It consists
of two 2 × 2 patch arrays excited by one PD each. The arrays feature an impedance
bandwidth >20%, which is enough to cover the E-band. They are located at the
focal of a PTFE lens, and their separation, 2 s, is 5 mm. Figure 18.10b shows the
simulated gain for E- and H-planes. They cross at −2.9 dB, with a peak gain of
27 dBi, and point angles equal ±2.7◦, stable over the E-band.

Beam switching for photonic transmitters has been first proposed in [20], it
presents several trade-offs, discussed below, that make it an extremely interesting
route to explore. Compared to a classical phased array approach, beam switching
can achieve high gain (due to the lens) using a reduced number of elements. For
instance, a square array over a ground plane of λ/2 dipoles, spaced λ0/2, presents a
gain of 19.1 dBi for 25 elements and 25.2 dBi for 100 elements. On the downside,
beam switching allows discrete scanning directions only and the pattern degradation
when s is comparable to F or lens diameter limits the scan range.

Besides, the grating lobe condition of an array disappears, so the element spacing
s can be in principle larger than λ0/2. This is a crucial characteristic for photonic
transmitters where efficient optical illumination of the PD is of utmost importance.
It can be challenging to integrate a number of fibers if the spacing between elements
is only 1.5 mm or 0.5 mm (λ0/2 for 100 GHz and 300 GHz respectively). For beam
switching, the spacing is taken as a design variable. A larger separation between
elements also eases the integration of amplifiers or matching circuits compared to
phased arrays. On the other hand, the power combining of a phased array does not
occur for a transmitter featuring beam switching.

Finally, beam switching is especially well suited to photonic transmitters since
it can be performed using low insertion loss and low power-consuming optical
switches with a switching time in the order of tens of nanoseconds. This approach
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would help alleviate the stringent alignment conditions required for long-distance
THz wireless links.

18.4 Tapered Slot Antenna and Photonic TDD
Beam-Steering

The last beamforming antenna example uses a tapered slot antenna (TSA) array,
aided by photonics-enabled true TDD technique. In the traditional method of
packaging the photomixer emitters, there is little room for integrating custom
antennas to achieve the desired performance and functionality [7]. This limit is
primarily imposed by the nature of lens and horn elements. We overcome this
problem by developing a low-profile and low-cost planar antenna array leading to a
simpler integration of AE in a photonic phased array (PAA).

The antenna forms an important element in the mmW/THz sources, and its
complexity is even higher when realizing phased arrays. Two corrugated TSAs
in 2 × 1 configuration, with grounded coplanar input, are designed to work in
the E-band frequency. The overall structure of the antennas, and passive circuit, is
shown in Fig. 18.11a. A proof-of-concept TSA array AE for power scaling has been
reported earlier [21]. The 2 × 1 TSAs are implemented on a commercial low-loss
substrate Duroid 5880. The spacing d between antennas is kept to λ0 (4.2 mm) at f0
of 70 GHz. To ease the complexity of fiber array coupling, the number of antenna
elements was limited to only two. However, good performance of beam-steering
was achieved, as will be shown. The PAA emitter prototype is shown in Fig. 18.11b,
packaged in a custom housing. It mainly consists of the fabricated passive circuit,
which includes the antennas and bias network (bias-T), and a pair of UTC-PD chips
[19]. A picture of the assembly can be seen in the inset. The pitch of passive optical
waveguides (POW) in the PD chip is 500 μm. The active PDs are optically excited
using a 2 × 1 lensed fiber array of equal pitch.

Fig. 18.11 (a) Layout of the 2 × 1 tapered slot antenna array with the passive circuit board
including bias network, and (b) the packaged photonic PAA emitter prototype with antenna and
photodiode chips, inset: microscopic view of the 2 × 1 UTC-PD array bonded to the antenna, and
excited by lensed fiber array. [21] © 2019 IEEE, reproduced with permission
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(a) (b)
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Fig. 18.12 (a) Schematic diagram of the experimental arrangement for photonic-enabled beam-
steering, and (b) picture showing the benchtop setup, with the emitter module mounted on a
rotation stage, used for radiation pattern measurements

Next, we evaluate the performance of the antenna itself and mmW beam-steering.
The performance of beamforming antennas particularly depends on the structure
feeding them, called beamforming network (BFN). Unlike the microwave systems,
the phase-tuning BFNs in the mmW range and beyond often lead to beam-squint
problem due to narrowband nature of phase-shifters. A TTD based BFN on the other
hand is a promising alternative, due to its ability to provide near-constant delays
over whole bandwidth of interest [22]. While electronic delay lines do not meet the
bandwidth requirements and often difficult to implement, the photonic TTDs [23]
offer a significant advantage due to broadband nature of optical components.

Figure 18.12a shows the schematic of the setup to characterize the TSA array
emitter, utilizing optical heterodyne technique for the generation of mmW signals.
Two external cavity lasers (ECL) providing wavelengths λ1 and λ2 are separated at
a frequency difference of f0. An optical chopper then introduces the modulation at
reference frequency of 30 Hz for lock-in detection, before splitting into two optical
paths. Thereon, tunable optical delay lines (ODL) are used in each of the two paths,
providing optical TTD. The delay Δτ required to steer the radiated beam by an
angle θ from the boresight is calculated using (2), where d is the spacing between
the antennas mentioned above, and c is the speed of light. The optical signals are
then fed into the PD-integrated antennas, converted into RF by photomixing and
radiated into free-space. Finally, a Schottky barrier diode (SBD) module detects the
mmW signals and the signal intensity is measured with a lock-in amplifier. A picture
of benchtop setup used to measure radiation patterns is given in Fig. 18.12b.

sin θ = �τ

d
c (18.2)

First, the simulated gain of 2 × 1 TSA array is provided in Fig. 18.13a, to observe
radiation performance of the antenna array. The gain estimated is better than 14 dBi
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over the frequency range of 70–100 GHz, with a peak value of 15.9 dBi at 86 GHz.
An undesired drop around 67 GHz is caused by reflections at the antenna input.

We then measured the relative frequency response for the integrated emitter
module, shown in Fig. 18.13b, in a broad range between 53 GHz and 120 GHz.
We can see that the variations are within the 3-dB limits over much of the frequency
range, providing a bandwidth of up to 45 GHz, translating to a fractional bandwidth
of 45%.

Finally, the beam-steering behavior of the TSA array is evaluated by obtaining
the 1D far-field patterns in azimuth (E-) plane. The angular resolution is set to 3◦.
The steering is performed at f0 of 60 GHz and 70 GHz. Figure 18.14 shows the
measured beam patterns at each of the carrier frequencies for the steering angles of
0◦ and ±10◦. Note that the side-lobes of less than −10 dB are maintained, when

Fig. 18.13 (a) Simulated gain of 2x1 TSA array over frequency and (b) measured frequency
response of the PAA emitter. © 2019 IEEE, reproduced with permission
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Fig. 18.14 Beam-steering radiation patterns measured at the carrier frequencies of 60 and 70 GHz
for three different scanning angles each
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performing the steering, indicating the possibility of further steering of the beam.
As a result, more than 20◦ scan range can be achieved. Steering also results in a
power reduction of 2 dB to 4 dB in the main lobe due to an increase in the levels
of grating lobes. To achieve the steering, the amount of delay Δτ between antenna
elements for both the frequencies was set to 0 ps and 2.4 ps for 10◦, and 2.4 ps and
0 ps for −10◦. The HPBW is measured to be around 20◦.
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Chapter 19
Algorithms for Multiple Antennas

Bile Peng

Abstract As described in previous chapters, the THz channels are subject to unfa-
vorable propagation conditions. In order to establish a stable wireless connection,
advanced antenna technologies are expected to compensate for the propagation
conditions. Compared to a single high-gain antenna (e.g., a horn antenna), a multi-
antenna system can provide higher performance and more flexibility. This chapter
discusses the application of multi-antenna systems for the THz communications
with focus on the channel estimation and signal processing algorithms. We first
introduce three different types of multi-antenna systems, including phased array
with the ability to adjust the main lobe direction, multiple-input-multiple-output
(MIMO) array with complete signal processing ability, and hybrid antenna arrays,
i.e., an array of phased arrays. Since the AoA and channel estimations are essential
to the signal processing, the estimation techniques are discussed in the next two
sections. Finally, signal processing for massive MIMO is presented in the last
section.

19.1 The Multiple Antenna Systems

The multiple antenna systems are a major approach to develop advanced signal
processing methods in order to improve the system performance and/or the sta-
bility. Given the unfavorable propagation conditions of the THz wireless channels
described in the previous chapters, the multiple antenna systems can play an
important role to establish a stable and fast THz link [1].
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In this chapter, we discuss the following three major categories of multiple
antenna systems: phased array, full MIMO array, and hybrid array. The purposes
of this section are to provide a mathematical description how these multiple
antenna systems work and discuss their advantages, disadvantages, and domains
of applications.

19.1.1 Phased Array

The phased arrays have compact array sizes, and the distance between the antenna
elements is small enough compared to the wavelength (this distance is usually
assumed to be less than half of the wavelength), such that we can assume the only
difference between the channel impulse responses (CIRs) of the antennas elements
are the phases (delays if the signal is broadband, see Remark 19.1) of the complex
channel gains. All other channel parameters, including angle of departure (AoD),
angle of arrival (AoA), path loss, and Doppler shift, are the same for all antenna
elements. In this case, we can adjust the phases of the signals in order to enhance
or reduce the antenna gain in a given direction by constructively or destructively
overlapping signals from different antenna elements, respectively.

Consider the phased array in Fig. 19.1, where the black dots represent antenna
elements. Due to the geometric displacement between antenna elements 0 and i,
the propagation distance difference (i.e., the distance difference to reach the same
wavefront of antenna element 0, where the wavefront is the plane perpendicular to
the propagation direction if we apply the plane wave assumption) for direction d
is hi . We denote the vector from antenna element 0 to antenna element i as li , the
unit direction vector that we would like to transmit the signal as d and the angle
between li and d as φ (φ is the same for all antenna elements because of the above-
described assumption). The length of hi is the projection length of li on d, namely,
|d||li | cosφ = |dli |. Therefore, the phase difference between antenna element 0 and
antenna element i is

δi = 2π |dli |
λ

= 2πf |dli |
c

(19.1)

where λ is the wavelength, f is the frequency, and c is the speed of light. We
define the steering vector t(d) = (t0, . . . , tN )

T , where the ith element ti (d) =
exp
(−j2πf |dli |/c

)
and N is the number of antenna elements.

In a two-dimensional space, the unit direction vector d = (cosφ, sinφ) as shown
in Fig. 19.1. In a three-dimensional space, we can apply the spherical coordinate
system to define a direction with its elevation θ and azimuth φ. In this case,
d(θ, φ) = (cos θ cosφ, cos θ sinφ, sin θ).

We can shift signal phases before transmission in order to strengthen the signal
power in a given direction. Let us denote the phase shift of antenna element i as ϕi ,
as shown in Fig. 19.1, and the beamforming vector b = (b0, . . . , bN)

T , where the
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Fig. 19.1 The phased array

0 i

li

d (|d|=1)

hi

Wavefront

ith element bi = exp
(−jϕi

)
. The transmitted signal s is the sum of signals from all

antenna elements, whose phases are first shifted artificially with the beamforming
vector b and then shifted with the steering vector t. Namely

s(d) = tT (d)bs0. (19.2)

As a transmitting antenna array, the radiation power in all directions must
be normalized to the total transmission power. Therefore, we define the antenna
directivity as the portion of the transmitted power in direction d in the total
transmission power, i.e.

D(d) = 4π |s(d)|2
∫
d |s(d)|2dd (19.3)

If we use the spherical coordinate system (θ, φ), (19.3) can be rewritten as

D(θ, φ) = 4π |s(d(θ, φ))|2
∫ π

0

∫ 2π
0 |s(d(θ, φ))|2 sin θdφdθ

. (19.4)

Intuitively, a high antenna directivity suggests that the transmitted power is
concentrated in the given direction.

Remark 19.1 It is to note from (19.1) that the phase shift depends on the frequency.
For a broadband signal, which is usually the case for the THz communication, the
frequency cannot be considered constant; the phase shift is therefore a function of
the frequency. In this case, we can shift the delay of the signal (e.g., via varying the
waveguide length) instead of the phase in order to compensate for the propagation
length difference shown as hi in Fig. 19.1.

Remark 19.2 The above discussion considers the phased array as a transmitter
antenna. If it is applied as the receiver antenna, the phases of the received signals
of each antenna element are adjusted in a similar manner as Fig. 19.1 shows, where
the phase shifts are characterized by the combining vector c, where the ith element
ci = exp(jϕi) with ϕi being the phase shift of signal from antenna element i. The
shifted signals are then added up to the output signal s. If we use the column vector
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s to denote the received signals, where the ith element si is the signal from the ith
antenna element, then s = sT c.

The derivation of beamforming and combining vectors given the desired AoD
and AoA is presented in Sect. 19.2.

In a phased array, all antenna elements share the same radio frequency (RF)
frontend. The signal processing is limited to phase (delay) shifting. The simple
structure is a major advantage of the phased array. Besides, only the AoD or the AoA
is required to compute the beamforming or combining vector. The signal processing
is therefore simple and robust. However, the size of the phased array is limited by
the wavelength, which is particularly small in THz communications. This poses a
constraint on the antenna gain. In addition, the antenna gain is only a function of the
angle. As a result, the phased array cannot differentiate signals to or from similar
directions.

19.1.2 Full MIMO Array

Compared to the phased array, the size of the full MIMO array does not have
to be compact, and there is no requirement on the CIR similarity of the antenna
elements. Correspondingly, signal processing is not restricted to phase shifting.
Each antenna element has a complete RF frontend such that spatial multiplexing
can be implemented. This type of array realizes higher performance at the cost of
complexity.

One special property about the broadband THz channel is the frequency selectiv-
ity due to the broad bandwidth. Thus, the channel can only be characterized by the
vector CIR rather than a scalar channel gain as in ordinary narrowband channels.
Although we can use a multi-carrier system such as orthogonal frequency-division
multiplexing (OFDM) to make the subchannels narrowband, it is not likely that
the subchannel can be assumed flat given the very broad bandwidth of THz
communications (up to 50 GHz) and the limited number of subcarriers due to
constraints such as hardware complexity, sensitivity to frequency shift (e.g., Doppler
shift), and peak-to-average power ratio (PAPR). Therefore, we assume the channel
to be frequency-selective and use the CIR rather than a scalar channel gain in the
following derivation.

For transmitting antennas, the signal is processed before transmission and
therefore is named precoding. For receiving antennas, the transmitted symbol is
detected from the noisy received signals in all antennas, and the signal processing for
receiver is referred to as detection. If one communication participant (e.g., the access
point (AP) ) has higher computation power than the other (e.g., the user equipment
(UE)), the more powerful participant can be responsible for the precoding and
detection such that the signal processing of other participants can be minimized.
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19.1.2.1 Precoding

Let us assume the CIR between the mth transmitting antenna and kth receiving
antenna has L taps, where L is the upper bound of the lengths of all CIRs in
the considered system, and denote the CIR from transmitter antenna m to receiver
antenna k as the L× 1 vector

hk,m = [hk,m(0), hk,m(1), . . . , hk,m(L− 1)
]T ∈ C

L. (19.5)

Data symbol stream for the kth receiving antenna is precoded for all M
transmitting antennas using a bank of finite impulse response (FIR) filters. We
assume that all FIR filters of the transmitter have the same length ofN . The transmit
filter that precodes the kth symbol stream for the mth antenna is denoted by

pm,k = [pm,k(0), pm,k(1), . . . , pm,k(N − 1)
]T ∈ C

N. (19.6)

The symbol stream of the kth data symbol stream at time instant i ∈ Z is represented
by the (N + L− 1)× 1 vector

ski = [sk(i), sk(i − 1), . . . , sk(i −N − L+ 2)
]T ∈ C

N+L−1. (19.7)

For the transmit symbols, we assume the cross correlation

E{sk(i)s∗l (i −�)} = δk−l ·
{
rs(�) for � ≥ 0
r∗s (|�|) otherwise

,∀k, l, i (19.8)

yielding the cross-correlation matrix

RN+L−1
s = E{skisHki } =

⎡

⎢⎢⎢⎢
⎣

rs(0) rs(1) . . . rs(N + L− 2)
r∗s (1) rs(0) . . . rs(N + L− 1)
...

...
. . .

...

r∗s (N + L− 2) r∗s (N + L− 1) . . . rs(0)

⎤

⎥⎥⎥⎥
⎦
.

(19.9)

The expectation calculation depends on the modulation scheme.
Furthermore, we define the submatrix RNs as first N rows and columns of

RN+L−1
s .
For notational convenience, we also introduce the following notational defini-

tions. For the (k,m)th channel link, we define the (N +L− 1)×N Toeplitz matrix
as
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Hk,m =

⎡

⎢
⎢⎢
⎢
⎣

hk,m(0) hk,m(1) . . . hk,m(L− 1) 0 . . . 0
0 hk,m(0) . . . hk,m(L− 2) hk,m(L− 1) . . . 0
...

...
...

...
. . .

...

0 0 . . . 0 0 . . . hk,m(L− 1)

⎤

⎥
⎥
⎥
⎥
⎦

T

.

(19.10)

We stack all the symbol stream vectors, yielding the K(N + L− 1)× 1 vector

si =
[
sT0,i , s

T
1,i , . . . , s

T
K−1,i

]T ∈ C
K(N+L−1). (19.11)

We stack the transmit filter coefficients of all streams and transmitting antennas,
yielding the KMN × 1 vector

p =
[
pT0 ,p

T
1 , . . . ,p

T
M−1

]T ∈ C
KMN (19.12)

where pm =
[
pTm,0,p

T
m,1, . . . ,p

T
m,K−1

]T ∈ C
KN .

At the receiver side, we assume that the kth UE multiplies its received signal
by a quasi-constant factor

√
αk (known by both transmitter and receiver) such that

a predefined receive signal level is ensured. The received signal vector r(i) =[
r0(i), . . . , rK−1(i)

]T for the K UEs at time instant i is then given by

r(i) = A
1
2
[
IK ⊗ si

]T

·

⎡

⎢⎢
⎣

IK ⊗ H0,0 . . . IK ⊗ H0,M−1
...

. . .
...

IK ⊗ HK−1,0 . . . IK ⊗ HK−1,M−1

⎤

⎥⎥
⎦p

+ A
1
2 n(i)

= S̄T H̄p + A
1
2 n(i)

(19.13)

with A = diag(α0, . . . , αK−1), and n(i) = [
n0(i), . . . , nK−1(i)

]T where nk(i)
denotes the additive white Gaussian noise at receiver k for the ith time instant. For
Eq. (19.13), we introduce the substitutions
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H̄ =

⎡

⎢⎢
⎣

IK ⊗ H̄0,0 . . . IK ⊗ H̄0,M−1
...

. . .
...

IK ⊗ H̄K−1,0 . . . IK ⊗ H̄K−1,M−1

⎤

⎥⎥
⎦

∈ C
K2(N+L−1)×KMN

H̄k,m = α
1
2
k Hk,m ∈ C

(N+L−1)×N

S̄ = [IK ⊗ si
] ∈ C

K2(N+L−1)×K.

(19.14)

The precoding vector p defined in (19.12) depends on the estimated CIRs and
will be derived in Sect. 19.3.

19.1.2.2 Detection

As explained above, signal detection refers to recovering the transmitted symbols
from the received noisy signals in all receiving antennas. Similar to precoding,
the single-input-single-output (SISO) transmission from transmitting antenna k to
receiving antenna m in the signal detection problem can be represented as

rm =

⎡

⎢⎢⎢
⎣

hk,m(L− 1) hk,m(L− 2) . . . 0
0 hk,m(L− 1) . . . 0
. . . . . . . . . . . .

0 0 . . . hk,m(0)

⎤

⎥⎥⎥
⎦
sk + n

= Hk,msk + n

(19.15)

where Hk,m is the uplink channel matrix from transmitting antenna k to receiving
antennam of size N × (L+N − 1) and sk is the vector of transmitted symbols. The
uplink MIMO channel matrix is constructed as

H =

⎡

⎢⎢⎢
⎣

H0,0 H0,1 . . . H0,M−1

H1,0 H1,1 . . . H1,M−1

. . . . . . . . . . . .

HK−1,0 HK−1,1 . . . HK−1,M−1

⎤

⎥⎥⎥
⎦
. (19.16)

The total MIMO transmission is described as

r = Hs + n. (19.17)

The purpose of the detection is to use a detection p such that the mean square
error (MSE) is minimized, i.e.,



182 B. Peng

min
p

(∣∣∣pT r − s0
∣∣∣
2
)

(19.18)

where s0 is the transmitted symbol to be detected.
The readers are encouraged to refer to [2] for more details.
In the full MIMO array, each antenna is equipped with an RF frontend and is

able to carry out full-signal processing (i.e., amplification and delay shifting). As
a result, the full MIMO array can significantly outperform the phased array and
different data streams can be separated even if the AoAs or AoAs are very similar
(this is what the phased array cannot do). However, the high complexity and the
requirement for knowledge of full CIRs may limit its application.

The detection vector p defined in (19.18) depends on the estimated CIRs and will
be derived in Sect. 19.3.

19.1.3 Hybrid MIMO Array

As described above, the phased array has a simple structure, requiring only the
angular information for signal processing, but its performance is limited by the small
array size. On the contrary, the full MIMO array could achieve a significantly higher
performance, but its complexity and requirement for CIR estimates of all channels
make it difficult to apply.

A compromise between performance and complexity might be achieved with the
so-called hybrid MIMO array, i.e., an array of several phased arrays [3]. Antenna
elements in one phased array share the same RF frontend, and therefore, the
complexity can be reduced significantly compared to the full MIMO array. Full-
signal processing can be carried out between the subarrays, where the subarrays
can be understood as directive antennas with the ability to change the main lobe
direction with phase (delay) shifting within a subarray. In the application, the
main lobes of the phased arrays are adjusted toward the other participant of
the communication via beamforming or combining vectors, and the precoding or
detection vectors are computed to achieve the maximum performance.

19.2 Angle-of-Arrival Estimation and Signal Processing
in Phased Arrays

As explained in Sect. 19.1.1, the computation of optimal beamforming vector and
combining vectors relies on the AoD/AoA estimation. In practice, AoD estimation
is essentially identical to AoA estimation by exchanging transmitter and receiver.
Therefore, we only discuss AoA estimation, i.e., the transmitter sends a signal, and
the receiver estimates from which direction the signal comes from.
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19.2.1 Static AoA Estimation

In this section, we consider the scenario where transmitter and receiver remain
stationary and the AoA stays constant and therefore needs to be estimated only
once.

In a general sense, the AoA estimation is a well-studied topic with different
solutions. For example, power angular spectrum (PAS)-based AoA estimations
measure the PAS and select the local maxima as the AoAs. A further possibility is to
use the maximum likelihood (ML) estimation to compute the most probable values
of parameters. Various algorithms are applied for the ML estimation, e.g., Newton-
Raphson method, expectation-maximization (EM), space alternating generalized
expectation-maximization (SAGE) algorithms, and sparse Bayesian learning (SBL).
The ML estimation achieves better precision at the cost of higher computational
complexity. Therefore, its application is mainly limited to data processing of
channel measurement and is difficult to be applied in real-time applications. On
the other hand, eigenvalue-based algorithms, such as multiple signal classification
(MUSIC) and estimation of signal parameters via rotational invariance technique
(ESPRIT), assume uncorrelated signal sources and are difficult to be applied for
multipath propagation. Based on the above considerations, we apply the PAS-based
AoA estimation in order to achieve an optimal compromise between simplicity,
requirement, and performance.

An AoA estimation algorithm is proposed in [4]. This method focuses on
improving efficiency of exhaustive search. Due to the extremely high propagation
path loss, the antenna gain must be very high to realize a reasonable signal-to-noise
ratio (SNR), which implies a narrow half power beam width (HPBW) and a long
scanning time with an exhaustive manner. This problem becomes worse if the
received signal strength is stronger than the noise power only if both transmitter and
receiver have found the correct AoD and AoA, respectively, because the number of
candidates is the product of numbers of possible AoAs and AoAs.

As a consequence, an exhaustive search is prohibitively time-consuming. For this
problem, the IEEE 802.15.3c standard [5] has provided a solution: the efficiency can
be improved by introducing a preliminary estimation with low precision. Namely,
an antenna with a wide HPBW is applied for a fast but less accurate AoA estimate
(first step). After that, another antenna with a narrow HPBW is applied to estimate
the precise AoA within the range of the rough estimate determined in the first step
(second step). By means of this estimation with two steps, main lobe directions far
from the correct AoA can be excluded quickly in the first step, and therefore, the
efficiency is significantly improved compared to the original exhaustive search.

Unfortunately, this method cannot be applied to the terahertz (THz) communica-
tion because a wide HPBW implies a low antenna gain. Due to the high propagation
path loss and the strong thermal noise of the THz communication, the received
signal strength would be below the noise level. However, it is proven that PAS in
different frequencies are highly correlated [4], i.e., the AoA at a lower frequency
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Fig. 19.2 PAS of different frequencies under the same measurement setup. The similarity of
AoDs and AoAs of the strongest propagation paths is unambiguous (unit: dB) [4]. (a) 10 GHz.
(b) 300 GHz. (©2019 IEEE, reproduced with permission)

is similar to the AoA at the THz frequency. This can be seen in Fig. 19.2, which is
from a measurement in an indoor environment with multiple different frequencies.

According to the current system concept, the THz communication device is
equipped with a low-frequency RF frontend as fallback solution. Therefore, we can
design a two-step estimation, in which we estimate the angle with low resolution
at the lower frequency in step 1 and estimate the angle with high resolution and at
the THz frequency in step 2 within the rough range determined in previous step.
Since the propagation path found at the lower frequency appears in similar angular
domain at the THz frequency, it is possible to use the rough estimate (due to the
broader antenna main lobe) at the lower frequency in step 1 as a confined search
range in step 2.

According to the Friis’ transmission equation, the propagation path loss at the
lower frequency is significantly lower than at the THz frequency. This results in
another advantage of estimation at lower frequency in step 1. We can use a quasi-
omnidirectional antenna for the transmitter and a directional antenna for the receiver
and hence decompose estimation of AoD and AoA. In this way, the number of
candidates can be further reduced.

The two-step AoA estimation is therefore formulated as Algorithm 1.
Figure 19.3 shows a measurement result in an AoA estimation demonstration.

The solid line represents the received power strength at the frequencies centered at
8 GHz known as ultra-wide band (UWB), whereas the dashed line is the received
power strength of at the THz band. The dots represent the actual measurement. It
can be observed that in step 1, bigger step size is taken to quickly approach the
true AoA and in step 2, smaller step size is used for precise search. In this way,
the number of steps is reduced significantly compared to the primitive exhaustive
search.



19 Algorithms for Multiple Antennas 185

Algorithm 1 Two-step AoA estimation
#1 transmits a pilot signal in all directions at low frequency
for every section of #2 do

if #2 detects a signal in current section then
#2 transmits in the current section a pilot signal at low frequency
for every section of #1 do

if #1 detects a signal then
a pair of (AoD, AoA) on section level is found

end if
end for

end if
end for
for every pair of (AoD, AoA) on section level do

for every beam of #1 within current section do
#1 transmit in current beam at THz frequency
for every beam of #2 within current section do

if #2 detects signal then
a pair of (AoD, AoA) on beam level is found

end if
end for

end for
end for
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Fig. 19.3 Recorded received power strength in an experimental validation [4] (©2019 IEEE,
reproduced with permission)

19.2.2 Dynamic AoA Estimation

Section 19.2.1 describes the static AoA estimation. In practice, we are interested
in dynamic AoA estimation besides the static one. If transmitter or receiver
moves during the data transmission, the AoA is dynamic and must be periodically
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Fig. 19.4 Spatial correlation
of AoA change [6] (©2018
IEEE, reproduced with
permission)
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estimated. In this case, the Bayesian inference is a useful tool to improve the
estimation precision since the AoA change is spatially and temporally correlated.

Consider a scenario with four APs and one UE, as shown in Fig. 19.4. For THz
channels, the LoS path is the preferable propagation path. If the UE moves upward
between time instants t0 and t1, the AoA changes are temporally correlated because
they are caused by the continuous UE movement. Furthermore, AoA azimuth of
all four APs will remain constant, and the AoA elevation will decrease. This is
an intuitive example of the space-time correlation: because the UE displacement
is continuous, the AoAs are temporally correlated; since the mutual reason for
AoA changes (denoted as �AoA) of all APs, if we use the estimates of other
APs as extrinsic information, we can utilize this correlation to further improve the
estimation accuracy.

The Bayesian inference is carried out with a hidden Markov model (HMM)
along time within a single antenna and a message passing mechanism between
the antennas, as shown in Fig. 19.5, where the likelihood is denoted as L, prior
(inference from the antenna’s own history) is denoted as P, and external message
from other antennas is denoted as M. Details about the HMM and the message
passing are available in [7] and [6], respectively.

Figure 19.6 shows the considered scenario with four AP antennas as red dots and
a moving UE as the blue curve.

Figure 19.7 shows the realized effective antenna gains with different algorithms.
It can be observed that without inference (w.o. inference, the blue curve), the AoA
estimation precision is poor due to the strong thermal noise. With temporal forward
inference (f. inference, the orange curve), the estimation precision is improved
significantly, and the effective antenna gain is higher. With both forward inference
and spatial correlation (SC), the stability of the estimation is improved further.
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Fig. 19.5 Inference model to consider the space-time correlation [6] (©2018 IEEE, reproduced
with permission)
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Fig. 19.6 The considered scenario with four directive AP antennas and one moving UE [6]
(©2018 IEEE, reproduced with permission)
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Fig. 19.7 Realized effective antenna gain with different algorithms [6] (©2018 IEEE, reproduced
with permission)

19.3 Channel Estimation and Signal Processing in Massive
MIMO

19.3.1 MMSE Channel Estimation

Besides the AoA estimation, other channel parameters, such as complex channel
gain and delay, need to be estimated as well. The estimated channel state is defined
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as channel state information (CSI) and is the foundation of many advanced signal
processing algorithms. In channel estimation, the transmitter sends a pilot signal,
which is known to the receiver. The receiver compares the received signal with the
original pilot signal and estimates the channel parameters.

We consider the minimum mean square error (MMSE) channel estimation in this
section, which minimizes the MSE between the received signal and the signal model
parameterized by channel gain and delay:

MSE = E

⎛

⎜⎜
⎝

∣∣
∣∣∣∣∣

∣∣
∣∣∣∣
y −

∑

i

si (gi, τi)

∣∣
∣∣∣∣

∣∣
∣∣∣∣∣

2

2

⎞

⎟⎟
⎠ (19.19)

where y is the vector of the measured received signals with each element as the
received signal at each antenna element and si is the signal from ith path with
complex channel gain gi and delay τi .

One of the most important difficulties of the channel estimation is the strong
thermal noise. In order to obtain a more accurate estimate, we can use the discrete
Fourner transform (DTF) to transfer y to the beamspace domain:

h = Fy (19.20)

where F is the DTF matrix. In the beamspace domain, each element of h corresponds
to a certain AoA. Since the THz channel is sparse, i.e., the signal propagates via
certain paths and arrives at the receiver in specular AoAs [8], h must be sparse as
well. Therefore, we can apply the least absolute shrinkage and selection operator
(LASSO) denoising method [9], which adds a one norm of h as a penalty term:

ĥ∗ = arg min
1

2
||h − ĥ′||22 + γ ||ĥ′||1 (19.21)

where γ is a denoising parameter. It is shown [10] that Stein’s unbiased risk estimate
(SURE) is an unbiased estimator for the MSE solution. Using SURE, the optimal
γ ∗ can be iteratively computed, and the channel parameters can be calculated with
the denoised sparse vector ĥ∗.

With the estimated CSI, multi-antenna algorithms can be carried out to improve
the communication quality, including the application of massive MIMO, which will
be described in Sect. 19.3.2.

19.3.2 Massive MIMO Precoding and Detection

With the estimated CSI, the signal processing can be formulated as linear optimiza-
tion problem. We assume that the future UE can be portable, e.g., a smartphone and
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a smartwatch, and the AP has more computation power. Therefore, we formulate
the massive MIMO signal processing problem as downlink precoding (the signal is
processed before transmission) and uplink detection (the signal is processed after
receiving), such that the AP carries out signal processing in both downlink and
uplink.

A lecture room (Fig. 19.8a) is chosen as application scenario, where the red dots
are the AP antennas and the black dots are UEs. They are placed close to each other
to represent the worst-case scenario. Figure 19.8b shows an example CIR of a SISO
channel. It can be observed that low channel gain and strong multipath components
(MPCs) are the major characteristics of the indoor THz channel.

19.3.2.1 Downlink Precoding

The objective for the downlink precoding is to minimize the sum MSE between the
received symbol vector

r(i) = [r0(i), . . . , rK−1(i)
]T (19.22)

and a delayed transmit symbol vector

s(i −�) = [s0(i −�), . . . , sK−1(i −�)
]T (19.23)

where the delay � ≥ 0 is a design parameter. In order to account for a transmit
(sum) power constraint PTX of the AP, we introduce the scaling factor β−1 for
the received signal. The precoding weight vector that minimizes the sum MSE is
obtained by

p0 = arg min
β,p

ε(β,p) s.t. pH
(
IMK ⊗ RNs

)
p = PTX (19.24)
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with

ε(β,p) = E
∥∥∥β−1r(i)− s(i −�)

∥∥∥
2

= β−2pH H̄HES̄∗S̄T H̄p

− 2β−1�
{
pH H̄HES̄∗s(i −�)

}

+ β−2tr(ARn)+K · rs(0)
= β−2pH H̄H

(
IK2 ⊗ RN+L−1

s

)
H̄p

− β−1pH H̄Hd∗
�

− β−1dT�H̄p + β−2tr(ARn)+K · rs(0)

(19.25)

where

d� = E
[
S̄s(i −�)∗

]

=
[
(e0
K ⊗ rs(�))T , . . . , (e

K−1
K ⊗ rs(�))T

]T (19.26)

and rs(�) = [rs(�), rs(�+ 1), . . . , rs(�+N + L− 2)
]T .

The following theorem is derived to solve the above optimization problem:

Theorem 19.1 The optimal MMSE precoding vector is given by

po = βop̄ (19.27)

where

p̄ =
(
H̄H

[
IK2 ⊗ RN+L−1

s

]
H̄

+tr(ARn)/PTXIMK ⊗ RNs
)−1

H̄Hd∗
�

(19.28)

and

βo =
√

PTX
p̄H
[
IMK ⊗ RNs

]
p̄
. (19.29)
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Specifically, for binary phase-shift keying (BPSK) and quadrature phase-shift keying
(QPSK), for which the cross-correlation matrix is a unit matrix, the expression is
simplified as

p̄ =
(
H̄H H̄ + tr(ARn)/PTXIKMN

)−1
H̄Hd� (19.30)

and

βo =
√

PTX

σ 2
s

∥∥p̄
∥∥2 . (19.31)

The proof is available in [2].

19.3.2.2 Uplink Detection

The objective of the uplink detection is to estimate the transmitted symbol by linear
combination of the received symbols with the detection vector p such that the MSE
is minimized, i.e.

min
p

E

(∣∣∣pT r − s0
∣∣∣
2
)
. (19.32)

Compared to the downlink precoding, the uplink detection is not subject to the
transmission power constraint, and the noise power is higher with more receiving
antennas.

To solve this problem, we have the following theorem:

Theorem 19.2 The optimal MMSE detection vector is given by

p∗ = M−1Ĥcs0 (19.33)

where

M = ĤRsĤ
H
I + Rn (19.34)

for on-off-keying (OOK) and

M = ĤĤ
H + Rn (19.35)

for BPSK and QPSK.
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The proof of the theorem is available in [2] as well.
Index of s0 and coding length depend largely on the delay spread of the CIRs.

According to previous THz channel measurement [11, 12], the line-of-sight (LoS)
path contributes the most energy of the whole CIR. The choice of s0 index and ru
length should ensure that every block (i.e., every AP antenna) in (19.16) with the
column index corresponding to the index of s0 has contribution of the LoS path.
Subject to this condition, the length of ru should be as short as possible because the
more symbols are taken into consideration, the stronger the noise and interference
would be. Other than that, the computational effort would also be higher with a
larger channel matrix.

Considering these facts, the length of p is suggested to be at least the difference
between the maximum and minimum LoS delays of all channels and the index of s0
corresponds to the minimum LoS delay.

After the derivation in the previous sections, the problems of precoding and
detection become solving (19.27) and (19.33), both of which are large linear
equation systems due to the big number of antennas and length of the CIR. An
efficient algorithm is required because the problems must be solved in real time.

The least square QR (LSQR) [13] algorithm is a conjugate gradient (CG)-based
iterative algorithm to solve large and sparse linear equation systems. Compared
to the original CG algorithm, it has a better numerical stability and is especially
efficient when a large portion of the matrix elements are 0, which is true in our
case because the broadband CIR is indeed sparse (see Fig. 19.8b). Based on the
CIR sparsity, a sparse channel matrix H can be obtained by reducing channel gains
below a given threshold (defined as 30 dB weaker than the LoS gain in this paper)
to 0 without significantly distorting the CIRs.

Applying the LSQR algorithm, the precoding and detection problems can be
solved using the LSQR algorithm. Its output p is the optimal precoding or detection
vector.

19.3.2.3 Simulation Results

Simulation results are presented in this section. The simulation parameters are
summarized in Table 19.1.

Figure 19.9 shows the equivalent downlink CIR with five UEs in the middle. The
target user (user 3) is in the middle, while the other users (1, 2, 4, and 5) are around
user 3. That is to say, we are considering the worst case where the target user is
surrounded by other users.

Compare Figs. 19.8b and 19.9, it can be observed that

• The channel gain of the intended UE is improved from less than −100 dB to more
than −60 dB. The gain is roughly the factor of antenna number (20·log10(120) ≈
41.6 dB), indicating that all the channel gains have constructively overlapped at
the desired delay.
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Table 19.1 Simulation parameters

Parameter Value

Considered frequency range 300–310 GHz

Uniform antenna array size 12 × 10

Hybrid antenna array size 4 × 3

Elements per subarray in hybrid antenna array 10

Distance between AP antennas 0.2 m

Distance between UEs 0.2 m

Number of UEs 1, 2, 5

Transmission power 1 mW per antenna for uniform array and per
subparray for hybrid array (if not specified
otherwise)

Length of FIR filter 50

Truncation quantile to reduce PAPR 0.9999

Threshold to set channel gain to 0 for sparsity 30 dB lower than LoS gain
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Fig. 19.9 Realized equivalent downlink CIR [2]. (a) CIR of target user. (b) CIR of interfered
users. (©2019 IEEE, reproduced with permission)

• The multipath componentss (MPCs) have been significantly reduced compared
to the LoS path. Therefore, the inter-symbol interference can be reduced
significantly.

• The maximum gains of other UEs are at least 40 dB lower than the intended UE,
resulting in a very low inter-user interference.

We assume a Gaussian antenna diagram [14] for Rx antenna. Figure 19.10 shows
the relationship between UE antenna gain and bit error rate (BER) in downlink. All
three modulation schemes and both uniform and hybrid AP antenna (an array of
phased arrays) configurations are considered.
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Fig. 19.10 Realized BER in downlink [2]. (a) OOK. (b) BPSK. (c) QPSK. (©2019 IEEE,
reproduced with permission)

Simulation results of uplink detection are shown in Fig. 19.11. Compared to
downlink, performances with different antenna configurations and numbers of
UEs are similar in uplink. This is because the transmission power in uplink does
not depend on these two factors, proving that the performance constraint is the
transmission power rather than signal processing. With BPSK, up to two UEs and
hybrid array, a BER of 10−3 is achievable with an ordinary UE antenna gain of
11 dB.

To conclude, the proposed downlink precoding and uplink detection algorithms
can effectively compensate for the unfavorable propagation condition and realize a
satisfactory THz link performance.
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Chapter 20
SiGe HBTs

Jae-Sung Rieh and Omeed Momeni

Abstract SiGe HBTs (heterojunction bipolar transistors) are a type of Si-based
BJTs (bipolar junction transistors) that employ a SiGe alloy layer as a part of the
device, typically as the base layer. Since its first demonstration in 1987, SiGe HBTs
have become a mainstream Si bipolar transistor and are now widely employed for
various high-frequency applications. In this chapter, a brief overview of SiGe HBTs
is provided. Firstly, the DC characteristics are described in terms of the collector
current and current gain, with focus on the comparison with Si BJTs and the origin
of the advantages. A review on the definition of various breakdown voltages will
be also presented along with device parameters that affect the breakdown voltages.
Secondly, the RF characteristics of SiGe HBTs will be discussed in terms of fT
(cutoff frequency) and fmax (maximum oscillation frequency). Additional discussion
will be made on high-frequency noise and 1/f noise of SiGe HBTs. Lastly, a couple
of exemplary SiGe HBTs and circuits will be introduced to provide the practical
aspect of modern high-performance SiGe HBTs.

20.1 Introduction

Silicon (Si) is, without question, the most prevailing semiconductor today; its
popularity is arising from the highly favorable properties such as the availability of
high-quality oxides, mechanical stability, high thermal conductivity, matured pro-
cessing technology, and low production cost. Looking back, however, germanium
(Ge) was once the semiconductor of choice in the early days of semiconductor
industry. As the readers may be aware, the very first transistor in the world developed
at Bell Lab in 1947 was a Ge transistor. Until Ge transistors gave way to Si
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transistors due to the apparent shortcomings of Ge such as the lack of the stable
oxide and the performance instability at high temperatures, Ge was widely embraced
as a useful semiconductor material. In view of this background, it is quite natural
that the alloy of these two major elementary semiconductors, SiGe, attracts attention
as a viable candidate for various device innovations.

At least a couple of attractive features of SiGe alloys can be mentioned from a
device application perspective. First, their bandgap can be adjusted by controlling
the Ge composition, which enables the bandgap engineering of Si-based devices.
It is known that the bandgap of SiGe layers grown on Si substrates is reduced by
~80 meV for every 10% increase in the Ge content for a practical range of Ge
composition. This enables heterostructure junctions for Si-based devices between
two semiconductors with different bandgaps, which serves as an extremely useful
tool for the device performance enhancement. Further, it allows the grading of
bandgap in a certain region of the device, which also can improve the local
carrier transport and resultant performance boost. Second, SiGe alloy layers exhibit
enhanced carrier mobilities over Si layers under certain conditions of transport
and material parameters, such as the carrier flow direction, Ge composition,
doping concentration, and carrier polarity. For example, SiGe layers grown on
top of Si substrates improve the hole mobility for both in-plane and out-of-plane
directions of the carrier movement. The out-of-plane electron mobility is enhanced
with SiGe alloys for the practical range of Ge composition (< 0.3) with high
doping concentration, although the in-plane mobility will be degraded in the same
condition.

These attractive properties gave rise to the application of SiGe layers for
various types of devices, both optical and electrical. However, the most successful
device application of SiGe has been with SiGe HBTs. The first SiGe HBT was
demonstrated by IBM in 1987, which was based on MBE-grown SiGe/Si epitaxial
layers [1]. This was soon followed by the first report on the RF characteristics of
SiGe HBT by Stanford and Hewlett-Packard, which exhibited fT of 28 GHz [2]. The
first SiGe HBT with fT higher than 100 GHz was reported early 1990s [3]. However,
it was not until 1996 that the world’s first commercial SiGe HBT technology (in
fact a BiCMOS technology) was released by IBM, which exhibited fT and fmax of
47 GHz and 65 GHz, respectively. Continued scaling and structural innovation have
led to SiGe HBTs with further improved operation frequencies, notably those with
fT /fmax = 350/160 GHz in 2003 by IBM [4], fT /fmax = 300/500 GHz in 2010 by IHP
[5], and 505/720 GHz in 2016 by IHP [6]. Note that the early efforts on RF SiGe
HBTs were made mainly to improve fT , while the more recent works are focusing
on higher fmax, the latter being now widely accepted as more relevant for most RF
circuit designs.
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20.2 DC Characteristics

20.2.1 Collector Current

The most distinct feature of SiGe HBTs from Si BJTs in terms of DC characteristics
is the higher collector current level for a given base bias. As the collector current
dictates the current gain and the transconductance in bipolar transistors, an overview
of the collector current of SiGe HBTs in comparison with Si BJTs would be useful.
Before jumping into the current analysis, it would help readers to review the energy
band diagram of SiGe HBTs in comparison with that of Si BJTs, which are shown in
Fig. 20.1 for npn devices in the forward active mode operation. Typical SiGe HBTs
employ a SiGe layer as the base region while the emitter and the collector are based
on Si, whereas the entire region of Si BJTs is made of Si. For the base SiGe layer,
Ge composition is usually maintained below ~20% to avoid dislocations that may
be caused by lattice mismatch with larger Ge compositions. Also, the grading of Ge
composition across the base is very widely practiced, in which case Ge composition
gradually increases from the emitter side toward the collector side. Called the retro-
graded Ge composition, it results in a gradual reduction of the bandgap toward the
collector side as shown in Fig. 20.1a, which creates a slope in the conduction band.
A quasi-electric field for electrons is generated due to the slope, which helps to
improve the electron transport across the base and a consequent speed enhancement
as will be discussed in the next subsection.

For the DC characteristics, the major effect of SiGe arises from the overall
reduction in the bandgap of the base region. To understand the effect, a quantitative
analysis would be helpful. The general expression for the collector current density
of bipolar transistors in the forward active mode is given by Moll-Ross relation as
follows [7]:

JC = qeqVBE/kT

∫WB
0

NB(x)

DnB(x)n
2
iB (x)

dx
(20.1)
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Fig. 20.1 Energy band diagram of npn type transistors in the forward active mode: (a) SiGe HBT.
(b) Si BJT
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where NB, DnB, and niB are the doping concentration, electron diffusion constant,
and intrinsic carrier concentration, respectively, in the neutral base region (base
region outside the depletion regions) and WB is the neutral base width at bias VBE.
It is interesting to note that the collector current level is determined by the physical
parameters in the base region, with no contribution from the emitter or collector
regions. This is related to the fact that bipolar transistors are minority carrier devices,
leading to npn device performance dictated by the minority electrons in the p-type
base.

Two cases will be discussed separately. First, the case with a uniform Ge
composition throughout the base region will be considered, which would provide
a more insightful view with a simpler analysis when compared to the more popular
case with graded Ge composition. With additional assumptions of uniform doping
concentration and uniform diffusion constant across the base region, Eq. (20.1)
becomes:

JC,SiGe,unif = qn2
iB,SiGeDnB,SiGe

NBWB
eqVBE/kT (20.2)

The readers may remember from the basic semiconductor device classes that the
general expression for ni2 is given as:

n2
i = (NCNV ) e

−Eg/kT (20.3)

where Eg is the bandgap; NC and NV are the effective density of states at conduction
and valence bands, respectively. Then, niB2 of the SiGe base region with uniform
Ge composition can be expressed as:

n2
iB,SiGe,unif = (NCNV )SiGee

−(Eg,Si−�Eg,SiGe
)
/kT (20.4)

where �Eg,SiGe represents the bandgap reduction due to the addition of Ge into the
base region. From Eqs. (20.2) and (20.4), the collector current density of the SiGe
HBT is given as follows [8]:

JC,SiGe,unif = qDnB,SiGe(NCNV )SiGe

NBWB
e−
(
Eg,Si−�Eg,SiGe

)
/kT eqVBE/kT (20.5)

In comparison, the current density for Si BJTs is given by:

JC,Si = qDnB,Si(NCNV )Si

NBWB
e−Eg,Si/kT eqVBE/kT (20.6)

Hence, the collector current of SiGe HBTs is increased by a factor of:
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JC,SiGe,unif

JC,Si
= (NCNV )SiGe

(NCNV )Si

DnB,SiGe

DnB,Si
e�Eg,SiGe/kT

= (NCNV )SiGe

(NCNV )Si

μnB,SiGe

μnB,Si
e�Eg,SiGe/kT

(20.7)

where Einstein relation of μnkT/q = Dn is used. While there are differences
in the effective density of states and the mobilities between SiGe and Si, the
dominating factor in Eq. (20.7) is still the exponential bandgap reduction factor,
or e�EgB,SiGe/kT . With the typical range of Ge composition of 10–20%, the
enhancement factor can range from ~35 to as high as ~900 at room temperature.
The number can be even greater at lower temperatures.

Second, the case with the retro-graded Ge composition in the base is considered.
While an analytic derivation of the collector current density can be obtained if the
grading is linear, only the result will be presented here for the sake of briefness. The
detailed derivation can be found elsewhere [8, 9]. For the linearly retro-graded base,
the collector current gain is approximated as:

JC,SiGe,grade =
qD̃nB,SiGe

(
ÑCÑV

)

SiGe

NBWB
e�EgB,SiGe(0)/kT

·�EgB,SiGe(grade)
kT

eqVBE/kT

(20.8)

where �EgB,SiGe(0) is the bandgap reduction at the emitter-side edge of the neutral
base region and �EgB,SiGe(grade) is the total grading of the energy bandgap across
the neutral base region. The tildes on some parameters indicate the average value of
the corresponding parameters in the base region, as the values vary across the base
region due to the position dependence of the Ge composition. With the given Ge
composition profile, the enhancement factor becomes:

JC,SiGe,grade

JC,Si
=
(
ÑCÑV

)

SiGe

(NCNV )Si

· μ̃nB,SiGe
μnB,Si

e�EgB,SiGe(0)/kT
�EgB,SiGe(grade)

kT

(20.9)

Hence, the dominant enhancement factors are the exponential bandgap reduction
factor, e�EgB,SiGe(0)/kT , and the linear bandgap grading factor,�EgB,SiGe(grade)/kT.
As the magnitude of the linear factor is limited, the design of the Ge profile needs
to maintain the Ge composition at the emitter-side edge of the neutral base large
enough to achieve a large enhancement in the collector current density. With a
proper base Ge profile design, the enhancement factor of several tens can be easily
obtained.
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In a qualitative term, the main factor for the raised collector current level of SiGe
HBTs over that of Si BJTs is the increased minority electron concentration in the
base region, which stems from the increased intrinsic carrier concentration ni in the
base region as a result of the reduced bandgap of SiGe. As ni has an exponential
relation with the bandgap, a slight reduction in the bandgap induced by the addition
of a small amount of Ge in the base region results in a remarkable increase in the
collector current level.

20.2.2 Current Gain

For bipolar transistors, the current gain usually refers to the common-emitter current
gain, which is the ratio between the collector current and the base current. Although
the DC current gain and AC current gain are technically different, the current gain in
this subsection will refer to the DC current gain, while it will not be much different
from the AC current gain. The base current in npn transistors, which is basically
a hole current, is composed of the recombined holes in the emitter-base depletion
region and in the neutral base region, and holes injected into the neutral emitter
region. For modern bipolar transistors with very thin neutral base layer and low
defect density, the hole current injected into the emitter dominates the total base
current. Assuming a thin emitter region with dominant hole recombination at the
emitter contact, which is the typically the case, the base current density can be
expressed as follows [10]:

JB = qeqVBE/kT

∫WE
0

NE(x)

DpE(x)n
2
iE(x)

dx + NE(WE)

n2
iE(x)Sp

(20.10)

where NE, DpE, and niE are the emitter doping concentration, hole diffusion
constant, intrinsic carrier concentration, respectively, in the neutral emitter region.
WE is the neutral emitter width at bias VBE, and Sp is the hole recombination velocity
at the emitter contact. If we assume uniform doping concentration and diffusion
constant across the emitter region, Eq. (20.10) is reduced to:

JB = qeqVBE/kT

NEWE
DpEn

2
i,Si

+ NE
n2
i,SiSp

= qn2
i,SiDpE

NEWE

(
1 + DpE

WESp

)eqVBE/kT (20.11)

It is obvious from the expression that the base current is determined by the
parameters in the emitter region, similar to the collector current being dependent
on base region parameters as mentioned earlier. This indicates that there is no
difference in the base current density for the two base profiles being considered,
one with uniform Ge composition and the other with graded Ge composition. By
the same token, the base current will be identical for SiGe HBTs and Si BJTs as
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well, since the emitter region of typical SiGe HBTs is made of Si, as is the case for
Si BJTs. Therefore, the enhancement factor for the current gain will be identical to
that of the collector current density. Based on this observation, the current gain for
the two types of SiGe HBTs is given as:

βSiGe,unif = e�EgB,SiGe/kT · (NCNV )SiGeDnB,SiGeNEWE
(NCNV )SiDpENBWB

(

1 + DpE

WESp

)

(20.12)

βSiGe,grade = e�EgB,SiGe(0)/kT
�EgB,SiGe(grade)

kT

·
(
ÑCÑV

)

SiGe
D̃nB,SiGeNEWE

(NCNV )SiDpENBWB

(

1 + DpE

WESp

) (20.13)

The enhancement factors for the current gain of SiGe HBTs over Si BJTs, which is
the same as those of the collector current density, are not be repeated here. Recalling
the level of enhancement in the collector current density with the addition of Ge
in the base, the enhancement in the current gain can range from several tens up
to several hundreds with typical Ge composition profiles in the base region. The
enormous current gain in SiGe HBTs is one of the most outstanding features of
SiGe HBTs that distinguish them from Si BJTs. Again, the higher current gain
of SiGe HBTs eventually originates from the increased minority electron carrier
concentration in the base region with the smaller bandgap of SiGe, which results
in the increased collector current while the base current remains the same for SiGe
HBTs and Si BJTs. This can be compared to the cases of HBTs with a large emitter
bandgap, often found in III-V HBTs, in which the increased current gain is mainly
due to the reduction of the base current.

While it is true that higher current gain is a desired aspect of bipolar transistors,
an excessively large current gain is not necessarily favored as it can lead to
degradation in the breakdown voltage without clear benefits for actual circuit
applications. A rule of thumb is that the current gain of about 100 is sufficient
for most circuit applications. Any extra current gain larger than this level will not
be desired. However, the real advantage of the high current gain with SiGe HBTs
lies in the fact that the extra current gain can be traded for other performances of
SiGe HBTs. One key trade-off is to increase the base doping concentration NB in
sacrifice of the current gain. Thus, increased base doping will benefit various aspects
of device operation, including the reduction of base resistance, the availability of
thinner base layer, and the prevention of the emitter-collector punch-through. These
aspects are highly beneficial to the RF performance of the device as will be detailed
later. For conventional Si BJTs, the base doping cannot be increased too much since
it will result in insufficient current gain, while such constraint is eliminated with
SiGe HBTs.
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20.2.3 Breakdown Voltages

For bipolar transistors, various breakdown voltages can be defined. First of all,
a couple of p-n junction breakdown voltages can be defined: the emitter-base
breakdown voltage with collector open (denoted as BVEBO) and the collector-
base breakdown voltage with emitter open (denoted as BVCBO). The breakdown
voltage between collector and emitter is more intricate, since the two electrodes
are separated by the base region and thus the breakdown strongly depends on the
condition at the base terminal. In this situation, we can consider three different cases
regarding the base terminal condition: base opened, base shorted to emitter, and
base connected to emitter through a resistor. The collector to emitter breakdown
voltage corresponding to each of these cases is denoted as BVCEO, BVCES, and
BVCER, respectively. Figure 20.2 illustrates the connection schematics for these
five breakdown voltages. Following discussion will be focused on the collector to
emitter breakdown voltages. To better understand the breakdown in each of the three
conditions at the base terminal, let’s take a look at the mechanisms of avalanche
breakdown across the emitter and collector when the bias across the two terminals
is near the breakdown voltage.

When the breakdown occurs across the base-collector junction, the generated
holes by the breakdown are drifted toward the base region. Once they enter the
base region, they will either exit the device through the base contact or recombine
with electrons injected from the emitter into the base. For the latter case, a single
such recombination event requires hundreds of additional electrons to be injected
from the emitter, or, to be more exact, as many electrons as the current gain. The
increased injection level of the electrons causes increase in the emitter current
level, which further promotes the breakdown in the base-collector junction and thus
increases the emitter current level again. This positive feedback mechanism, which
is originated by the current gain action of bipolar transistors, tends to lower the
breakdown voltages. Interestingly, the strength of such positive feedback depends
on how much portion of the total breakdown-generated holes eventually end up
triggering an emitter current rise, instead of exiting the device. The portion depends
on the condition at the base terminal. The larger the impedance looking out from
the base region at the base terminal, the larger portion of the breakdown-generated
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Fig. 20.2 Connection schematics of various breakdown voltages of bipolar transistors
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holes will recombine with electrons, since the large impedance tends to block the
holes from exiting the device. This would result in smaller breakdown voltage.

Based on the mechanism above, the relative magnitude of BVCEO, BVCES, and
BVCER is now discussed. For devices with the open base, the entire breakdown-
generated holes will recombine with electrons injected from the emitter, thus
severely triggering the emitter current level increase and thus the positive feedback.
This worst scenario would lead to the lowest breakdown voltage possible with the
given device, which is BVCEO by definition. Although BVCEO is commonly quoted
as the breakdown voltage of bipolar transistors, open-base condition is in fact rarely
faced in actual operation of the device in circuit applications. For the devices with
the base shorted to emitter, the vast majority of the breakdown-generated holes will
exit the device through the base. This is the most optimistic situation and will lead
to the largest breakdown voltage possible across the emitter and collector, which is
BVCES by definition. Its value will be virtually equal to BVCBO as the breakdown
does not involve the positive feedback. Positioned between the two extreme cases
is the device with the base terminal connected to the emitter through an external
resistor. In this case, naturally, the corresponding breakdown voltage, BVCER, will
take on values somewhere between BVCEO and BVCES, depending on the values
of the external resistor. In fact, this is the most practical situation in the actual
circuit applications, and thus, BVCER should be interpreted as the representative
upper voltage limit allowed between the emitter and collector of a bipolar transistor.
It is known that, for practical values of RB,ext (< 1 k�) and moderate emitter size,
BVCER is very close to BVCES. Hence, from a practical point of view, the maximum
allowed voltage between collector and emitter is not far from BVCBO.

It is noted that a larger current gain would enhance the positive feedback of the
breakdown, hence lowering the breakdown voltage. This is one main reason why the
current gain should be maintained within a reasonable level in bipolar transistors.
Also, it will be useful to remember that the ratio between BVCBO and BVCEO is
around 2–4 for typical SiGe HBTs. For the most advanced high-frequency SiGe
HBTs of today, BVCBO is around 3–5 V, while BVCEO ranges over 1.4–1.8 V. As for
the comparison between SiGe HBTs and Si BJTs, there is no dominating factor that
would make the breakdown voltages of the two devices different. The larger current
gain and smaller base bandgap of SiGe HBTs would reduce the breakdown voltages
of SiGe HBTs, but the effect is only moderate. While the reported breakdown
voltages of SiGe HBTs are usually lower than those of Si BJTs, it is mainly due
to the higher collector doping concentration of SiGe HBTs rather than the SiGe
layer in the base. A similar level of collector doping concentration with Si BJTs
would make a similar result, while such an aggressive collector doping for increased
operation frequency was not routinely practiced for Si BJTs.
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20.3 RF Characteristics

20.3.1 Cutoff Frequency fT

Before jumping into the discussion on the cutoff frequency fT , it will be useful to
briefly overview the device operation speed and its measures. The operation speed
of transistors is widely represented by two parameters. One is the cutoff frequency
fT , which is the frequency where the current gain becomes unity, and the other is
the maximum oscillation frequency fmax, which is the frequency where the power
gain (more specifically, the unilateral power gain U) drops down to unity. While
the relative importance of the two parameters is still under discussion [11], there is
a wide-spread notion that fmax is more relevant, at least for analog and RF circuit
applications as briefly mentioned earlier in this chapter. On the other hand, fT is
less sensitive to the device layout and thus is more representative of the process
technology rather than the actual devices employed for circuits. For this reason, fT
still retains its status as a key parameter widely quoted in evaluating semiconductor
technologies. In this subsection, both parameters will be discussed. Because a better
insight can be obtained with fT , a more detailed description will be first given for fT ,
from which the discussion on fmax will be derived in the following subsection.

The cutoff frequency fT of bipolar transistors can be expressed in terms of the
emitter-to-collector delay time, τEC, which is defined as the inverse of fT with a
factor of 2π:

τEC = 1
2πfT

= τE + τC + τB + τCSCL
= kT

qIC
CEB +

(
kT
qIC

+ RC + RE
)
CCB + WB

2

γDnB
+ WCSCL

2vSAT

(20.14)

where k is the Boltzmann constant, CEB and CCB are emitter-base and collector-
base capacitances, RC and RE are collector and emitter resistances, WCSCL is the
base-collector space charge region (SCR) width, vSAT is the saturation velocity, and
γ is the field factor that is a measure of the quasi-electric field established in the
base due to the base bandgap grading.

The most effective strategy of bipolar transistor performance improvement is the
scaling [12]. This strategy works not only for SiGe HBTs but also for Si BJTs.
In fact, the scaling is a generic strategy that works for any semiconductor devices.
Smaller device dimension tends to reduce the transit time of carriers, as well as the
RC time delays in the device interior if proper optimization is made. As we narrow
our focus down to SiGe HBTs, we can expect both vertical and lateral scalings
to improve the device speed based on the delay time reduction as expected by
Eq. (20.14). For SiGe HBTs, the vertical scaling will impose the primary impact
as they are typically a vertical device. The lateral scaling affects the device speed
through the charging time as dictated by the resistance and capacitance. Both scaling
approaches are discussed below, starting with the vertical scaling.

The vertical scaling involves both collector scaling and base scaling. Let’s bring
out attention to the collector scaling first. The major effect of the collector scaling
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is the reduction of WCSCL, which is usually realized with increased collector doping
concentration NC. The increased collector doping reduces the base-collector space
charge layer width (depletion width) WCSCL, leading to a smaller τCSCL. The
reduced WCSCL, however, necessarily involves an increase in CCB, leading to an
increased charging time and thus a larger collector delay τC. Therefore, the collector
scaling requires a precise balance between these two competing factors. A widely
practiced approach for SiGe HBTs to suppress the CCB increase due to the increased
NC is selectively implanting the intrinsic region of the collector just below the
emitter area. In this way, only the (laterally) central region of the collector will be
highly doped, while the edge region maintains a relatively low doping concentration.
This selectively implanted collector (SIC) effectively reduces the electron traveling
time across the space charge layer while suppressing the extrinsic component of
CCB.

Another advantage of the collector scaling with increased NC comes from the
increase in the Kirk current IK , or the collector current at which the Kirk effect takes
place. The Kirk effect refers to a phenomenon in which a rather abrupt widening of
the base width occurs when the collector current becomes excessively large. The
Kirk effect kicks in when the mobile carrier concentration in the base-collector
space charge region becomes comparable to the ionized dopant concentration in that
region, which is almost the same as the background doping concentration. Based on
this, IK can be expressed as follows [13]:

IK = qACvSAT NC

(

1 + 2εsVCB
qNCW

2
C

)

≈ qACvSAT NC (20.15)

where VCB is the voltage applied between collector and base, εs is the dielectric
constant of Si, AC is the collector cross-sectional area, and WC is the lateral width
of the collector layer. Eq. (20.15) indicates that a higher doping concentration
effectively increases IK and thus delays the onset of the Kirk effect. This will allow a
higher collector current level, leading to a reduction in the minimum available values
of τE and τC (see Eq. (20.14)), which is basically a consequence of the reduced
minimum charging time with the increased current. In addition, the collector scaling
effectively increases the average velocity across the base-to-collector space charge
region due to enhanced ballistic transport [14], which also contributes to reducing
τCSCL.

As for the base scaling, its main effect is obviously the reduction of WB and,
thus, τB. It may sound straightforward, but the actual implementation is not so
simple. Aggressively reduced neutral base width may trigger the troublesome
emitter-to-collector punch-through, in which the emitter-base depletion region and
the base-collector depletion regions merge. This causes the neutral base region
to disappear, preventing the normal operation of bipolar transistors. Even if the
punch-through is barely averted, the narrow neutral base width would significantly
increase the base resistance RB as the base current is supplied through the lateral
path along the base layer. In either case, the most effective solution is to increase
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the base doping concentration. It prevents the depletion regions from encroaching
too deep into the base region and, at the same time, reduces the sheet resistance of
the base region. There are a couple of issues related with the heavily doped base,
though. As mentioned earlier, a high base doping would reduce the current gain.
With SiGe base, however, this issue becomes mostly irrelevant, since a sufficiently
high current gain is already available, which can be traded for higher base doping
concentration. The other issue, which is rather related to the material aspect of the
device fabrication, is the outdiffusion of the base dopant. Typically employed for
base doping is boron (B), and the diffusion of B atoms out of the base region during
high-temperature cycles in device fabrication results in the widening of the base
layer. This will counteract the scaling and degrade device speed with increased
τB. Interestingly, this issue, a general problem for Si bipolar transistors, can be
partly mitigated by employing SiGe for the base, as the added Ge atoms tend to
suppress the diffusion of B atoms. To further suppress the B outdiffusion, carbon (C)
atoms can be additionally included in the base region, which is widely employed in
modern SiGe HBTs [15, 16]. While such carbon-doped SiGe HBTs are sometimes
specifically referred to as SiGeC HBTs, you can assume that most modern SiGe
HBTs include C in the base as a routine process.

There is another factor of the base scaling that enhances the device speed. As
mentioned earlier, the quasi-electric field is established across the base when the
retro-graded Ge composition profile is adopted for the base region. It will accelerate
the electrons traveling across the base, leading to a reduction in the base transit time
τB. This effect is represented by the field factor γ , which appears in the denominator
of τB in Eq. (20.14). It can be explicitly expressed as a function of quasi-electric
field strength E0 as follows [17]:

γ = 2

⎡

⎣1 +
(
qE0WB

kT

) 2
3

⎤

⎦ (20.16)

E0 is proportional to the slope of conduction band edge (EC in Fig. 20.1a), which
will increase with reduced WB for a given total grading to Ge composition across
WB. Hence, the base scaling with the same peak Ge composition will enhance the
impact of the quasi-electric field on the base transit time reduction. This effect,
together with the reduced WB itself, will improve the device speed, a result of the
base scaling. One advantage of the base scaling over the collector scaling is the fact
that it does not degrade the base-collector breakdown voltage, which renders the
base scaling a more favored option for the speed enhancement particularly in power
devices.

In the case of the lateral scaling, its effect on fT is not as pronounced as the
vertical scaling. However, the lateral scaling may help when performed together
with the vertical scaling. For example, the increase in CCB and CEB due to the
vertical scaling can be effectively compensated for by reducing the capacitance
area with the lateral scaling [18]. Such compensation applies to CEB, too. In the
case of resistance, however, the contact area and the cross section of the vertical
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current paths are reduced with the lateral scaling. Hence, resistances such as RE and
RC may be degraded as a result of the laterally pinched vertical current paths, if
not significantly. However, RB is dominated by the lateral path along the thin base
layer and thus much helped by the lateral scaling. RB does not apparently affect fT
as revealed by Eq. (20.14), though, while it does affect fmax as will be discussed
shortly below. Also, the fringing current component at the emitter-base junction,
which degrades the device speed due to the effectively increased current path across
the base, may be more pronounced with the emitter stripe width reduction with the
lateral scaling.

20.3.2 Maximum Oscillation Frequency fmax

For bipolar transistors, fmax can be approximated as:

fmax =
√

fT

8πRBCCB
(20.17)

Hence, it is closely related to fT , but is additionally affected by RB and CCB (note
that for field-effect transistors such as MOSFETs, gate resistance RG and gate-
drain capacitance CGD affect fmax in the same way). As was the case for fT , both
vertical and lateral scalings affect fmax of SiGe HBTs. We have seen the effects
of the vertical scaling on fT in various ways above. As fmax increases with fT , it
inherits the overall advantages of the vertical scaling imposed on fT , although the
impact is diminished due to the square-root relation between fmax and fT as shown in
Eq. (20.17). However, the additional factors that appear in the fmax relation, RB and
CCB, are also affected by the vertical scaling. In fact, both RB and CCB are adversely
affected by the vertical scaling. The increased sheet resistance due to the thinned
base layer results in an increase in RB, and the reduced base-collector depletion
width due to raised collector doping will lead to increase in CCB. Therefore, it is fair
to say that there are competing effects of the vertical scaling on fT , RB, and CCB,
and the overall effect may turn out either beneficial or detrimental, depending on
structural details of the given device.

The lateral scaling, which has only limited influence on fT , plays a major role on
fmax. Base current is supplied laterally to the intrinsic region of SiGe HBTs, unlike
emitter or collector currents that mostly flow through vertical paths. Consequently,
the lateral scaling reduces the length of the lateral path for the base current,
particularly through the region just beneath the emitter with a high sheet resistance,
resulting in a reduction in RB. The base-collector junction area decreases with the
lateral scaling, too, leading to a reduction in CCB. As fmax has a direct correlation
with RB and CCB as shown in Eq. (20.17), it greatly benefits from such effects of the
lateral scaling on these parameters. As mentioned earlier, most circuit performances
are closely related to fmax of the device. Overall, the SiGe layer employed for the
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base region enables the aggressive vertical scaling of the base region and base
resistance reduction through the high base doping concentration. This has led to
the high fmax values achieved with modern SiGe HBTs, which has reached beyond
700 GHz [6].

20.3.3 Noise Characteristics

The noise characteristics of transistors can be treated in terms of the high-frequency
noise and low-frequency noise (or 1/f noise). This sub-section will provide a brief
overview of these two types of noise for SiGe HBTs.

For bipolar transistors, the high-frequency noise arises from the shot noise and
the thermal noise, which arise from the discrete nature of carriers crossing p-n
junctions and the finite resistance along the carrier paths, respectively. The high-
frequency noise can be represented by four noise parameters: minimum noise figure
(Fmin), noise resistance (Rn), and the real and imaginary components of the source
impedance match for lowest Fmin (Γ opt). Out of the four noise parameters, Fmin

is regarded as the most critical one, as it represents the lowest noise figure level
available with the optimal noise matching. By assuming a simple common-emitter
compact model, Fmin of a bipolar transistor can be expressed as follows [12]:

Fmin 
 1 +
√√
√√2IC
VT

RB

(
f 2

f 2
T

+ 1

β

)

(20.18)

where VT is the thermal voltage given by kT/q.
In the lower frequency regime at which f << fT /β0.5, Fmin can be reduced to

following frequency-independent form:

Fmin 
 1 +
√

2IC
VT β

RB (20.19)

It can be easily seen that a smaller RB and a large β would help to reduce Fmin.
In the higher frequency regime where f >> fT /β0.5, Fmin climbs up linearly with
frequency:

Fmin 
 1 + f
√√√√ 2

VT
RB

(
IC

f 2
T

)

(20.20)

In this regime, reducing RB as well as increasing fT is required for the reduction of
Fmin.
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From these expressions for Fmin in terms of the device parameters, it is clear SiGe
HBTs will have obvious advantages over Si BJTs. Although its impact is minimal,
current gain is typically larger for SiGe HBTs as mentioned earlier, which helps
to bring down Fmin at frequencies much lower than fT . More importantly, a small
RB and a large fT , which are readily available with SiGe HBTs as observed earlier,
will greatly improve the noise characteristics. This clearly indicates that, for RF
applications, SiGe HBTs are favored over Si BJTs for both high-speed and low-
noise performances.

The low-frequency noise of transistors also affects RF characteristics of the
circuits although it occurs at far lower frequency than the typical RF operation
frequency, as it can be frequency up-converted with various mixing operation of the
actual circuit. The low-frequency noise of semiconductor devices is often dominated
by 1/f noise, which mostly arises from the trapping and de-trapping processes of
carriers that travel inside the device. In MOSFETs, the carriers travel along the
channel in close proximity of the oxide-semiconductor interface and hence they are
highly vulnerable to trapping and de-trapping processes, leading to a significant 1/f
noise. On the contrary, the current path of the typical (vertical) bipolar transistor is
formed away from such interfaces or surfaces, for which bipolar transistors tend to
exhibit a much lower 1/f than MOSFETs. However, 1/f noise cannot be completely
eliminated, and it does affect the performance of bipolar transistors and circuits.

It is known that 1/f noise of the modern polysilicon emitter SiGe HBTs operating
in the common-emitter configuration is primarily generated in the base current
[19, 20]. At medium or high bias conditions, carriers are trapped and released by
defects that are typically spread across emitter area AE, near the thin interfacial
oxide layer that is formed at the polysilicon-to-silicon emitter interface. Devices
with a relatively large emitter area contain a large number of traps, leading to
a rather smooth 1/f spectrum and little inter-device variation. Smaller devices
contain a smaller number of traps and thus show a more fluctuating noise profile
over the frequency and also a larger inter-device variation. At very low biases,
the dominant noise mechanism becomes recombination and generation along the
emitter perimeter, which mostly arises from defects in the emitter-base depletion
region. Assuming the noise is dominated by the area-related traps, the base current
noise power of bipolar transistors becomes [21]:

SIb = Kf
I 2
B

AE
· 1

f
= Kf

I 2
C

β2AE
· 1

f
= Kf

J 2
CAE

β2 · 1

f
(20.21)

where Kf is a SPICE model parameter that is dependent on a trap density and the
strength of the carrier-trap interaction.

According to Eq. (20.21), the higher current gain of SiGe HBT would help to
lower 1/f noise for a fixed current density. At the same time, the higher collector
current, typically achieved with SiGe HBTs with collector scaling, would result in
higher noise level. However, remember that the raised noise level with a larger bias
current is rather a natural relation, which also occurs with high-frequency noise as
shown in Eq. (20.18). The corner frequency, widely adopted as a measure of the 1/f
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noise strength, of SiGe HBTs typically falls on near 1 kHz [22], which is 1–3 orders
of magnitude smaller compared with typical MOSFETs.

20.4 SiGe HBT Technology Examples

As briefly mentioned in the introduction of this chapter, the first demonstration of
SiGe HBT in 1987 [1] was soon followed by the first reported RF characteristics
in 1989 [2]. Since then, the performance of SiGe HBTs has been rapidly enhanced,
leading to device operation frequencies well beyond a few hundred GHz. The high-
frequency Si BJT technologies by major industrial players have been transformed
to SiGe HBT technologies in the course of a decade or two. In this sub-section, a
couple of SiGe HBT technologies are introduced as examples, one from IBM (now
GlobalFoundries) and IHP.

The first is a SiGe HBT from IBM, with a device cross-sectional schematic
illustrated in Fig. 20.3. On top of the heavily arsenic-doped subcollector buried
layer, the collector region is formed with a selective implantation in the central
region of a lightly doped collector epitaxial layer. The collector region is linked
to the collector contact through a vertical reach-through region, also heavily doped
for reduced collector resistance. A boron-doped SiGe base layer is grown above the
collector region by UHVCVD (Ultra High Vacuum Chemical Vapor Deposition),
which reaches the base contact through a self-aligned raised extrinsic base. On

SiGe Base
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Extrinsic Base

Poly Emitter

Selectively 
Implanted 
Collector (SIC)

Buried 
Subcollector

Base Silicide
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Collector Silicide
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Poly Emitter
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Fig. 20.3 Cross-sectional schematic of the SiGe HBT from IBM
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Fig. 20.4 DC characteristics of the IBM SiGe HBT with an emitter size of AE = 0.12 × 2.5 μm2:
(a) Gummel plots. (b) Forced-IB output characteristics. (© 2004 IEEE [22])

top of the intrinsic base region, a phosphorus-doped T-shaped polysilicon emitter
is formed, which allows narrow emitter stripes close to ~0.1 μm without causing
a significant increase in the emitter resistance. Contact resistance of electrodes is
lowered with the silicidation of the exposed contact region. Oxide-based deep and
shallow trenches provide device isolation without the use of mesa etching, leading
to a planar topography and dense layout, an obvious difference from typical III-V
HBTs. The completed devices are wired by Cu-based multi-level BEOL (Back End
Of the Line) process, which offers low resistance and favorable electromigration
characteristics for interconnect lines.

The DC characteristics of the device with an emitter size of AE = 0.12 × 2.5 μm2

are shown in Fig. 20.4. The Gummel plots show the near-ideal characteristics
of both collector and base currents without a signature of base leakage down to
VBE = 0.4 V. The ideality factor is 1.05 and 1.08 for collector and base, respectively.
The near-unity base ideality factor, an indication of the excellent control of surface
and interface states, can be attributed to the planar structure and high-quality Si-
oxide interface. The peak DC current gain is around 3500. BVCEO and BVCBO are
1.4 V and 5 V, respectively. A reduction of the excessive current gain is expected to
increase BVCEO with the given BVCBO.

The RF characteristics are presented in Fig. 20.5, which shows measured fT and
fmax of the device for various layout options. The three layout variants, which are
denoted as CBE, CBEB, and CBEBC following the order of the electrode contacts
location, are also depicted in the figure with both cross-section and top view. The
peak fT and fmax values, 375 GHz and 210 GHz, respectively, are obtained with
CBEBC option, which has dual contacts for both base and collector electrodes.
Compared to the CBE case, the CBEB and CBEBC configuration improves fmax
owing to the reduction of RB, which arises from the fact that base currents are
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Fig. 20.5 fT and fmax of the IBM SiGe HBT with various layout schemes. (© 2004 IEEE [22])

supplied from either side of the emitter contact, decreasing both contact and access
resistance. Further, the transition from CBEB to CBEBC results in fT improvement
due to RC reduction from the dual contact of the collector electrode. It is also helped
by the symmetric spread of injected electrons at the collector region that effectively
delays the onset of the Kirk effect. The resultant improvement in fT also contributes
to pushing up fmax slightly.

Additionally, the dependence of peak fT and fmax on emitter length LE and
width WE is depicted in Fig. 20.6, with CBE devices as an example. The most
obvious effect is the increase in fmax with decreasing LE. This can be ascribed to
the decreasing RB due to the shorter base current path to the other side of the emitter
finger along the silicided extrinsic base. This effect is expected to be less pronounced
for CBEB and CBEBC, though, as they have dual base contacts. fT shows a weaker
dependence on LE compared with fmax, while it exhibits a moderate optimum point
near LE = 2.5 μm. This can be attributed to the competing scaling behavior of
the resistance (RE and RC) and capacitance (CCB) with LE variation, which finds
a balance point near this dimension. As for the WE dependence, increased fmax
with WE reduction is obvious, which is from the reduced base access resistance
underneath the emitter opening. On the other hand, fT exhibits little dependence on
the WE variation, which indicates the balance established between reduced CCB and
CEB and increased RC.

Although the device described above is more inclined for fT performance in
sacrifice of fmax, it was afterward evolved into other variants with a performance
shift toward fmax, including those that exhibited fT /fmax = 300/360 GHz [23] and
285/475 GHz [24] based on a 90-nm BiCMOS technology.

As another example, a SiGe HBT developed from IHP is briefly introduced
below, which has a record fmax performance of 720 GHz with associated fT of
505 GHz [6]. The high fT and fmax of the device can be contributed to the aggressive
scaling in both base and collector. Tailoring of various process steps, such as the
control of the annealing temperature and the avoidance of the collector implantation
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Fig. 20.6 Dependence of fT and fmax of the IBM SiGe HBT on emitter dimension: (a) Dependence
on emitter length LE (b) Dependence on emitter width WE . (© 2004 IEEE [22])

through the base layer, resulted in the optimized base and collector vertical scalings.
In particular, extensive efforts were made to reduce RB for improved fmax, which
include the reduction of the emitter width, the optimization of the extrinsic base
doping concentration and distribution, and the increase of the base silicide layer
thickness. Additionally, the emitter sidewall spacer that determines the position of
the self-aligned extrinsic base silicidation edge was also aggressively scaled, which
would effectively reduce the base access resistance and thus enhance fmax.

The DC characteristics of the device are shown in Fig. 20.7. The device with
720-GHz fmax is denoted as D7bs in the plot, which is composed of 8 emitter
fingers of 0.105 × 1 μm2. It exhibits breakdown voltages of BVCEO = 1.6 V and
BVCES = 3.2 V. The peak current gain is estimated to be slightly lower than 1000
based on Fig. 20.7a. Extracted fT and fmax are shown in Fig. 20.8. The peak fT /fmax
of 505/720 GHz is obtained at the collector current density of 34 mA/μm2. This
current density is higher than that of the SiGe HBT from IBM described above by a
factor of nearly two. This suggests that a far more aggressive collector scaling with
increased collector doping concentration was applied for this device, which led to
a more effective delay of the onset of Kirk effect and thus improved peak fT /fmax
values. The relatively lower BVCES (≈BVCBO) of this device (3.2 V vs 5 V) is also
an apparent result of the higher collector doping concentration, while BVCEO is in
fact larger (1.6 V vs 1.4 V) as helped by the smaller current gain.
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Fig. 20.8 fT and fmax of the
IHP SiGe HBT. (© 2016
IEEE [6])
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20.5 SiGe HBT Circuit Examples

There is a rapidly growing interest for implementing semiconductor-based elec-
tronic systems operating at hundreds of GHz, or the frequency range loosely defined
as the THz band. The applications of such high-frequency systems include THz
spectroscopy, THz imaging, THz radar, and, of course, THz communication, as this
compiled book is intended to cover. Those systems can be implemented based on
various semiconductor technology options. Among them, SiGe HBT technologies
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provide Si-based solution together with CMOS technologies. Compared to CMOS
technologies, SiGe HBT technologies benefit from the fact that a more relaxed
lithography node can be used for a similar level of performance, which would
save lithography mask cost that will comprise a significant portion of the total chip
cost especially with low-volume productions. Compatibility with digital circuitry,
the chief advantage of CMOS technologies, is also supported by SiGe HBT
technologies as they are mostly offered as a form of BiCMOS technology, although
the available CMOS devices from BiCMOS technologies may not of the most scaled
version.

20.5.1 Unit Block Circuit Examples

Virtually, all the key circuit components composing such THz systems have been
demonstrated based on SiGe HBT (or BiCMOS) technologies. Oscillators, an
indispensable component for signal generation at transmitters and local oscillation
at receivers, have been extensively developed to operate at a few hundred GHz
range [25–27], and oscillation frequency beyond 1 THz has been recently achieved
with an oscillator array composed of 42 radiators [28]. For heterodyne systems,
for both transmitters and receivers, mixers play a pivotal role together with local
oscillation for frequency up- or down-conversion. While THz mixers have been
within visibility for decades based on diodes or more exotic devices, such as
SIS (superconductor-insulator-superconductor) or HEB (hot-electron bolometer)
structures, integration-friendly transistor-based mixers are highly desired for semi-
conductor THz systems, which have also been widely realized with SiGe HBT
technologies up to beyond 800 GHz [29]. Frequency multipliers are a critical
component for THz systems to boost the signal frequency, a recent study having
demonstrated a 0.92-THz frequency quadrupler [30]. While the circuit components
mentioned so far can be operated at frequencies higher than the device cutoff
frequency owing to the harmonic techniques, another core circuit component
in electronics systems, amplifiers, is inherently based on the fundamental mode
operation. Hence, its operation frequency is strictly limited by the device operation
frequency limit. Such a restriction has limited the highest operation frequency of
SiGe HBT amplifiers in the range of around 250 GHz to date [31, 32]. Below,
a couple of circuit components based on SiGe HBT technologies will be briefly
reviewed as example cases.

Let’s first consider oscillators operating at 320 GHz as reported in [26] based
on the IHP 130-nm SiGe HBT technology. Two circuits were compared. One is
a push-push oscillator based on a common-base LC cross-coupled structure, in
which the second harmonic signal is extracted at the collector common node of the
differential core that oscillates at the fundamental frequency of 160 GHz. The other
circuit is a 160-GHz fundamental-mode oscillator followed by a frequency doubler.
The fundamental-mode oscillator also adopts a common-base LC cross-coupled
structure, additionally employing a stacked common-base buffer to boost the
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oscillator output power. The frequency doubler takes on a Gm-boosting technique
with a base-emitter cross-coupling in the core differential pair, with the output
taken at the collector common node for second harmonic extraction. The circuit
schematics and the chip photos are shown in Fig. 20.9. The push-push oscillator
exhibited an output power of −6.3 dBm at 324 GHz. On the other hand, with
the oscillator-doubler circuit, a higher output power of +1.6 dBm was obtained
at 332 GHz. Of course, the latter consumed a larger DC power (101.2 mW vs
197.4 mW) and chip area (0.22 mm2 vs 0.44 mm2). Still, the overall efficiency
was higher for the oscillator-doubler circuit (0.2% vs 0.7%), rendering this circuit
a favored option, which can be ascribed to the fact independent optimizations are
available for fundamental oscillation and second harmonic extraction.

As for an amplifier, a 260-GHz cascode differential amplifier based on the IHP
130-nm SiGe HBT technology is reviewed. One of the challenges in the design
of circuits operating at frequencies beyond ~100 GHz is the uncertainty associated
with the device model, which is typically not guaranteed for this high-frequency
range. For amplifier designs, the model inaccuracy may cause not only the shift
in the performance matrix, but also drift in the stability, which is more serious
as it may result in the total failure of the amplifier operation. Particularly for
bipolar transistors, it is known that the uncertainty in the base parasitic inductance
value may aggravate the stability issue. Hence, for this 3-stage amplifier, a control
unit is installed for each stage, which is basically a shunt transistor whose base
bias is externally controlled with a tuning voltage (see Fig. 20.10a for the circuit
schematic). By design, this control unit affects the gain of the amplifier as well,
rendering the amplifier to operate as a variable gain amplifier. With the fabricated
chip shown in Fig. 20.10b, a peak gain of 15 dB (with input and output balun losses
of 1.5 dB compensated for) at 260 GHz with a 3-dB bandwidth of 16.5 GHz was
achieved, for which a DC power of 112 mW was consumed. With the voltage tuning,
the peak gain could be lowered down to 7 dB, which in turn improves the stability.
Through the entire operation condition, the amplifier did not show any indication of
instability, which imply the accuracy of the device model employed for the amplifier
design.

20.5.2 Integrated System Examples

There have been an increasing number of reports on system-level integration of
SiGe HBT circuits operating at THz frequencies, many of which are targeted at
THz communication applications. A summary table for SiGe HBT transmitters and
receivers intended for THz communication is presented in Table 20.1. It compiles
SiGe HBT communication transmitters and receivers operating beyond 100 GHz,
a good number of results have been reported recently [33–41]. The transmitter
output power has reached beyond 8 dBm (at 240 GHz) [37], while the receiver noise
figure as low as 10.7 dB (at 190 GHz, DSB (double side band)) has been reported
[36]. Based on these transmitters and receivers, combined with various modulation
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Fig. 20.9 (a) Circuit schematics of two 320-GHz signal sources (b) Chip photo of the fabricated
signal sources. (left: push-push oscillator; right: integrated oscillator-doubler) (© 2015 IEEE [26])

schemes ranging over BPSK, QPSK, and QAM, data rate up to 100 Gbps have been
reported with carrier frequency [40].
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Fig. 20.10 (a) Circuit schematic of the 260-GHz SiGe HBT amplifier (b) Chip photo of the
fabricated amplifier. (© The Institution of Engineering and Technology 2017 [31])

Other examples for a system-level integration include arrays for radiation and
beam steering. Below are recent examples for such arrays in a 130-nm SiGe
technology.

20.5.2.1 Scalable and Wideband Radiator Arrays

In spite of using performance-enhancing techniques for harmonic generation, there
are still limitations on the maximum harmonic power and the number of power-
boosted transistors that can be connected to a single antenna for THz signal
generation and radiation. This notion entails the use of antenna array at these
frequencies. Standing and traveling wave properties have been used in many
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Fig. 20.11 Standing wave oscillator with negative resistance block and harmonic generation and
radiation

electronic components such as oscillators, amplifiers, and frequency multipliers
[42, 43]. Standing wave has also been used in clock distribution for digital circuits
to reduce the clock skew [44]. Figure 20.11 shows a conceptual standing wave
oscillator. This oscillator has a transmission line (TL) with electric length of one
wavelength (λ) and both ends are shorted to ground. Active components (−Gm,
negative resistance) are used to sustain oscillation. The negative resistance is usually
placed at the voltage amplitude peaks of the standing wave, e.g., points A and B in
Fig. 20.11. With a perfect short circuit termination at the transmission line’s (TL)
end, the signals at points A and B have the same amplitude and are 180◦ out of
phase. Now if we can extract the even harmonics of the fundamental oscillation
signal at points A and B and radiate it through antennas, the even harmonics would
be in phase and their powers will add up constructively in space. Furthermore, all
the odd harmonics will be canceled out, resulting in a cleaner spectrum.

The negative resistance block at points A and B will be used to generate the
harmonic power and radiate it through an antenna. The length of the TL should
be increased so that more negative resistance blocks and more antennas can be
added. The problem here is the longer TL length will result in lower frequency
modes as illustrated in Fig. 20.12b. For example, cross-coupled transistor pair is
quite broadband and has even higher power at lower frequencies. So if the TL
size is doubled in a cross-coupled based standing wave oscillator, the frequency
of operation will indeed be reduced to half of the original frequency as shown in
Fig. 20.12b. Therefore, it would not be possible to scale up the antenna array for
higher radiated power.

A solution to this problem is a narrowband negative resistance that can only
cancel the loss at and around the frequency of interest. As a result all the undesired
modes are suppressed. By using this block in a standing wave oscillator, we can
increase the length of the TL and the oscillation frequency stays the same as
shown in Fig. 20.12c. Using this structure, we can easily scale the number of
active components without changing the frequency and without using a lossy and
power hungry coupling circuitry. This would result in a truly scalable structure for
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Fig. 20.12 Maintaining the operation mode of (a) unit standing wave oscillator (SWO) cell while
scaling the array, (b) replicating the unit cell when there is negative transconductance at fo/2
will force the oscillation to operate in an undesired mode, whereas (c) narrowband negative
transconductance forces the oscillation to remain at the original frequency

high power radiation at THz frequencies. Moreover, this structure can be viewed
as multiple coupled standing wave oscillators and therefore the same phase noise
enhancement as in coupled oscillators applies here.

As a proof of concept, a 4-element radiator array at 340 GHz was implemented
in a 130-nm BiCMOS process [45]. Figure 20.13 illustrates the structure. Two
separate continuous standing waves are formed on the top and bottom horizontal
TL with 4λ electrical lengths. These two waves oscillate out-of-phase, creating
an electrical ground in the middle plane and producing in-phase fourth harmonics
for coherent radiation in the far field. The fourth-harmonic power is fed to and
radiated by integrated patch antennas. The TL at the collector and the capacitor at
the emitter of the transistor are used to create a narrowband negative resistor at the
base of the transistor. The TL at the collector is also used to extract and combine the
fourth harmonic power from four adjacent transistors and feed it to a patch antenna.
Rather than using lossy varactors, the base voltage is used to change the base
capacitor and hence vary the frequency. The frequency can be tuned from 332.5 to
352.8 GHz which results in 5.9% tuning range at the center frequency of 343 GHz.
The measured total radiated power of the array was measured to be −10.5 dBm at
342 GHz with maximum 5.5 dB variation across the tuning range. The measured
and simulated radiation patterns of the array in the azimuth and elevation planes are
shown in Fig. 20.14. The half-power beam widths are 30◦ and 80◦ in the azimuth
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Fig. 20.13 Structure of the implemented four-element radiator array based on scaling the standing
wave by replication of an oscillator unit cell

Fig. 20.14 Measured radiation patterns of the 340 GHz 1 × 4 array in (a) azimuth and (b)
elevation planes

and elevation planes, respectively. This results in a measured maximum directivity
of 11.3 dBi.

20.5.2.2 Wide-Angle Steering and Wideband Phased Arrays

As illustrated so far, standing wave oscillators have unique properties that make
them ideal for coherent radiator arrays. However, if traveling wave is combined
with standing wave, phase shift between transistors and hence beam steering is
achievable. The circuit diagram in Fig. 20.15 shows a 2 × 2 standing/traveling wave
phased array. The top and bottom rows are the familiar 2-element standing wave
oscillator. The only difference is that the emitter TLs (TLE) are connected to biasing
voltages, Vst1 to Vst4, instead of ground. This enables an independent control over
the base-emitter voltages of each element, and makes the beam steering possible.
The voltage Vfr is the base voltage of all the transistors and is used to control the
frequency of the array. The top and bottom oscillators are coupled to each other
through TLp lines and are phase/frequency locked through injection locking.

To understand beam steering in the x-direction consider the bottom half of one of
the two-element oscillators as shown in Fig. 20.16. Beam steering in the x-direction
is carried out by creating a voltage difference between control voltages Vst in a row.
If Vst1 = Vst2, the balanced condition results in the presence of only a standing wave
without phase difference and steering of the beam. This scenario is depicted in the
ac equivalent half circuit of the row in Fig. 20.16a. However, a differential change
in Vst1 and Vst2 (reducing Vst1 and increasing Vst2 with the same amount) results in
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Fig. 20.15 Schematic of the implemented 2 × 2 standing/traveling wave phased array

the appearance of a residual traveling wave that creates a phase difference between
transistors at fundamental frequency (fo). This is shown in Fig. 20.16b. This phase
difference is then translated and magnified to the desired fourth-harmonic radiated
power and therefore steers the beam of radiation in the x-direction. In this case, the
two transistors on the left side produce a stronger negative resistance than the others.
As a result, the excess power generated by the stronger transistors is flown toward
the weaker transistor to make up for its loss compensation deficiency. This flow of
power can only occur through a traveling wave between the transistors. Unlike the
x-direction, an injection mechanism is used in the y direction to create phase shift
and steering in this direction.

As a proof of concept, a 2 × 2 phased array at 350 GHz was implemented
in a 130-nm BiCMOS process [46, 47]. As shown in Fig. 20.17a, the frequency
can be changed from 318 to 370 GHz that corresponds to 15.1% tuning range
with 344-GHz center frequency. Figure 20.17b and c shows the measured beam-
steering characteristic of the phased array in the E-plane (x-steering) and H-plane
(y-steering), respectively, as well as the frequency change during this process. A
total 128◦ and 53◦ scan angles are achieved in the E-plane and H-plane, respectively.
This is a significant improvement compared to the phased arrays at this frequency



230 J.-S. Rieh and O. Momeni

4f0 4f0 4f0 4f0 

Vst2Vst2Vst1Vst1

4f0 4f0 

Vfr
Standing Wave (SW) 

virtual gnd @ fodd  VbeA VbeBVbeB

VbeA=VbeB

Δφout,x = 0 
Pout,1 Pout,2

Vout,1 Vout,2

4f0 4f0 4f0 4f0 

Vst2Vst2Vst1Vst1

4f0 4f0 

Vfr

4υ1  4υ2

φ1 = 2(υ1+υ2)

4υ4  4υ3  
φ2 = 2(υ3+υ4)  

f0 

Standing Wave (SW) 

virtual gnd @ fodd  virtual gnd @ fodd  VbeA VbeBVbeB

TW

SW 

SW+TW 

υ1

TW

SW 

SW+TW 

υ1

SW 

TW SW+TW 

υ2

SW 

TW SW+TW 

υ2

TW

SW 

SW+TW 
υ3

TW

SW 

SW+TW 
υ3

SW 

TW SW+TW 
υ4

SW 

TW SW+TW 
υ4

Travelling Wave (TW) 

V1 V2V2 V3 V4V4

V1 V2V2 V3 V4V4

f0 

X-Steering

X

Y

X

YΔφout,x = φ1 – φ2 Δφout,x = φ1 – φ2 
Pout,1 Pout,2

Vout,1 Vout,2

z

x

(a)

(b)

Fig. 20.16 (a) In-phase radiation when Vst1 = Vst2 and (b) generation of the phase shift between
the radiated powers from the two antennas by differentially changing Vst1 and Vst2 and introducing
a residual traveling wave

range. Figure 20.18 shows the measured radiation patterns of the phased array with
and without steering in the E- and H-planes. EIRP and radiated power of the phased
array have maximum values of 4.9 dBm and −6.8 dBm at 344 GHz, respectively.
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Fig. 20.17 Independent mechanisms used in measurement for (a) frequency tuning, (b) x-steering
in the E-plane, and (c) y-steering in the H-plane, and the undesired frequency change during the
process

Fig. 20.18 Measured radiation patterns of the 2x2 phased array at 344 GHz in (a) E-plane and (b)
H-plane
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Chapter 21
Si-CMOS

Omeed Momeni and Minoru Fujishima

Abstract This chapter presents some important discussions on Si-CMOS imple-
mentations for THz applications. The technology’s performance is compared with
other platforms, the challenges are explained, and few important THz circuit blocks
and systems are presented. In the first section, the nonlinearity mechanism in CMOS
transistors and techniques to maximize harmonic generation is proposed. Moreover,
a scalable oscillator array structure for high power and wideband THz radiation
is presented. In the following section, a system of 300 GHz wireless transceiver
technology using CMOS is introduced. This system includes many THz components
including low-noise mixers, amplifiers, and power dividers.

21.1 Integrated Circuit Technologies for Signal Generation
and Radiation

High power and wideband signal generation is one of the most challenging aspects
of mm-wave and THz systems. Low-quality factor of the passive components
including the varactors and the high operation frequency relative to the maximum
oscillation frequency (fmax) of the active devices are the main reasons for inefficient
signal generation, low signal power, and small-frequency tuning range for these
systems. Compound semiconductor devices such as InP have relatively higher fmax
and can certainly perform better in this regard. However, these devices are hard to
integrate with low frequency and digital circuit blocks, have lower yields with higher
number of transistors, and consequently are more costly especially for consumer
electronics applications with high-quantity requirements. Silicon-based devices on
the other hand are doing much better in terms of integration and cost but suffer from
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low fmax. The fastest transistor in a BiCMOS technology has almost half the fmax
(∼600 GHz) of the fastest InP transistor (∼1.2 THz) [1, 2]. The fmax is even worse
(∼400 GHz) for the fastest CMOS transistor [3, 4].

For these reasons silicon technologies are the preferred platform if they can
deliver the required performances. Regardless of the technology, it is paramount
to understand the operation of the device and to estimate its maximum power
generation and the conditions to reach it at a specific frequency. Due to low
fmax values in silicon technologies, low tuning range, and high phase noise in
fundamental oscillators, harmonic signals are extracted at mm-wave and THz
frequencies. To boost the output power beyond the maximum power of an individual
transistor, on-chip and spatial power combining are employed [5–13]. Passive
components such as transmission lines are used to combine the power on chip. As
the number of transistors increases, the transmission lines in the power combiner
become longer and the loss increases accordingly. Depending on the frequency,
at some point the output power does not increase as the number of transistors
increases. This is why spatial power combiners are necessary at mm-wave and THz
frequencies. Multiple oscillators or frequency multipliers with radiating antennas
are coupled together to achieve the same signal phase, and therefore their radiated
powers add up in space [14–16]. Here the coupling circuitry is lossy, resulting in loss
and lower radiated harmonic power. Moreover, in some cases the coupling dynamic
is done in a loop structure, which can limit the scalability of the array. The power
consumption of the coupling circuitry is also a concern and can considerably reduce
the DC to RF efficiency.

In the next two subsections, we will first discuss the nonlinearity mechanism in
CMOS transistors and propose signal conditions to maximize harmonic generation.
We will then propose scalable oscillator array structures that eliminate the coupling
circuitry to provide high power and wideband THz radiation.

21.1.1 Harmonic Generation Mechanisms and Limits in
Transistors

The major nonlinearity mechanism used in small-signal regime to generate har-
monic power is the first-order nonlinear relation between the gate-source voltage
and the drain current in CMOS transistors. This is usually referred to as the
square-law characteristic of a CMOS transistor and will result in even harmonic
generation. Similarly there is an exponential relation between the base-emitter
voltage and the collector current in BJT transistors. However, when the transistor
node voltages deviate from small-signal approximation, the square-law or the
exponential characteristics are not the major source of nonlinearity anymore. This
is especially true in large signal circuit blocks such as oscillators and frequency
multipliers, which are also the foremost blocks for high-frequency signal generation.
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Figure 21.1a shows the signal waveforms for the transistor nodes in a cross-
coupled (push-push) oscillator. A transistor with large amplitudes on its terminals
enters different regions of operation. For instance, in Fig. 21.1, transistors may enter
all three major regions of operation. These transitions are also shown in a polar
coordinate system in Fig. 21.1b which illustrates different operation regions of M1
for one complete phase of oscillation, 2π . Such a map can be determined for any
oscillating transistor and is defined as its operation map [17]. In such a system,
the change in the regions of operation is the main source of nonlinearity [17, 18].
For example, Fig. 21.2 shows the simulated harmonic generation of a transistor
when its gate and drain node voltages are controlled to create specific operation
maps. In case (a), the transistor is in the active region during the entire oscillation
period. Therefore, second-harmonic generation is merely generated by the square-
law characteristics of the transistor. On the other hand, in case (b), the transistor
moderately enters the triode region for a short period. This figure clearly shows that
the second harmonic drain current is almost seven times higher in case (b) compared
to case (a).
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This highlights the importance of operation map for any transistor used for
harmonic generation. Different regions of operation in the operation map and
the duration of each region in one period have significant effects on harmonic
generation. For example, Fig. 21.3 shows the second harmonic generation of a
CMOS transistor for different operation maps. The gate-source voltage is chosen
so that the transistor is in the cutoff region for portion of the signal cycle. Now by
changing the magnitude of the voltage swing at the drain (Vds,1), we can control the
portion of the signal cycle during which the transistor is in the triode region. On the
far left side of Fig. 21.3b, Vds,1 is zero and transistor does not enter the triode region.
Therefore almost all of the second harmonic drain current (Id,2) is generated by the
change of operation region from active to cutoff and vice versa. As Vds,1 increases
the transistor starts to enter the triode region for portion of the signal cycle, and as
a result Id,2 starts to drop. This is because the portion of Id,2 that is generated from
entering the triode region is out-of-phase with the one generated from entering the
cutoff region. At a specific Vds,1 value, these two components become equal, and
therefore, the total Id,2 is zero (shown in Fig. 21.3 as a notch point). However, as
Vds,1 increases further, the duration of the triode region increases, and eventually
Id,2 is dominated by the portion generated from entering the triode region. This is
evident from Fig. 21.3b as the phase of Id,2 suddenly flips to 180◦ on the right side
of the notch point.

The notch area in Fig. 21.3b should be avoided in designing blocks such as
frequency multipliers or harmonic oscillators. In fact, for designing such blocks,
designers should decide whether to deploy the nonlinearity from entering the cutoff
region on the left side of Fig. 21.3b or using the nonlinearity from entering deep
triode region on the right side of Fig. 21.3b. Traditional frequency doublers as shown
in Fig. 21.4a exploit nonlinearity from the cutoff region [19]. In these circuits, drain
nodes are usually virtual ground at the fundamental frequency. Thus, signal swing
at drain nodes is not high and transistors barely enter triode. On the other hand,
entering the triode region is inevitable in harmonic oscillators because oscillation
amplitudes are fairly high. Figure 21.4b shows an example.
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Different harmonic components of Id,2 can also be calculated as a function of
the transistor’s I-V curve and the operation map [17, 18]. These theoretical values
are also shown in Fig. 21.3b and compare very well with the simulation results. That
means we can use the same theoretical framework to calculate the harmonic power
and maximize it with an optimum operation map. Since entering the triode region
in harmonic oscillators is unavoidable, we can maximize the second harmonic
generation by minimizing the cutoff region in the operation map and operate at the
far right side of Fig. 21.3b. An example of this operation map is shown in Fig. 21.4c.
Moreover, an optimum duration of the triode region (�1) can be calculated to be
∼76◦ to maximize the second harmonic power generation. The full analysis is
shown in [18].

Exploiting our new understanding for harmonic generation, we have imple-
mented a 300 GHz voltage-controlled oscillator (VCO) with record-breaking output
power (4.9 dBm) and DC-to-RF efficiency (3%) in a 65 nm CMOS process. The
circuit and the measurement results are shown in Fig. 21.5.

21.1.2 Scalable and Wideband Radiator Arrays

An scalable standing wave architecture was already discussed in section 20.1.5.2
[20, 21]. This structure can be further scaled to more radiation elements simply
by adding more replicas of the unit cell. However, in practice as the length of
the TL increases, it becomes harder to keep all the transistors in phase. This is
because the termination capacitors on the left and right side of the TL can never be
a perfect ground and hence generate a reflected wave which is not exactly 180◦ out-
of-phase with the incident wave. The effect of this phase error on in-phase radiation
of the transistors is more significant as the length of the TL increases. To solve this
problem and achieve scalability in a two-dimensional plane, the architecture shown
in Figs. 21.6 and 21.7 is proposed. Here the unit cell is limited to a two-element
standing wave oscillator. The phase relations in this unit cell remain balanced and
accurate. By shifting the top part of the unit cell by one element, we can achieve
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scalability in the x direction as shown in Fig. 21.6. In this configuration as many unit
cells as needed can be used without altering the correct phase relation between the
transistors. Figure 21.7 shows the technique to extent the array in the y direction. The
“Hinge” cells at the end of each row is used to couple the transistors, synchronize
the phase/frequency, and extend the array in two dimensions.

A 25-element radiator array at 450 GHz was implemented in a 65 nm CMOS
process [22]. The negative resistor structure is similar to the one in the 1 × 4 array
with BJT except that the sources of the transistors are directly connected to the
ground. This is a more efficient way of generating negative resistors in a CMOS
process. Folded slot antenna is used for each cell, and a silicon lens is implemented
for an efficient backside (through the chip’s substrate) radiation. Figure 21.8 shows
the implemented structure and the measurement results using a lens with a radius,
Rlens , of 5 and 12.5 mm. The frequency can be altered from 438.4 to 479.1 GHz
with a 1.2 V supply which is equivalent to 8.9% tuning range. The equivalent
isotropically radiated power (EIRP) of the circuit is 19.3 dBm, and the radiated
power is −1.8 dBm at 448 GHz. Figure 21.8d shows a significant improvement in
radiated power with respect to the state of the art.
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21.2 300GHz Band Communication Using Silicon Integrated
Circuits

Below 275 GHz, frequencies that can be used for wireless communication are
already assigned. Of these, the frequency range of 252–275 GHz can be used
for wireless communication. Meanwhile, as shown in Fig. 21.9, its application to
wireless communication in the frequency range of 275–450 GHz was discussed.
As a result, frequencies such as 275–296 GHz were supported for use in land
mobile and fixed service applications[23]. Therefore, it is expected that a continuous
frequency band of 252–296 GHz can be used for wireless communication. This is
the target frequency band for 300 GHz band communication.
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Here, we will introduce the features of silicon integrated circuits while com-
paring them with compound semiconductor integrated circuits and introduce the
technology of silicon integrated circuits that realize transceivers for 300 GHz band
communication.

21.2.1 Integrated Circuit for Terahertz Communication

The frequency used in the 300 GHz band communication is 100 times higher than
that of the widely used microwave communication. Generally, terahertz has a draw-
back that it is difficult to generate a high-power signal. Therefore, it is necessary
to use a circuit that can output the necessary signal power for communication at
ultra-high frequencies. In recent years, improvements in both device and circuit
technology have helped solve this problem.
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The integrated circuits are broadly divided into compound semiconductor inte-
grated circuits using indium phosphide (InP) and gallium arsenide (GaAs) substrates
and silicon integrated circuits using silicon (Si) substrates. Silicon integrated circuits
further include silicon germanium (SiGe) BiCMOS integrated circuits and CMOS
integrated circuits. The difference between these integrated circuits is the maximum
oscillation frequency fmax of the transistor and the degree of integration. The latest
InP HEMT among compound semiconductor transistors has a fmax of 1.5 THz
[24], and the SiGe bipolar transistor has a fmax of 720 GHz [25]. CMOS integrated
circuits were considered unsuitable for terahertz communication because the high-
frequency performance of silicon transistors was lower than that of compound
semiconductor transistors. Among the MOSFETs in CMOS integrated circuits, the
fmax of transistors using the SOI process is 410 GHz [26]. In an inexpensive bulk
CMOS process, fmax is around 300 GHz. Here, wireless circuits used in mass-
produced mobile phones and personal computers (PCs) are now made with cheap
CMOS integrated circuits due to improvements in circuit and device technology.
Advanced signal processing is essential for infrastructure devices that span satellites
and their attached terminals. BiCMOS integrated circuits and CMOS integrated
circuits can integrate digital circuits, but compound semiconductor integrated
circuits cannot integrate digital circuits. In particular, CMOS integrated circuits,
which are becoming more miniaturized than Bi-CMOS circuits, can incorporate
large-scale digital circuits, so there is a possibility that a single-chip transceiver
device can be realized in the future. Although the performance is inferior to that of
compound semiconductors and SiGe integrated circuits, if terahertz communication
can be realized with CMOS integrated circuits, the range of applications will be
expanded to mobile devices. CMOS integrated circuits are important for realizing
terahertz communication and advanced signal processing on a single chip at low
cost.
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21.2.2 300GHz Band Transmitter Using Silicon Integrated
Circuit

If the circuit technology can overcome the performance of silicon transistors, CMOS
integrated circuits can be selected for the 300 GHz band transceiver. This chapter
introduces the 300 GHz band wireless transmission technology using CMOS. Even
for the same silicon integrated circuit, the architecture of the 300 GHz band
transmitter depends on fmax. In SiGe integrated circuits, power amplifiers can be
used for 300 GHz band transmitters [27, 28], as shown in Fig. 21.10a, as in ordinary
transceivers. In CMOS integrated circuits, on the other hand, the power amplifiers
normally included in transceivers are not available.

Here, a method of generating a terahertz signal using a photonics device will be
introduced. It is difficult for photonics devices to directly generate low-frequency
(long wavelength) signals such as terahertz. Of course, photonics devices cannot
amplify terahertz signals. Therefore, a method called photomixing is used to
generate the terahertz signal. In the case of photomixing, a signal in the 300 GHz
band is generated by mixing two signals separated by a frequency of 300 GHz near
a wavelength of 1.5 μm. On the other hand, in CMOS, it is difficult to directly
generate a high-frequency (short wavelength) signal such as terahertz. There, a
terahertz signal is generated by multiplying the low signal. For example, the
frequency of 150 GHz is doubled, or the frequency of 100 GHz is tripled to generate
the 300 GHz band.
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Fig. 21.10 Comparison of 300 GHz band transmitters. (a) Since the maximum oscillating fre-
quency (fmax) of the transistors used in the most advanced compound semiconductor integrated
circuits and SiGe integrated circuits exceeds 300 GHz, signals in the 300 GHz band can be
amplified. (b) fmax of CMOS integrated circuit transistor is near 300 GHz or less, so power
amplifier cannot be used. Therefore, a 300 GHz band signal will be generated using a multiplier
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In order to realize a 300 GHz band transmitter with a CMOS integrated circuit,
a method has been proposed in which the intermediate frequency of 80 GHz is
tripled in the final stage to generate a 240 GHz signal as shown in Fig. 21.10b [29].
However, in the multiplier, as shown in Fig. 21.11a, not only the center frequency
but also the frequency band is tripled, so the wideband available in the 300 GHz
band cannot be fully utilized. To fully utilize the frequency band, it is necessary
to use a mixer in the final stage of the transmitter that upconverts the frequency
without changing the band, as shown in Fig. 21.11b. However, since the fmax of the
MOSFET in the CMOS integrated circuit is low, the conversion gain of the mixer is
0 dB or less, and the output power cannot be increased.

If the 300 GHz band signal cannot be amplified, the output power of the mixer
must be increased. In general, the output power can be increased by increasing the
power of the local oscillator (LO) signal and the modulated signal that are the two
mixer inputs. Of the LO signal and the modulated signal, at least the LO signal is
in the millimeter wave band. In the millimeter wave band, the gain of the CMOS
amplifier per stage is small, so the amplifier must be multistage. When using an
intermediate frequency for the modulation signal, the amplifier must be prepared
for both the LO signal and the modulation signal. In this case, not only the chip area
increases, but also the power consumption increases. Here, if the mixer outputs are
connected in parallel as shown in Fig. 21.12, the signal in the 300 GHz band can
be increased even without a power amplifier [30, 31]. However, in order to increase
the output power by connecting many mixers in parallel, many cross-wirings are
created. Here, in the same frequency band, both signals can be amplified by the
same amplifier by superimposing the signals. The terahertz signal is output when
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the superimposed signal is amplified and input to the final stage mixer that utilizes
the nonlinear characteristics of the transistor.

As shown in Fig. 21.12, a fundamental mixer that superimposes two input signals
on one signal line is used at the final stage of the transmitter [32]. If the frequencies
of the two superposed input signals are close to each other, the two signals can be
amplified simultaneously by one amplifier. Then you can split and combine with a
binary tree without complicating the layout. In the fundamental mixer used in the
final stage, the input signal is squared as in the frequency doubler. Therefore, the
sum of the superimposed IF and LO signals is squared. The expanded term contains
the desired signal, which is the product of the two superimposed signals. On the
other hand, in addition to the desired signal, an unwanted signal consisting of the
square of the IF signal and the square of the LO signal is also generated. Since
the frequencies of these desired and unwanted signals are close to each other, they
cannot be removed using a bandpass filter. Therefore, as shown in Fig. 21.13, it
is divided into two paths, a square mixer for inputting the vIF − vLO signal and a
square mixer for inputting the vIF + vLO signal, and both outputs are input to the
balun. Then, by extracting the differential signal from the balun, only the desired
signal remains, and unnecessary signals can be canceled.

As shown in Fig. 21.13, a fundamental mixer that superimposes two input signals
on one signal line is used at the final stage of the transmitter [32]. If the frequencies
of the two superposed signals are close to each other, the two signals can be
amplified by the same amplifier. Then, mixers can be connected in parallel by
splitting and combining with a binary tree without complicating the layout. In the
fundamental mixer used in the final stage, the input signal is squared as in the
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frequency doubler. Therefore, the sum of the superimposed IF and LO signals is
squared. The expanded term contains the desired signal (vLOvIF), which is the
product of the two superimposed signals. On the other hand, in addition to the
desired signal, an unwanted signal consisting of the square of the IF signal (v2

IF)
and the square of the LO signal (v2

LO) is also generated at the same time. Since
the frequencies of these desired and unwanted signals are close to each other, they
cannot be removed using a bandpass filter. Therefore, as shown in Fig. 21.13, the
differential IF signal (±vIF signal) is used. The differential IF signal is superimposed
on the LO signal to create two (vLO + vIF) signals and (vLO − vIF) signals. These
signals are amplified by the multistage amplifier and sent to the fundamental
mixer. The fundamental mixer squares these signals to produce (vLO ± vIF)

2.
Next,(vLO + vIF)

2 and (vLO − vIF)
2 are input to the balun, and only the differential

mode signal is extracted. As a result, only the desired signal (4vLOvIF) remains, and
unnecessary signals (v2

LO, v2
IF) can be canceled.

21.2.3 300GHz Band Receiver Using Silicon Integrated
Circuit

On the other hand, in the receiver, as shown in Fig. 21.14a, a receiver of SiGe
integrated circuit can use a low-noise amplifier [27, 28]. Furthermore, in recent
SiGe integrated circuit receivers, a technique has been reported that uses a driver
amplifier operating in the 300 GHz band for the LO signal to improve the conversion
gain of the fundamental mixer and to omit the low-noise amplifier. As a result, a
conversion gain of +7 dB and a noise figure of 17 dB are realized while omitting
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Fig. 21.14 Comparison of 300 GHz band receivers. (a) In the compound semiconductor integrated
circuit and the SiGe integrated circuit, the received signal is amplified by the low-noise amplifier
and then converted into the low-frequency signal by the down-conversion mixer, so that the noise
figure of the mixer has a small influence on the receiver performance. (b) In a CMOS integrated
circuit, since a low-noise amplifier cannot be used, the fundamental mixer is the first stage of the
receiver, which has a large effect on the performance of the receiver. If a fundamental mixer with
a small conversion loss is used, it cannot be amplified at the frequency of the local oscillation
signal

the low-noise amplifier [33]. In a CMOS integrated circuit receiver, a low-noise
amplifier cannot be used as shown in Fig. 21.14b. In this case, the down-conversion
mixer must be used in the first stage. In general, harmonic mixers are often used in
ultra-high frequency down-conversion mixers to lower the LO frequency. However,
using a harmonic mixer with high conversion loss and high noise figure degrades
the receiver performance. It is necessary to use a fundamental wave mixer in order
to suppress the performance deterioration of the receiver by using the mixer in the
first stage. In the fundamental mixer, the LO signal frequency is the same as the
input 300 GHz band. On the other hand, a LO signal of sufficiently high power is
required to suppress conversion loss, but a CMOS integrated circuit cannot make
an LO signal driver. Therefore, in the 300 GHz band CMOS receiver, as shown
in Fig. 21.15, the LO signal with the power required for the fundamental mixer is
realized by using parallel connection as in the transmitter [34, 35].

21.2.4 One-Chip Transceiver

The combination of these 300 GHz transmitter technology and 300 GHz receiver
technology will eventually enable CMOS transceiver chips that target the IEEE
802.15.3d channels 49–50 and 66 frequency bands [36] as shown in Fig. 21.16.
Although IEEE 802.15.3d is expected to enable single-chip transceivers with
QAM modulation, this is an important technology, especially for mass-produced
transceivers for the general consumer. The one-chip transceiver uses an architecture
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without a power amplifier for transmitter and a low-noise amplifier for receiver. A
schematic diagram of the transceiver is shown in Fig. 21.17. It operates in transmit
or receive mode as shown in Fig. 21.18. In either mode, the transmitter part is
shared, and in receive mode it functions as a LO frequency multiplier. In transmit
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Fig. 21.18 Signal flow in transmitter mode and receiver mode in a 300 GHz band transceiver

mode, the incoming baseband signal is upconverted to IF by a quadrature mixer.
The IF is superimposed with the second LO signal (∼133 GHz) by the mixer.
Two IF signals with different signs (±vIF signals) superimposed on the LO signal
(vLO ± vIF) are squared by the frequency doubler (fundamental mixer [31]) to
generate(vLO ± vIF)

2. Next, connect (vLO + vIF)
2 and (vLO − vIF)

2 to the positive
(+) and negative (−) ports of the double rat race circuit [31] that can input two pairs
of differential signals, respectively. As a result, the desired transmitter output signal
4LOIF (about 266 GHz) is output from the differential (�) port. In receiver mode,
it terminates the baseband input port for the transmitter, and the mixer only acts
as an LO buffer. The doubler generates LO2 and supplies 2LO2 (∼266 GHz) to the
receiver mixer from the composite (�) port of the double rat race circuit. The mixer-
first direct conversion receiver section consists of a low-noise mixer and baseband
amplifier. A transceiver was prototyped using the 40 nm CMOS process. The size is
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Channel Ch. 49 Ch. 50 Ch. 66
Center freq. 257.04GHz 265.68GHz 265.68GHz
Modulation 16QAM 16QAM 16QAM
Data rate 28.16Gb/s 28.16Gb/s 80Gb/s
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Fig. 21.20 Measurement system for communication experiment using 300 GHz band CMOS
transceiver and measurement result of constellation and output spectrum

4.92 × 2.25 mm2, and a chip micrograph of the transceiver is shown in Fig. 21.19.
Power consumption in transmitter mode and receiver mode was 890 and 897 mW,
respectively. Figure 21.20 shows a photograph of the wireless communication
measurement. A pair of 24 dBi horn antennas was used for wireless communication
experiments. The output baseband signal from the receiver is analyzed using a
real-time oscilloscope with vector signal demodulation and channel equalization.
Figure 21.20 shows the frequency and bandwidth constellation and power spectrum
for IEEE 802.15.3d channels 49, 50, and 66. It achieves a data transfer rate of
80 Gbit/s at 3 cm with 16QAM.
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21.2.5 Module for 300GHz Band Transceiver

A waveguide probe mounted on a wafer prober was used to measure the CMOS
integrated circuit that is the core of the 300 GHz band transceiver. Although it is
possible to attach an antenna to the waveguide probe, it is not possible to put the
transceiver into practical use only by communication experiments with a wafer
prober. The connection method between the CMOS chip and the antenna that
converts the electric wave of the space and the electric signal of the circuit is
also important. On-chip antennas may be used in millimeter wave band CMOS
transceivers [37]. However, the on-chip antenna has a small antenna gain, and its
application is limited to short-range wireless communication of a few centimeters.
On the other hand, as described above, it is necessary to use an antenna with a
high gain to extend the communication distance. Since the interface of a high gain
antenna is generally a waveguide, an interface connecting the CMOS chip and the
waveguide is required. Therefore, considering practical use, we prototyped a CMOS
chip and a waveguide interface using an ordinary multilayer glass epoxy printed
circuit board as shown in Fig. 21.21 [38]. The CMOS chip is flip-chip mounted
on a multilayer printed circuit board. The 300 GHz band signal generated by the
CMOS chip is transmitted using a short microstrip line of about 200μm on the
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printed circuit board. At the tip of the microstrip line, a waveguide conversion probe
having a shape similar to a patch antenna is formed. The 1/4 wavelength back short
structure required for waveguide conversion was formed in the multilayer substrate,
and a metal waveguide flange was attached to the surface of the printed circuit board.
This enables CMOS/waveguide conversion.
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Chapter 22
III-V HBT

Ho-Jin Song

Abstract In this chapter, the recent state-of-the art III–V THz electronics for
THz communications will be reviewed. In the early 2000s, abrupt advances in
HBT technologies enabled us to reach THz frequencies and implement various
fundamental functional blocks including amplifiers, mixers, oscillators, and phase-
locked loop circuits. In addition, several full transceiver integrated circuits have been
demonstrated for simple THz data transmission experiments.

22.1 Introduction

The idea of the heterojunction bipolar transistor (HBT) concept was first explained
by Herbert Kroemer in 1957, who was the 2000 Nobel Prize winner in physics. The
outstanding high-frequency performance of HBTs was realized by:

• hole injection suppression from the base into the emitter to increase the DC
current gain, β and

• increased transport speed across the base by reducing the base transit time, τB

Since the first experimental demonstration in AlGaAs/GaAs system in 1980,
various technical improvements have been made globally, in particular by means
of changing material systems and aggressive scaling of transistor geometries.
In general, HBTs provide a higher current density, a higher breakdown voltage
at a given current gain, and a lower flicker noise than high electron mobility
transistors (HEMTs), which is another strong candidate for terahertz applications,
and thus are very advantageous for high-power amplifiers, mixers, and low-phase
noise signal sources [1, 2]. In addition, excellent threshold uniformity and a high
intrinsic transconductance enable highly integrated analog circuits, such as wireless
communication transceivers at the lower end of the THz frequency. Recently, highly
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scaled indium phosphide (InP) HBT technologies have been demonstrated with
maximum oscillation frequencies fmax of 1 THz or greater [3].

22.2 Functional THz Integrated Circuits

22.2.1 Power Amplifiers

One of the biggest obstacles to using THz frequencies has been generating a high-
power signal to maintain a sufficiently high signal-to-noise ratio or make the THz
radiation travel substantial distances. From this perspective, power amplifiers (PAs)
have been the most challenging and attractive devices.

Owing to the high radio-frequency (RF) figures of merit (ft and fmax) with
good breakdown voltage, state-of-the-art InP HBTs can achieve outstanding power
densities. Because the bias currents of the InP HBT PA will be much higher,
careful consideration of the DC bias network is required. Through novel design
and layout, common emitter (CE) and cascode PA cells have been developed
to overcome the high-current distribution challenges. In general, a CE topology
provides good gain and stable operation at high current densities. However, as
the frequency increases, the maximum available gain or maximum stable gain
(MAG/MSG) drops significantly. In the case of state-of-the-art 250-nm InP HBTs
[2] (ft /fmax = 350/700 GHz), the CE topologies are expected to provide power
densities of 0.97, 0.73, 0.45, and 0.13 W/mm at 90, 140, 220, and 330 GHz,
respectively, which implies little usefulness of the CE topologies for PA at 330 GHz
or higher. Conversely, a common base (CB) amplifier exhibits significantly more
gain and achievable power density above 220 GHz of approximately >12 dB and
0.71 W/mm, respectively. More than 5-dB gain and 0.18-W/mm power density are
expected even at 450 GHz.

To increase the output power from PAs, 4-, 8-, and 16-way combined HBTs
have been demonstrated at the circuit or module level at THz frequencies. For 2n

corporate power combination, the losses from the on-chip combiner and path length
between PA cells degrade combining efficiency. Once these overall losses reach
1.5 dB or more, spatial power combination must be considered for higher output
power. In general, up to a 16-way PA-cell on-chip combination is likely feasible and
has been demonstrated [4], as shown in Fig. 22.1a.

An increase in output power from a single PA MMIC is important because of
the challenges associated with the power combination of multiple MMICs in a
waveguide assembly even at low THz frequencies. To ensure a linear power increase
associated with the number of MMICs in the module, PAs need to have similar
gain and phase characteristics to maintain high RF isolation between PA chips and
waveguide blocks. Build-to-build variations generate chip-to-chip phase mismatch.
In addition, as the number of PAs increases, the DC bias complexity increases, as
shown in Fig. 22.1b [5].
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Fig. 22.1 (a) 16-cell InP HBT SSPA [5], (b) 32-MMIC SSPA module [9]

Table 22.1 Summary of state-of-the-art InP HBT PAs above 150 GHz

Ref. Circuit/module Frequency Pout (mW) Gain (dB) PAE (%)

[6] 3-stage 191–244 80–50 22–20 4.5–2.8

[7] 3-stage 191–244 139–75 20–14.5 –

[4] 3-stage 200–235 221–125 15.6–13.2 4–2

[8] 2-stage 205–235 112–62 6–4 5.1–2.2

[9] 32-MMIC module 230 710 >25 –

[5] 16-MMIC module 200–230 820–380 – –

A few selected state-of-the-art HBTs PAs covering the G- and H-bands are sum-
marized in Table 22.1. At the MMIC level, InP HBT-based PAs have demonstrated
the highest output power level of 200 mW or more at approximately 200 GHz. At
the module level, a 32-PA combined module has exhibited 710 mW at 230 GHz
based on three-stage 4-PA cell solid-state power amplifiers (SSPAs). In [9], 823 mW
at 216 GHz was reported with a 16-PA module using two-stage, 8-PA cell SSPAs.
These results have radically improved upon state-of-the-art output power by a factor
of 3–4 for a single PA module. As the InP HBT devices are optimized for further
high power densities, the power from the HBT PAs will exceed 1 W in the near
future.

22.2.2 Signal Sources

Signals for THz radio systems can be generated using on-chip oscillators or
multiplier chains. Oscillator circuits can be designed for increased signal power
at harmonics, enabling RF power generation at close to or beyond fmax , but
fundamental operation would be advantageous for simpler and power efficient
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Fig. 22.2 (a) Schematic of quadrature output voltage controlled oscillator and (b) photo of
fabricated MMIC [10]

with no need for filtering circuits to suppress subharmonics. Figure 22.2 shows
a circuit schematic and chip photograph of a quadrature oscillator design. The
differential topology is advantageous for integration in fully differential transceiver
architectures, improving common-mode noise rejection and LO leakage evolve
from handling only the critical signaling cancellation. In addition, quadrature
outputs are essential in communication applications for generating or recovering
quadrature phase modulation signals such as quadrature phase shift keying (QPSK)
or quadrature amplification modulation. In general, HBT-based voltage-controlled
oscillators (VCOs) utilize the HBT base-collector junction as a varactor diode.
Although the varactors enable tuning of the oscillating frequency and phase, the
tuning range is very limited because of the large fixed parasitics associated with the
core HBTs at THz frequencies. From this point of view, multiplier chains would
be more practical for various THz applications requiring a large frequency tuning
range. The quadrature output voltage controlled oscillator (QVCO) in 250-nm InP
HBTs provided an excellent phase balance of less than ±12◦ at 325 GHz with
an output power and power consumption of approximately −5 dBm and 90 mW,
respectively, but the quadrature operation range was limited to approximately 1%
fractional bandwidth [10].

Phase-locked loop (PLL) circuits have been demonstrated at above 200 GHz
along with the VCOs with state-of-the-art HBT technologies. Static or dynamic
frequency dividers, which are the key PLL components, have been implemented
based on either conventional flip-flop-based digital circuits [11] or the inductive-
loaded regenerative topology at up to 529 GHz in 130-nm HBTs [12]. Considering
that the maximum operating frequency of the frequency divider is commonly
limited by half of f t , phase-sensitive radio systems such as radar, sensing, and
high-throughput communications operating at low THz frequencies will be well
supported by the InP HBT technologies.
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Fig. 22.3 (a) Photos of fabricated QPSK modulator and demodulator MMICs and (b) measured
eye diagram at various data rate from back-to-back on-chip test [13]

22.2.3 Modulator and Demodulator [13]

Utilizing 700-GHz fmax InP HBT technologies, direct quadrature modulator and
demodulator MMICs for future terahertz communications at 300 GHz have been
experimentally demonstrated (see Fig. 22.3a for the fabricated MMICs). To mod-
ulate and demodulate signals, half-Gilbert cell mixers, which provide balanced
signaling and moderate performance in conversion efficiency with a simple cir-
cuit configuration, were employed. To maintain the modulator and demodulator
balance performance, passive baluns and couplers were implemented with thin-
film microstrip lines, which exhibit less insertion loss than inverted microstrip lines
(IMSLs), while the active mixers are based on IMSLs for short interconnections
and less inductive parasitics. The half-Gilbert-cell mixers have a sufficiently wide
operational bandwidth for high-throughput communications of more than 10% at
300 GHz. For QPSK operation, quadrature signal generation is necessary, which
commonly relies on passive 90◦ couplers. Although the wavelength of THz waves
is as short as 1 mm or less, it is too long to make integrated 90◦ couplers in MMICs.
According to the static modulator constellation, an imbalance is expected to be
less than approximately � 0.6-dB ± 4◦. An on-chip back-to-back experiment was
conducted at up to 60 Gbps, and the 50-Gbps operation was verified with a low
bit error rate on the order of 10−8 or less. The results demonstrate that the QPSK
modulation scheme can be applied to double the data rate at terahertz frequencies.
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Fig. 22.4 (a) Schematic block diagram of 630-GHz Tx and (b) photo of fabricated MMIC [14]

22.3 THz Transceiver ICs

With the building block circuits such as PAs, amplifiers, mixers, and signal sources,
integrated THz transmitter and receiver circuits have been realized. In this section,
a few typical Tx and Rx are reviewed.

22.3.1 Transmitter MMICs [14]

A 630 GHz transmitter (Tx) consisting of a 210-GHz PLL, LO buffer amplifier, and
up-converting mixer has been experimentally demonstrated in state-of-the-art 130
nm InP HBT technology [14]. Because of the differential topology, the Tx circuit is
fairly insensitive to common-mode impedance associated with bias circuits and via
inductances and tolerant to modeling uncertainties and errors. Figure 22.4 shows the
schematic block diagram and photo of the fabricated Tx. To ensure the phase-locked
operation, a 210-GHz PLL was integrated in the Tx. The VCO output is followed
by a regenerative 2:1 dynamic frequency divider. Instead of traditional resistive or
transimpedance-stage loading, inductive loading helps the PLL to operate at higher
frequencies. Despite the dynamic divider architecture, a wide operating bandwidth
of 40 GHz or more at 210 GHz has been obtained. The power consumption is also
quite reasonable, that is, approximately 90 mW for the PLL block. A simple 18-
dB resistive coupler was used to tap the VCO output for the PLL loop. The phase
comparison was performed at a reasonably low frequency, a fifth-order subharmonic
frequency. The phase detector was estimated to provide sufficiently high detection
sensitivity even with a −20-dBm loop signal at 105 GHz.

The third-order subharmonic up-converting mixer was driven by the VCO with
the two-stage cascode LO buffer amplifier. The double-balanced mixer is followed
by a CB output stage that exhibits higher achievable gain than a CS configuration
at THz frequencies. Capacitances at the intermediate nodes in the Gilbert cell were
neutralized with transmission lines that improved the mixer conversion gain and
stability. Approximately 200 mW of DC power was consumed by the mixer for a
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Fig. 22.5 (a) Photo of the fabricated receiver IC, (b) quasi-optical package with a silicon lens, and
(c) measured eye diagram at 30-cm link [15]

conversion gain of approximately −20 to −25 dB at 600–640 GHz at 0 dBm of LO
power, with a wide IF bandwidth of 30 GHz or more.

Because of the lack of an integrated PA, the measured transmitter saturated output
was between −30 and −33 dBm after de-embedding losses from the measurement
setups. It is worth noting that the energy efficiency of the very high-power PA
presented in previous sections is quite poor compared to those operating in mm-
wave frequencies. Thus, a large amount of DC power is converted into heat, causing
thermal issues for large-scale integrated circuits such as a transmitter.

22.3.2 Receiver MMICs [15]

A fully integrated amplitude-shift keying (ASK) receiver MMIC operating at
300 GHz for future terahertz communications was experimentally demonstrated in
a 250-nm InP HBT technology. Figure 22.5a shows the fabricated receiver IC. As
shown, all necessary components such as a receiving dipole antenna, high-gain
RF amplifier, and envelope detector for demodulating the ASK signal and output
differential data amplifier were monolithically integrated in a 1.0 × 2.5 mm2 area.
In this work, the on-chip antenna was designed to cooperate with a silicon lens on
the back side of the receiver MMIC to compensate for the small on-chip antenna
gain (see Fig. 22.5b). In addition, to ensure reliable and stable operation, a thin-film
microstrip line (MSL) was employed as an on-chip transmission line and distributed
circuit components, which is expected to suppress crosstalk between the on-chip
antenna and the RF amplifier through the substrate and silicon lens. However, one
drawback of using thick-film MSLs in high-frequency ICs is that the signal lines
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and transistors are on different metal layers; therefore, it is difficult to avoid the
use of inductive interlayer vias. In other words, the parasitic inductance due to the
interlayer vias should be carefully considered during the design. In this work, the
parasitic inductance for a single via was extracted to be approximately 3–7 pH,
depending on the layout and geometry of the via.

Because the peak (f )max of the HBTs used in the receiver MMIC is approx-
imately 700 GHz, it is difficult to ensure a reasonable power gain at 300 GHz.
Otherwise, the cascode configuration supplied by a single 3.3-V supply provides
more than 10-dB power gain. A single-stage amplifier provided an approximately
8-dB gain, an 11-dB noise figure over a 15% bandwidth, and 0-dBm saturated
output power at 300 GHz. An envelope detector for recovering ASK signals was
implemented with a single series diode utilizing the HBT emitter-base junctions
and a shunt MMI capacitor, followed by a differential transimpedance amplifier to
convert the extracted data current to the final output voltage. The packaged receiver
module with the silicon lens provided approximately 24-dBi beam directivity.
The measured RF and baseband bandwidths were approximately 30 and 15 GHz,
respectively, when a single bias of 3.3 V and total current of approximately 86 mA
were applied. With the receiver module, simple wireless data transmission was
conducted for up to 24 Gbps in the 300-GHz band. At 12.5 Gbps, error-free data
transmission (bit error rate <109) over 0.3 m was achieved with a transmission
power of −16 dBm and a 25-dBi transmitting antenna. With −10-dBm transmission
power, the measured Q-factors of the received eye patterns were larger than 6 for up
to 20 Gbps, which implies that the bit error rate will be less than 109.

It is worth noting that the antenna or radiators can be integrated into the MMICs
or RFICs owing to the short wavelength of THz waves, which allows us to employ a
quasi-optical THz package [16]. Figure 22.6 shows one example of a compact THz
lens package for the receiver MMIC above [15]. Because there is no interconnection
for high-frequency signals in package bodies, the assembly is not very sensitive
to manufacturing tolerances or circuit parasitics. The 300-GHz receiver MMIC
for wireless communications was mounted in the LTCC package with a flip-chip
bonding technique for DC and data signal readouts, and the silicon lens was placed
on the backside of the MMIC and fixed with a non-conductive adhesive epoxy.
The performance of the compact module was evaluated in a data transmission
experiment, and no degradation was observed in the bit error rate and the Q-factor
of the recovered eye diagram.

22.4 Summary

The recent progress in highly scaled InP HBTs demonstrating maximum oscillation
frequencies (fmax) of >1 THz clearly shows a path for achieving various THz
applications with numerous functional circuits and integrated transceivers operating
at up to 600 GHz. The circuit operation was extended to the lower end of the
terahertz (THz) frequency band. The use of InP HBTs offers high RF output power
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Fig. 22.6 (a) Schematic diagram of quasi-optical package, (b) photo of compact quasi-optical
package with a silicon lens, (c) measured eye diagram at 30-cm link, and (d) photo of compact
package on test PCB board

density, excellent threshold uniformity, and high levels of integration. Various circuit
results reported from state-of-the-art InP HBT technologies include 200-mW PAs at
210 GHz, 670-GHz amplifiers, and QVCOs. In addition, fully integrated 600-GHz
Tx and 300-GHz receiver circuits have been successfully demonstrated for specific
THz applications.
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Chapter 23
III–V HEMT

Ingmar Kallfass

Abstract This chapter is concerned with the design of terahertz transmit and
receive analog frontends on the basis of high electron mobility transistor technology.
While HEMTs offer the highest cutoff frequencies and, hence, allow for the
best gain-bandwidth tradeoffs at THz frequencies, the design paradigms of the
implementation of HEMT-based transceiver MMICs for THz communication are
very different from their counterparts in HBT and Si MOSFET technologies. This
chapter highlights and discusses those design paradigms and reviews the state of the
art in HEMT-based transceivers dedicated to THz communication.

23.1 Introduction

High electron mobility transistors (HEMT), also referred to as modulation-doped
field effect transistors (MODFET), are today the fastest active devices. When
scaled for small gate lengths of 35 nm or lower, they reach cutoff frequencies
in excess of 1 THz. When combined with a full layer stack of an integrated
circuit process, complete with passive components such as metal-insulator-metal
(MIM) plate capacitors, thin-film resistors, and planar transmission lines, they
allow for the implementation of millimeter-wave monolithic integrated circuits
(MMIC) covering the entire millimeter-wave range and entering the sub-millimeter-
wave range beyond 300 GHz. The still unsurpassed record operating frequency of
1.03 THz in a solid-state amplifier was achieved in 2014 by the team at Northrop
Grumman Corp., using their in-house 25 nm InP HEMT technology [33]. Even if
this amplifier had to use a cascade of ten stages to obtain a small-signal gain of
merely 9 dB, it was an impressive demonstration of a true THz MMIC made possible
by the HEMT’s unique high-frequency performance.
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While its use as linear amplifying device in wideband low-noise amplifiers
(LNA) and power amplifiers (PAs) remains unquestionably the HEMT’s most
spectacular purpose, the transistors can also be deliberately matched and biased for
nonlinear operation, thus allowing for the implementation of frequency-converting
circuits such as mixers and frequency multipliers, or to form voltage-controlled
oscillators (VCO) and frequency dividers. The HEMT is therefore pre-destined to
form the basis of high performance analog transmit and receive frontends in THz
electronics.1

23.2 HEMT Technology for THz Circuits

The predominant HEMT technologies today make use of the high carrier mobilities
in two-dimensional electron gases (2DEG) forming in the quantum well of an
InAlAs/InGaAs hetero-junction. Indium-rich 2DEG channels can be realized as
hetero-structures based on the III–V compound semiconductors InP or in the form
of metamorphic HEMTs based on GaAs substrates (mHEMT). When combined
with low access resistance in the drain and source contacts, low gate resistance
achieved through the typical mushroom-shaped gate modules, and maintaining low
parasitic fringing capacitances between the gate head and the source and drain
contacts, a maximum frequency of oscillation fmax

2 up to and exceeding 1 THz
can be achieved [31, 33, 41], equaled only by InP-based HBT technology [46].
A maximum transit frequency fT

3of 660 GHz has been reported in a 20 nm gate-
length mHEMT [30]. Such speed-optimized HEMT technologies, in order to
achieve the small gate footprints of down to currently about 20 nm, use electron-
beam writing in the gate module. Here lies the first fundamental difference between
III–V HEMT and silicon-based CMOS technologies with important implications.
As opposed to the fully lithographic techniques used even in aggressively scaled Si-
CMOS technology, the conventional III–V HEMT-based IC technologies with their
sequential e-beam writing in the gate process result in time- and cost-intensive mass
production. However, with their comparatively low number of lithographic mask
layers and significantly lower mask set cost, the III–V HEMT technologies have a
clear advantage over mass-market oriented Si-CMOS by providing the possibility of
fast and cheap prototyping wafer runs and of addressing professional niche market
applications which, at least up to today, are the predominant form of markets for
THz electronics.

1The term “THz electronics” is used here in the commonly adopted and accepted lose definition of
circuits operating beyond 0.1 THz center frequency.
2fmax is defined as the frequency where the combined maximum stable gain (MSG) and maximum
available gain (MAG) becomes unity.
3fTis defined as the unity short-circuit current gain.
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Fig. 23.1 Three-layer metal interconnect process of a GaAs-based high-speed IC process (top
left) using mHEMTs with 35 nm footprint as active devices (bottom left). The corresponding
MSG/MAG power gain characteristics (right) are used to highlight different operating ranges of
the HEMT. SEM pictures are courtesy of Fraunhofer IAF

Figure 23.1 shows the cross-sectional images of a 35 nm gate-length HEMT with
its associated IC process. The characteristic mushroom gate head is optimized for
low gate resistance while maintaining low gate-to-source and gate-to-drain fringing
capacitance. The three-layer metal interconnects can be used for the implementation
of MIM plate capacitors, thin-film resistors, spiral inductors, and planar integrated
waveguides. Transmission lines can be realized both as conventional microstrip
or coplanar waveguides using the semi-insulating low-loss substrate as medium
and as microstrip or coplanar waveguides suspended between the bottom metal
layer used as ground plane and the signal conductors in the top metal layers,
comparable to the backend-of-line processes used in Si-technologies. Figure 23.1
also shows the HEMTs’ corresponding power gain characteristics. The maximum
stable gain (MSG) and maximum available gain (MAG) are achieved when the
HEMT is rendered unconditionally stable and is impedance-matched by ideal,
lossless matching networks for maximum power transfer from the source to the
load. Such unified MSG/MAG characteristics, which are also the most widely used
technique to extrapolate fmax, can highlight different frequency operating ranges of
the HEMT:

• area 1: at low microwave frequencies, the HEMT provides enormous power gain
in excess of 20 dB per stage. Since, as motivated below, reactive impedance
matching is usually employed in HEMT-based circuit design, the HEMT tends to
produce unwanted low-frequency oscillations. Special care in the design of the
monolithic integrated circuits and its mounting and packaging environment, and
a comparatively high effort in stability analysis, especially at low frequencies,
needs to be adopted to ensure unconditional stability of HEMT-based circuits.

• area 2: at frequencies up to the point where the Rollet stability factor k becomes
unity, i.e., in the lower frequency range of only conditional stability where only



272 I. Kallfass

the MSG is defined, the HEMT provides a comfortable power gain per stage
and can be used in a wide variety of circuit topologies, also making use of gain-
bandwidth tradeoffs.

• area 3: at frequencies approaching fmax, with an MAG dropping at approximately
20 dB/decade,4 the rising losses in the reactive impedance-matching networks,
which subtract from the ideal MAG of the HEMT, make power gain a scarce
entity in circuit design. Less degrees of freedom exist in the design of gain
cells, such as common-gate, common-source, or cascode topologies, and special
care needs to be taken in circuit design to minimize the loss of the passive
components, in order to still provide meaningful gain in what are typically carried
out as multi-stage amplifiers.

• area 4: at frequencies beyond fmax any transistor acts only as a passive attenuat-
ing device but can still be employed in the design of frequency-converting circuits
such as mixers or frequency multipliers, albeit at the cost of enormous conversion
loss and RF noise, which cannot be compensated anymore by integrated RF
amplification stages.

In an integrated circuit, the behavior of a HEMT is essentially governed by two
factors: the biasing conditions and its source and load impedance conditions for a
given input power level. For instance, to implement an LNA pre-amplifying stage in
a receiver, the HEMT should be biased and matched for a minimum noise measure
M [18], with M combining the noise-suppressing effect of the LNA’s associated
gain Gass on subsequent stages with the noise factor F . The latter will take on its
minimum value Fmin if an optimum source impedance is presented to the HEMT:

M = F − 1

1 − 1
Gass.

(23.1)

The HEMT’s unequalled low-noise properties are certainly the single most impor-
tant motivation for its use in THz electronic circuits. Noise figures of uncooled
HEMT-based LNAs of down to approx. 6 dB and 13 dB have been reported
at 300 GHz [31] and 670 GHz [6] operating frequency, respectively. While the
maximum linear gain of the HEMT is achieved under class-A conditions for current
densities5of typically between 400 and 800 mA/mm, different biasing conditions
are frequently adopted to implement other circuit functionalities, such as class-B
operation for harmonic mixers or frequency multipliers, zero drain bias at close to
threshold voltage for resistive mixers with minimum LO power requirements, and
operation in the drain knee voltage for active mixers. By far the most frequently
adopted gain cells at THz frequencies remain the common-source and the cascode

4Note that the typical drop of 10 dB/decade in MSG and 20 dB/decade in MAG becomes visible
when the MSG/MAG characteristics are plotted on a logarithmic frequency axis
5Drain current per gate width
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topologies. However, common-gate stages with resonant gain peaking have also
been proven effective [37].

Reported output power of III–V HEMT-based solid-state power amplifiers lies
at around 17 dBm at 220 GHz [36], 13 dBm at 300 GHz [24], and 2 dBm at
640 GHz [35] albeit at relative bandwidths of less than 10% and after mounting
of the MMICs into metallic waveguide modules. Also, these values represent the
maximum achievable output power, when the PA is saturated and in a strong gain
compression regime. While the saturated output power is a relevant entity in radar
applications, it is of very limited use in a transmitter dedicated to the transmission
of modulated signals. Only on-off-keying (OOK) direct modulated signals and
low-complexity phase-shift keying such as binary phase shift keying (BPSK) and
quadrature phase shift keying (QPSK) will tolerate a high level of gain compression,
and even they are better not operated beyond the 1 dB compression point of the
transmitter. The most relevant output power-related figures of merit (FoM) for
communication-oriented transmitters are describing the intermodulation behavior
under multi-tone excitation, such as the third-order and fifth-order intermodulation
products IM3 and IM5 at a given output power, and the third-order intercept
points derived from it. The input- and output-related third-order intercept point,
IIP3, respectively, OIP3, denotes the input, respectively, output power, at which
the linearly extrapolated IM3 intercepts the linearly extrapolated fundamental tone
power:

IIP3/OIP3 = Pin/out
∣∣
IM3=0 dBc (23.2)

A similar definition can be adopted for the fifth-order intercept points. Using a
two-tone measurement setup employing photonic mixing of three laser lines in a
uni-traveling carrier photodiode (UTC), Ghanem and Schoch et al. measured the
OIP3 and the OIP5 of a GaAs mHEMT-based 300 GHz power amplifier module
to 13 and 11 dBm, respectively [11, 38]. The same amplifier reaches a single-tone
saturated output power and output-related 1 dB compression point of 6 dBm and
1.6 dBm, respectively.

Some final words of caution are appropriate when stating these FoMs, especially
in view of the comparison with other technologies: First, with noise and output
power performance being in a general tradeoff with bandwidth, all FoMs should
consider the associated bandwidth. Second, the loss incurred by the chip packaging
generally rises with frequency. One therefore has to distinguish between the values
measured on chip and on module level. Finally, while the best-performing packaging
technique at THz frequencies remains the metallic waveguide, Si-based circuit
design typically moves to on-chip RF radiation elements, for which typically the
equivalent isotropic radiated power (EIRP) containing the gain of the radiating
element is measured and stated.
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23.3 Design Paradigms of III–V HEMT-Based THz
Electronics

When comparing MMICs implemented in III–V HEMT-based technologies to their
counterparts in III–V HBT and silicon-based high-speed CMOS and SiGe BiCOMS
technologies, some striking differences in the paradigms underlying the respective
circuit designs are evident. These can be understood, however, by considering the
HEMT’s technological particularities. Figure 23.2 highlights some of the pertinent
specifics when designing HEMT-based integrated circuits at THz frequencies.

Most of the HEMT-specific design constraints can be understood when con-
sidering their poorly matched performance from device to device. Especially the
strong variation of the threshold voltage of individual transistor devices on a
single die, and the resulting strong variation of the gate voltage for maximum
transconductance, has strong implications on the circuit design level. The threshold
voltage is defined mostly by the thickness of the barrier layer between the HEMT’s
Schottky gate contact and the hetero-interface forming the 2DEG quantum well.
Aggressively scaled HEMTs require thin barriers of only a few atomic layers,
typically defined by a gate recess process, which is very hard to maintain constant
across the wafer. Moreover, the semiconductor processing steps of III–V HEMT
technology are not being optimized for robustness; as opposed to mainstream
Si CMOS, the yield of III–V HEMT-based integrated circuits drops significantly
with the transistor count. Limited yield and unmatched transistors are the main
reasons why differential circuit topologies are rarely adopted in HEMT-based
circuits, but single-ended approaches are preferred instead. This applies not only to
amplifying stages in LNAs, PAs, and VGAs but also to the frequency-multiplying
and frequency-converting stages. While the versatile Gilbert-cell topology [12]
can in principle be implemented in HEMT technology, it would suffer from poor
balancing characteristics due to a low even-mode suppression and, hence, poor
isolation characteristics and risk of instability. Therefore, circuit functionalities
like frequency multiplication, division, and conversion, which is likely to be
implemented in some variation of the fully differential Gilbert cell in HBT and Si

Fig. 23.2 Design paradigms in HEMT-based THz integrated circuits. The highlighted breakout
circuits are taken from the 300 GHz receiver MMIC reported in [4]
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MOSFET-based technologies, are usually implemented in single-ended circuits in
HEMT-based technology.

To generate the local oscillator (LO) of heterodyne receivers and transmitters,
a popular choice is to combine highly stable off-chip voltage-controlled oscillators
(VCO) at low frequencies which HEMT-based on-chip frequency multiplier chains.
The inherent degradation of the phase noise by a factor of 20 · logn, n being
the multiplication factor, is tolerated in view of the comparatively worse phase
noise characteristics of HEMT-based fundamental frequency oscillators. While the
Gilbert cell with its inherent rejection of unwanted harmonics is by far the most
frequently encountered choice for the implementation of frequency multiplier stages
in HBT- and MOSFET-based design, HEMT-based designs more typically make
use of single-ended or single-balanced push-push stages biased under close to class
B conditions for frequency doublers, or single-ended transistors in compressed
class-A conditions. To reject the unwanted harmonics in single-ended frequency
multipliers, special care needs to be applied to the harmonic terminations offered by
the impedance matching networks.

The most popular mixer approach in HEMTs at THz frequencies therefore also
remains the resistive mixer, where the HEMT is operated as a (gate-)voltage-
controlled resistor. The popularity of the resistive mixer cell stems from its
comparatively high linearity, the ease of biasing (only a gate supply voltage needs
to be provided), the extremely high achievable bandwidth due to the ease of
wideband impedance matching, and its bi-directionality for use, both in up- and
down-conversion. Moreover, the relatively high conversion loss of a resistive mixer
stage can easily be compensated by subsequent or preceding amplifier stages of
transmitter and receivers, respectively.

When balanced or quadrature IQ topologies are desired in HEMT-based designs,
the preferred option is to make use of 90° couplers, such as Lange or Tandem-X
coupler, which are easily implemented on the high-quality semi-insulating GaAs or
InP substrates. However, with the couplers usually relying on sections of λ/4 lines,
their size is determined by the frequency of operation.

The rigorous adoption of conjugate-complex interstage impedance matching is
another characteristic feature of HEMT-based circuit design. In view of avoiding
loss of power gain, the use of integrated resistors is typically limited to stabi-
lization purposes. Biasing circuits, impedance transformation networks, and load
impedances are preferably realized as purely reactive networks, making extensive
use of the impedance-transforming properties of distributed elements such as trans-
mission lines. The reactive impedance matching, however, presents the additional
challenge of low-frequency instability. In order to decouple the RF path from the
off-chip DC supply networks, large on-chip shunting capacitors are required. These
may create low-frequency resonances in conjunction with the inductive effects of
the chip-interconnect and packaging environment, which, due to the high gain at
low frequencies, may lead to low-frequency oscillations.

When looking at typical HEMT-based MMICs, therefore, the overall chip size
is usually determined by the size of the integrated couplers, the reactive interstage
impedance matching networks, and the on-chip shunting capacitors. In combination
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with the comparatively low transistor count per MMIC, this results in probably
the most striking difference between HEMT-based circuits and their technology
alternatives: the low integration density per MMIC.

23.4 III–V HEMT-Based Transmit-Receive Frontends for
THz Communication

The pioneering work on wireless communication beyond 100 GHz based on active
monolithic integrated circuits, rather than the previously used photonic or passive
Schottky diode-based technologies, started in Japan shortly after 2000. Since then,
several groups in Japan, Europe, and the United States have produced chip sets
dedicated to THz communication on the basis of InP HEMT or GaAs mHEMT
technologies. Most of these chip sets were further used in analog transmit and
receive frontends for the transmission of wideband modulated signals with several
tens of Gbit/s data rates, with maximum data rates reaching 100 Gbit/s, in point-
to-point transmission experiments covering distances from the centimeter to the
kilometer range (e.g., [17, 21]). While the initial focus was on direct modulation
in transmitters and envelope detection in receivers using amplitude shift keying
modulation (ASK), in continuation of the established photonic approaches, soon
heterodyne architectures for the coherent detection of complex phase and amplitude
modulated (APSK) signals were adopted. Figure 23.3 shows a summary of the
pertinent HEMT-based chip sets for THz communication, aligned in terms of their
publication date and their center frequency of operation.

23.4.1 ASK and Direct-Detection Receivers

For the transmitter, the direct modulation of a carrier tone by some ASK signal,
usually an OOK bit sequence, can be adopted, effectively resulting in a BPSK
transmission across the air interface. A direct-detection receiver may then recover
the bit stream by envelope detection in a rectifying device such as a diode. Such
an incoherent communication eliminates the need for carrier synchronization at the
receiver. The main motivation for a HEMT-based transmit and receive frontend in
this case is the increase of transmit power from a PA stage and the reduction of noise
figure from an LNA stage in the receiver.

In 2003–2004, Kosugi et al. published a chip set consisting of a transmitter and
receiver MMIC [28, 29], realized in 100 nm gate-length InP HEMT technology
developed at NTT [45]. These MMICs, which saw the monolithic integration of RF
amplifying stages with modulating and de-modulation stages, were at the heart of
the analog frontend employed in the point-to-point transmission of 10 Gbit/s over
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Fig. 23.3 Gallery of III–V HEMT-based transmit and receive MMICs for THz communication

a distance of 5.8 km at a carrier frequency of 120 GHz [19, 47]. A review of this
inspiring work can be found, e.g., in [20].

In 2015–2016, Hamada et al. [15] at NTT and Kawano et al. [27] at Fujitsu
presented InP HEMT-based direct-modulated ASK transmit and direct-detection
receive MMICs operating at 300 GHz, which were later used by Song et al. at [39]
for 20 Gbit/s ASK transmission in a media kiosk application scenario.

Direct-detection receivers have also been proposed for wireless communication
in view of low power consumption and, hence, high energy-per-bit efficiency [44].
While CMOS-based technology will certainly be the technology of choice in this
respect, the use of HEMT technology may still be argued in view of its superior
noise performance.

23.4.2 APSK and Coherent Receivers

The appealing benefits of increased spectral efficiency and signal-to-noise ratio of
coherent communication systems come at the cost of increased linearity require-
ments and the need for receiver synchronization. A mixer stage, driven by a local
oscillator (LO), is used in the transmitter to up-convert a modulated signal presented
to the intermediate frequency (IF) input port of the mixer. The up-conversion results
in a double-sideband modulated RF signal centered around the LO frequency. Using



278 I. Kallfass

its own LO, the receiver down-converts the captured RF signal to an IF frequency,
from where the signal is typically sampled and digitized through fast analog-to-
digital converters (ADC). With the availability of fast digital signal processing
(DSP), the synchronization, channel selection, equalization, and de-modulation are
typically carried out in the digital domain. In coherent communication it becomes
possible to add phase modulation in addition to amplitude modulation (APSK),
achieved through quadrature modulation in the transmitter. Thus, modern digital
modulation schemes such as quadrature amplitude modulation (QAM) may be
employed.

23.4.2.1 Double-Sideband Transmission and Heterodyne Detection

Initial work on coherent THz communication started out by adopting double-
sideband transmission and heterodyne detection with chip sets, which are essentially
an adaption of previously realized transmitters and receivers for high-resolution
radar applications, modified by the addition of an up-converting mixer stage in
the transmitter. Early chip sets operating at a center frequency of 220 GHz were
developed in 2011 by Abbasi et al. [1] and Kallfass et al. [23] using GaAs mHEMT
technology with 50 nm gate length [42]. Building on their in-house 30 nm InP
HEMT technology with excellent high-frequency performance and cutoff frequen-
cies fT and fmax of 600 and 1200 GHz, respectively, the group around William
Deal at Northrop Grumman Corp. developed MMIC components for amplifiers and
frequency converters at 670 GHz, as early as 2011 [6]. These MMICs were later
combined in a chain of metallic waveguide modules to form a heterodyne receiver
[8] and transmitter [7] operating at 670 GHz, the highest operating frequency of
active electronic transmit and receive frontends reported to date. More recently,
in 2018–2020, Hamada et al. used a heterodyne transmit and receive frontend
consisting of a waveguide module chain of individually packaged MMICs in
80 nm InP HEMT technology to demonstrate chip sets capable of supporting up
to 100 Gbit/s [14] and even 120 Gbit/s [16] with 16QAM modulation [17].

23.4.2.2 Direct-Modulated Quadrature Channel Transmitters and
Zero-IF Quadrature Receivers

In the heterodyne transmission scheme of single-ended up- and down-converters,
the achievable symbol rate is mainly limited by the IF bandwidth of the mixer
stages. By the direct conversion of two ASK-modulated analog baseband signals in a
quadrature (IQ) modulator driven with the THz signal as local oscillator, i.e., by the
direct up-conversion of the analog baseband signal into the RF domain, much higher
modulation bandwidths can be adopted. Similarly, in the receiver, the intradyne
down-conversion to near zero-IF using two quadrature down-conversion paths
eliminates the IF bandwidth limitation to the achievable symbol rate. Consequently,
the highest symbol rates to date have been achieved in THz communication by using
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the direct conversion from analog baseband to and from RF in quadrature-channel
modulator and de-modulator stages. It is important to mention, however, that this
approach is strongly limited by transceiver impairments such as the DC offset in the
receiver, the local oscillator phase noise, and the magnitude and phase imbalances
of the wideband quadrature channels [2]. The first chip set adopting this scheme was
developed in the year 2012 in the frame of the MILLILINK project [ref.]. The analog
frontend MMICs operating at a carrier frequency of 240 GHz are implemented
in 35 nm GaAs mHEMT technology [31] and integrate sub-harmonically driven,
quadrature modulating and demodulating stages with RF post- and pre-amplification
stages in the transmitter and receiver, respectively [32]. Based on this chip set,
wireless transmission of up to 96 Gbit/s data rate using 8PSK modulation over 40 m
distance [1] and 64 Gbit/s data rate with QPSK modulation over 850 m distance were
achieved [21]. Song et al. in 2014 reported on a chip set implemented in InP DHBT
technology operating at 300 GHz center frequency and achieving 50 Gbit/s QPSK
transmission with direct modulation and de-modulation [40]. Later, this principle
was adopted in the TERAPAN chip set operating at 300 GHz and implemented
in 35 nm mHEMT technology [22, 26], which were used in the realization of a
four-channel linear phased array using LO phase-shifting [34] for electronic beam-
steering [25].

23.4.2.3 Super-Heterodyne Architectures

In many reported transmission experiments, the bottleneck to the maximum achiev-
able data rate is the bandwidth of the DSP rather than the available RF bandwidth at
THz frequencies. While the DSP bandwidth effectively sets a limit to the achievable
symbol rate in the modulation and de-modulation of complex-modulated signals,
the exploitable RF bandwidth is in practice mostly limited by the transmission
bandwidth of the analog transmit receive frontend. In [5], for instance, a 3dB
transmission bandwidth of 38 GHz was measured using vectorial network analysis
of the complex transfer function of a 300 GHz HEMT-based frontend. Moreover,
most reported transmission experiments at >100 GHz carrier frequencies, rather
than transmitting user data in real time, employ the generation of pseudo-random
bit sequences (PRBS) at the transmitter and the offline receive signal analysis in
terms of, e.g., error vector magnitude (EVM), bit error rate (BER), and signal-
to-noise ratio (SNR). In an attempt to fill the entire available RF transmission
bandwidth with real-time DSP and user data, frequency domain multiplexing (FDM)
and a super-heterodyne receiver architecture is advantageous. A super-heterodyne
receiver employs two down-conversion stages in two different IF ranges. The
super-heterodyne approach, which is common in radios operating at microwave
and millimeter-wave carrier frequencies, is a very convenient way to pre-select
from many channels which are aggregated by FDM in the RF domain. Such FDM
channel aggregation is also the governing principle of the recently established
frequency standard IEEE802.15.3d for THz communication [10]. To link up with
this frequency standard, and to enable the transmission of real-time modulated
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and de-modulated user data, the super-heterodyne approach is first adopted in THz
communication by a Japanese-European consortium THoR [ref]. Proof-of-concept
transmission experiments including channel aggregation reported in [3] have been
carried out using the 300 GHz link components reported in [22]. The full bi-
directional link will see the combination of Gigabit Modems operating in E-band
(71–76 and 81–86 GHz) and in V-band (57–66 GHz, according to the IEEE802.11ad
standard) with a 300 GHz transmit-receive frontend using the Modems’ RF output
as comparatively high IF input (57–86 GHz) to a 300 GHz up-converter, while in
the receiver, the 300 GHz signal will be down-converted to a first IF frequency in
V/E-band from where it will be taken up by the Modems’ RF input. While no actual
transmission experiments have been reported so far, the super-heterodyne receiver
MMIC has recently been reported [13].

23.5 Conclusion and Outlook

With III–V HEMT-based integrated circuit technologies being historically the first
to be adopted for the implementation of active electronic transmitters and receivers
for THz communication, they are today still unrivaled by alternative technologies in
terms of receiver noise and achievable gain-bandwidth products of their transmis-
sion characteristics. In combination with beam-focusing antennas, they allow for the
highest combinations of data rate and transmission distance. However, the HEMT
approach, while offering highest cutoff frequencies, suffers from comparatively
poor transistor matching and yield, which strongly limits the reasonable transistor
count per MMIC and renders more complex architectures such as multi-channel
phased arrays, seen in modern Si-based millimeter-wave transceivers, impracticable
on a single chip. What’s more, the stand-alone HEMT technology, while offering
the possibility to implement all required circuit functions of analog transmit-receive
frontends with highest performances, lacks a reasonable possibility of mixed-signal
integration of microwave, analog and digital functionalities. True system-on-chip
approaches are therefore only practicable in CMOS and BiCMOS technologies.

To bring the full potential of III–V HEMT technology to the system level and
allow for further advances in THz communication transceivers, ongoing research is
focusing on several fronts.

Improvements on the device level, such as the introduction of MOS gates
to control the HEMT channel for reduced gate leakage in aggressively scaled
transistors [43], promise improvements in terms of yield, uniformity, and output
power.

On the circuit level, as illustrated by the difference between the achievable output
power of stand-alone PAs and that of the integrated transmitters reported so far,
there is still significant headroom for optimized dynamic range by improved gain
and linearity partitioning.
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On the chip assembly level, the move from the high-performance but bulky
and expensive metallic waveguide modules to a multi-chip system-in-package with
integrated on-chip antennas mounted on PCB carrier substrates will allow for
compact, versatile transceiver configurations [9].
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Chapter 24
Resonant Tunneling Diode

Masahiro Asada and Safumi Suzuki

Abstract Terahertz (THz) sources using resonant tunneling diodes (RTDs) are
described in this chapter. Room-temperature fundamental oscillation up to 1.98 THz
has been obtained by reducing the electron delay time in RTDs and conduction
loss in antennas. Output power of 0.7 mW was obtained at 1 THz by a large-
scale array. For spectral and polarization properties, electrical frequency tuning
with the integration of varactor diode, spectral narrowing by the phase-locked
loop, and radiation of circular polarized and vortex waves are briefly introduced.
Applications of RTDs to wireless communication and radar system using direct
intensity modulation are also described.

24.1 Introduction

Compact and coherent solid-state sources are important components for various
applications of the terahertz (THz) frequency range, in particular for wireless
communications. Electron devices are being studied from the millimeter-wave
side. In particular, transistors including HBTs, HEMTs, and CMOS transistors are
recently making significant progress in operation frequency, as described in other
chapters. Resonant tunneling diodes (RTDs) have also been considered as one of
the candidates for THz oscillators at room temperature [1–5]. In this chapter, THz
sources using resonant tunneling diodes (RTDs) are described. Although RTDs are
also used as detectors [6, 7], only a very brief description will be given in 24.5 for
RTD detectors.
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Fig. 24.1 Structure of RTD THz oscillator with slot antenna (reproduced from [3]. Copyright
(2016) Springer Nature)

24.2 Device Structure

The structure of our RTD oscillator is shown in Fig. 24.1 [3]. The RTD is located
at the center of a slot antenna which works as a resonator and a radiator. The RTD
is composed of AlAs/GaInAs double-barrier structure on semi-insulating InP sub-
strate. The peak current density and the peak-valley current ratio are ~30 mA/μm2

and 2, respectively. The mesa bottom of the RTD is connected to one side of the
slot, and the upper electrode on the RTD is connected to the other side of the slot
via a metal bridge and a large capacitance of the metal-insulator-metal (MIM) layer.
The oscillation occurs when the negative differential conductance (NDC) of RTD
compensates for the conductance of the antenna including conduction and radiation
losses. The oscillation frequency is determined by the resonance circuit constructed
with the capacitance of RTD and slot antenna. The output power is extracted from
the substrate side through a hemispherical Si lens, as shown in Fig. 24.1.

24.3 Toward High-Frequency and High-Power Operation

For high-frequency oscillation, a short electron delay time in RTD is required to
maintain the NDC at high frequency, and the conduction loss in the antenna must
be reduced. The electron delay time is composed of the dwell time in the resonant
tunneling region and the transit time in the collector depletion region [3]. The dwell
time was reduced by a narrow quantum well and barriers. For the transit time,
the thickness of the collector spacer was optimized to simultaneously reduce the
capacitance. The conduction loss was reduced by optimizing the antenna length and
improving the structure and fabrication process of the metal bridge [4]. To further
reduce the conduction loss, the thickness of the antenna electrode was increased,
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Fig. 24.2 Oscillator with thick antenna electrode. (a) Structure, (b) scanning electron microscope
image, and (c) oscillation spectrum. (Reproduced, with permission, from [5]. Copyright (2017)
IEEE)

Fig. 24.3 Large-scale array of RTD oscillators with dipole array antennas. (a) Structure and (b)
output power and oscillation spectrum. (Reproduced, with permission, from [9]. Copyright (2019)
AIP Publishing)

and oscillation at 1.98 THz was obtained [5], as shown in Fig. 24.2. This is the
highest frequency of room-temperature electronic single oscillators to date.

For high-output power, we fabricated an offset slot antenna with high radiation
conductance and achieved a high-output power of 0.61 mW at 620 GHz with a
synchronized two-element array [8]. For a large-scale array, 0.73 mW was obtained
at 1 THz with 89 elements [9], as shown in Fig. 24.3. The output coherence
of this array was imperfect, and a few peaks were observed in the oscillation
spectra, because the coupling was not intentionally made between the elements
in this device. This property may be useful for imaging application, because the
interference fringe is suppressed.

New structures for high-frequency and high-output power were proposed [10,
11], in which a cavity and a bow-tie antenna separately work as the resonator and
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radiator, respectively. An output power of ~2 mW at 1 THz in a single oscillator is
expected for a rectangular cavity resonator [10], and also, oscillation frequency of
2–3 THz is theoretically possible with a cylindrical cavity resonator [11].

24.4 Spectral and Polarization Characteristics

To achieve electrical frequency tuning in the RTD oscillators, a varactor diode was
integrated in the slot antenna. A wide frequency tuning from 420 to 970 GHz
was obtained in an array of the frequency-tunable oscillators covering different
frequency ranges [12]. Spectral narrowing of the frequency-tunable oscillator by
the phase-locked loop system was also demonstrated [13]. Spectral width as narrow
as 1 Hz was achieved in the whole tuning range.

A circular polarized THz wave was generated by an RTD oscillator with radial
line slot antenna (RLSA) [14]. In a preliminary experiment, the axial ratio of the
polarization was 2.2 dB, and the directivity was 15 dBi at 500 GHz. This structure
was also applied for vortex wave by changing the arrangement of RLSA [15].

24.5 Applications to Wireless Communication and Radar
System

Researches toward applications of RTDs to imaging [16], spectroscopy [12],
wireless communication [6, 7, 18–20], and radar system [21–23] have been reported.

For wireless communication, the output power of RTD oscillator can be mod-
ulated directly by superposition of signals on the bias voltage. This property is
convenient for compact transmitter. The cutoff frequency of direct modulation up to
30GHz was reported [17]. Using the direct modulation, wireless data transmission
with the data rate up to 44 Gbps with the bit error rate of 5 × 10–4 (< FEC
limit) and 25 Gbps without error was demonstrated at 650 GHz [18]. Multichannel
data transmission was also demonstrated [19]. 56 Gbps was obtained by the
frequency division multiplexing with 500 and 800 GHz. The same data rate was
also obtained in the polarization division multiplexing. Data transmission with
a circular polarized wave, which was almost insensitive to the rotation of the
transmitter, was demonstrated at 500 GHz with 1 Gbps using an RTD oscillator
with RLSA [14]. RTD can also be used for a detector because it has nonlinear
current-voltage characteristics. THz wireless communications with RTD detectors
have been demonstrated [6, 7].

THz radar system, which is useful for 3D imaging, was also demonstrated [21–
23]. The amplitude-modulated (AM) THz output of an RTD oscillator is irradiated
to an object, and the reflected wave is demodulated. By the comparison of the phase
of the demodulated signal with that of the reference signal, the distance between the
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RTD and the detector with reflection at the object is obtained. Using two frequencies
for the modulation, absolute distance was measured with an accuracy of 0.063 mm
[22]. Radar system with the frequency-modulated subcarrier was also reported [23].
Multiple objects can be observed in this system.

24.6 Conclusion

THz sources using RTD oscillators were described in this chapter, including
oscillation characteristics and applications to wireless communication and radar
system. Attempts are being made to achieve higher performance, such as higher
frequencies and higher-output power. Researches aimed at various applications are
also being conducted. An important issue for future applications will be high-power
operation. In addition, various advanced functions, such as output beam forming, are
important for applications such as wireless communication, and further research is
desired. In any case, the advantage of an RTD is its compactness, and it is expected
that a variety of applications will be expanded utilizing this feature.
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Chapter 25
Plasma-Wave Devices

Taiichi Otsuji and Akira Satou

Abstract This chapter describes the recent advances in plasma-wave devices for
terahertz applications. The first topic deals with nonlinear hydrodynamic properties
of massive two-dimensional plasmons in compound semiconductor heterostructure
material systems to demonstrate ultrahigh sensitive detection of terahertz radiation
and intense broadband emission. The second topic focuses on graphene, a mono-
layer carbon-atomic honeycomb lattice crystal, exhibiting peculiar carrier transport
and optical properties owing to massless and gapless energy spectrum. Theoretical
and experimental studies on active Dirac plasmonics in graphene toward the creation
of graphene terahertz injection lasers are described.

25.1 Massive 2D Plasmonic Devices

More than 40 years ago, a new direction in physics opened up with the arrival of
plasma-wave electronics [1, 2]. The possibility that plasma waves could propagate
faster than electrons fascinated all, suggesting that the so-called “plasmonic”
devices could work at terahertz (THz) frequencies, too high for standard elec-
tronic devices. The original investigation in plasmonic THz devices was given
to the inversion layer in Si MOSFETs [1] and two-dimensional (2D) electron
systems in quantum wells of semiconductor heterostructures [2]. All those materials
serve massive electrons and holes. The 2D electrons’ fluidic and hydrodynamic
nonlinear natures reflect the 2D plasmonic functionalities with highly sensitive
rectification, instability-driven emission, and frequency conversion of THz radi-
ation. We call such plasmons as massive 2D plasmons. Due to the excellent
electron transport properties, III–V compound semiconductor heterostructures like
InGaAs/InAlAs/InP, GaAs/AlGaAs, as well as GaN/AlGaN have been well investi-
gated for high-end highly sensitive THz detectors [3]. On the other hand, due to very
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large integration capability with highest manufacturing cost-effective reproducibil-
ity, Si-CMOS detectors have been well developed to make focal plane THz detector
array cameras for various industrial/military applications [3].

When THz photons are coupled with 2D plasmons, 2D surface plasmon polari-
tons (SPPs) are excited, and the original THz photon fields are extremely confined
by two to three orders of magnitude in general due to the slow-wave nature of the
plasma waves. The wavelength of THz electromagnetic waves is situated in 10s to
100s of micrometers, whereas the THz plasma waves are situated in 10s to 1000s
nanometers. This could dramatically increase the interaction of THz photons with
2D electrons of the substance and then dramatically increase the quantum efficiency
of the device operation based on conversion of the THz photons to electrons.
Also, standard semiconductor planar integrated device processes nanotechnology
fits to design THz plasmonic cavities in sub-micrometer-scaled transistor device
structures.

The detectors can work for nonresonant, broadband operation with rather high
detection responsivity (due to excellent 2D plasmon nonlinear natures) that does
not need high-quality factors of the 2D plasmonic structures, which is easy to
perform in comparison with resonant, narrowband operation that needs high-quality
factors for the 2D plasmonic structures in the devices [4]. On the other hand, in
terms of THz emitter and oscillator applications, it is difficult to develop coherent
plasmonic THz sources that are the primary demand for various applications. So far,
room-temperature coherent plasmonic THz emitters/oscillators have been yet to be
realized, and only broadband incoherent or resonant quasi-coherent plasmonic THz
emitters have been demonstrated [5].

Highly efficient coupling of THz photons and 2D plasmons is one of the
important figures of merits in the 2D plasmonic devices. Metallic grating structures
have been utilized for a long time as broadband, efficient THz antennae to efficiently
couple THz photons with 2D plasmons. An advanced grating antenna structure
called an asymmetric dual-grating gate (A-DGG) was proposed and implemented
in HEMT structures [6], resulting in record responsivity ranging from 200 GHz to 2
THz [3, 5]. Two grating gates are interdigitated with an asymmetric spacing between
adjacent gate fingers. Under complementary (Hi/Lo)-biased DGG conditions, high
electron density region under the high-biased DG works for a plasmonic rectifier,
whereas depleted region under the low-biased DG works for a resistive load region.
In such a unit section of one A-DGG finger pair, the rectified plasmonic dc current is
converted to a photovoltaic signal. The photovoltaic signal in such a unit section is
superposed along with the entire A-DGG sections in a cascading manner, resulting
in a high photovoltaic output [5].

One drawback for A-DGG HEMTs is the polarization sensitivity that is insen-
sitive to THz radiation whose polarization is parallel to the DGG fingers. To cope
with this issue, a 2D diffraction-grating gate ((2D-DGG) structure was proposed
and polarization-insensitive THz detection demonstrated (Fig. 25.1a and b) [7].
Very recently, a novel gate readout scheme was also proposed (Fig. 25.1a). Due
to high-output impedance of the drain terminal, the drain readout cannot match the
50-� impedance of high-speed interconnection, resulting in multi-reflection-caused



25 Plasma-Wave Devices 293

Fig. 25.1 A 2D-DGG HEMT plasmon THz detector [8]. (a) Device bird’s view, (b) scanning
electron microscopic (SEM) image of a magnified device top view, (c) measured photovoltaic
signals by gate readout (left), and drain readout (right) in response to pulsed CW THz radiation
incidence

severe waveform distortion in response to a high-speed on/off coded THz radiation
incidence. Also, the high-impedance output could not drive a 50-� matching load
at the far end, resulting in severely lowering the effective responsivity under 50-
� loaded conditions. On the other hand, the gate terminal serves a low-output
impedance that is easy to match the 50-� interface. This could successfully resolve
the aforementioned critical two problems simultaneously, providing an excellent
fidelity photoresponse signal integrity with a record high responsivity (Fig. 25.1c)
[8].

In terms of 2D plasmonic THz emitters, various experimental demonstra-
tions have been reported, including broadband emission due to thermally excited
incoherent plasmons in single-gate and DGG HEMTs and frequency tunable
quasi-coherent resonant THz emission due to resonant plasmon excitations in a
single-gate AlGaN/GaN HEMT. A major interest for use in THz emission from
the 2D plasmon emitter devices is the promotion of 2D plasmonic instability. A dc
channel current driven by a dc drain-source bias voltage may promote the plasmon
instability, leading to self-oscillatory coherent plasmon emissions. There are several
different mechanisms to promote the instability such as Dyakonov-Shur Doppler-
shifting reflection-amplification type [9], Ryzhii-Satou-Shur electron-transit time-
modulation type [5], and Cherenkov plasmonic-boom type [10]. However, the
electron transport properties of compound semiconductors limit the quality factors
of the 100-nanometer-scaled 2D plasmon cavities up to a few even at low tempera-
tures. This substantially makes it difficult to realize coherent intense THz oscillatory
emission in any THz emitters driven by massive 2D plasmons [5].
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25.2 Massless 2D Plasmonic Devices

Graphene, a monolayer carbon-atomic honeycomb lattice sheet, originates from
gapless and linear dispersive energy band structure, providing relativistic charged
quanta of massless Dirac fermions in electrons and holes. Graphene massless
Dirac fermions of electrons and holes serve extremely higher carrier mobilities by
more than two orders of magnitude than those of massive electrons and holes in
any conventional semiconductors. The optical properties of graphene are exotic;
interband transition-based optical absorption is independent of photon energy with
absorption coefficient of 2.3% per layer. The graphene Dirac plasmons also take
extremely low damping and high nonlinearities. These unique features have opened
a new paradigm to explore any unexplored science and engineering fields including
THz active plasmonic devices [11].

The most popular demonstrations on graphene plasmonic THz devices were
plasmonic detection of THz radiation in graphene field effect transistors (GFETs)
[12]. There exist several different rectification mechanisms including plasmonic,
photo-thermoelectric, as well as bolometric detections. The former two mechanisms
are primarily concerned in the GFET implementations, whereas the last one is
associated with resistive two-terminal device implementations. Depending on the
applied gate bias condition, the plasmonic and/or photo-thermoelectric detection
takes place [3]. The plasmonic detection serves fastest photoresponse with rather
high responsivity. Due to immaturity of the graphene synthesis and GFET process
technology, the obtained detection performance stays at rather unexpected low levels
that do not reflect idealistic graphene carrier transport properties [3]. One of the
hot topics in this field is clear observation of plasmonic higher harmonic resonant
photoresponses in a GFET under cryogenic temperatures, which was never ever
observed in any massive semiconductor materials/devices [13].

Linear and gapless energy spectrum of graphene carriers enables population
inversion under optical and electrical pumping, giving rise to gain in a wide
THz frequency range. We first theoretically discovered this phenomenon [14] and
resultant THz gain and recently demonstrated experimental observation of amplified
spontaneous THz emission and single-mode THz lasing with rather weak intensity
at 100 K in current-injection pumped GFETs featured by a distributed feedback
dual-gate structure [15]. A high quality of epitaxial graphene synthesized by the
thermal decomposition of a C-face SiC substrate was utilized [15].

Present issues of poor gain overlapping and poor quantum efficiency (limited
by the interband absorption coefficient of 2.3%) can be resolved by introducing the
graphene SPPs [16]. Graphene plasmon instability could help substantially boost the
THz gain as a new physical mechanism. We’ve recently succeeded in experimental
observation of giant amplification of stimulated emission of THz radiation at 300 K
driven by graphene-plasmon instability in A-DGG GFETs [17]. A highest quality
of exfoliated graphene was utilized with h-BN encapsulated layers (Fig. 25.2a).
The ADGG-GFETs introduce periodically modulated carrier-density profiles by
applying a high bias to one GG and a charge neutral point bias to the other GG.
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Fig. 25.2 Room temperature amplification of THz radiation by A-DGG GFETs [17]. (a) A
device’s bird’s view and SEM image, (b) measured absorption spectra for different drain biases.
The red-colored portions turn to amplification (negative absorption) with gain of up to 9%

The finger width of the highly biased GG defines the SPP cavity size so that an
SPP resonant absorption is obtained to the THz radiation when drain is unbiased.
Depending on the carrier density of the SPP cavity, the absorption peak frequency
shifted. With the increasing drain dc bias level, the absorption peak exhibited a
red shift and weakened. When the drain bias approaches a low-end threshold level,
the sample became perfectly transparent over the measured frequency range. When
the drain bias exceeds a high-end threshold level, the sample exhibited a resonant
amplification with a maximum gain of 9%. The gain spectra showed a blue shift
with the increasing drain bias (Fig. 25.2b) [17].

Such an overall response from absorption to amplification with respect to the
drain bias can be qualitatively interpreted by the graphene SPP instability theory
[10, 17]. Integrating the graphene SPP amplifier into a current-injection graphene
THz laser transistor will be a promising solution toward room-temperature intense
THz lasing. A more sophisticated approach based on a gated double-graphene-
layered van der Waals nanocapacitor heterostructure has been proposed as a new
type of quantum cascade THz laser structures [18]. Its proof of concept has been
experimentally demonstrated [19]. Further study will make it a reality.
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Chapter 26
Photonics-Based Transmitters
and Receivers

Tadao Nagatsuma and Guillaume Ducournau

Abstract This chapter describes latest advances in THz communication research
based on photonic technologies. Photonics-based transmitters and receivers are
explained focusing on system configurations and enabling technologies.

26.1 Research Trend

There have been numerous publications since early 2000, which report wireless
transmission experiments using carrier frequencies beyond 100 GHz [1–9]. Figure
26.1 summarizes reported data rates of over 2 Gbit/s, experimentally achieved by
transmission experiments at carrier frequencies from 100 GHz to 700 GHz. Data
points with triangles are demonstrations using electronics-based transmitter, while
data points with circles are achieved by photonics-based ones. Filled and open marks
denote data measured with a real-time transmission experiment and with an off-line
signal processing, respectively.

Carrier frequencies below 450 GHz are the most actively studied bands due to the
availability of devices and components for transmitters with enough output power.
Si-electronics-based transceivers now enable 100-Gbit/s wireless links at frequen-
cies from 200 GHz to 300 GHz [10–13], and GaAs/InP-electronic technologies can
cover frequency bands up to 300 GHz band with a data rate of over 64 Gbit/s at a
transmission distance of 850 m [13] and 120 Gbit/s at 10 m [14].

The photonics-based approach, particularly employed in transmitters, is not only
a technology driver to show unprecedented performance of THz communications
but also a technology demonstrator to get early users or customers. In addition,
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photonics-based systems might be deployed in the future convergence of fiber-optic
and wireless communication networks.

26.2 System Configurations

Figures 26.2a and b show schematic diagrams of a transmitter and a receiver,
respectively. THz communication research was initiated with the use of photonic
techniques for signal generation and modulation as shown in building blocks
of the photonics-based transmitter of Fig. 26.2a. Compared to the all-electronic
transmitter, it has proven to be effective to achieve spurious-free carrier signals [15]
and higher data rates of over 50 Gbit/s. This could be realized thanks to the avail-
ability of telecom-based high-frequency components such as lasers, modulators, and
photodiodes (O–E converters). The use of optical fiber cables enables us to distribute
high-frequency RF signals over long distances and makes the size of transmitter
front-ends compact and light. Moreover, ultimate advantage of the photonics-based
approach is that wired (fiber-optic) and wireless communication networks could be
connected seamlessly in terms of data rates and modulation formats.

In the transmitter, first, intensity-modulated optical signals, whose envelope is
sinusoidal at a designated THz frequency, are generated with the use of dual-
wavelength light sources generating different wavelengths, λ1 and λ2. Then, these
two wavelengths of lights are injected to the photodiode, which leads to the
generation of RF signals or THz waves at a frequency given by fRF = c�λ/λ1λ2,
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Fig. 26.2 Block diagram of the wireless link using a photonics-based transmitter (a) and receivers
for direct (envelope) detection (b) and coherent (heterodyne and homodyne) detection (c). BB:
base band (i.e., unmodulated digital signal at input or recovered digital signal at output)

where �λ is a difference in wavelength of lights and c is the vacuum velocity
of light. The converted signals are finally radiated into free space by an antenna
connected at the photodiode current output.

In the receiver, the RF signal is demodulated into the baseband data signal using
detector diodes with direct detection or envelope detection scheme (Fig. 26.2b)
and coherent homodyne or heterodyne detection scheme (Fig. 26.2c). Usually, the
demodulated signal is amplified with a baseband amplifier and reshaped with a
limiting amplifier. Transmission characteristics are evaluated with baseband testing
instruments such as sampling oscilloscopes and bit error rate testers (BERTs). There
are several options for detector diodes such as Schottky barrier diodes (SBDs)
[16], plasma-wave FET detectors [17], resonant tunneling diodes (RTDs) [18, 19],
and Fermi-level managed barrier diodes (FMBDs) [20–22]. SBDs are the most
commonly used detectors for THz communications, as a kind of workhorse. One
of the practical features of plasma-wave FET detectors is a uniformity of device
performance over the wafer and might be applicable to detector arrays. RTDs have
recently proven to be used as sensitive receivers when they are operated as a self-
injection mixer [19]. FMDBs are verified to exhibit their superior performance with
respect to sensitivity and required LO power [22].

Figure 26.3 shows different approaches to implement the dual-wavelength light
source. The most straightforward source involves combining the light from two dif-
ferent single-frequency semiconductor lasers (Fig. 26.3a). While its main advantage
is the broad tuning range of frequency, the weakness is that the frequency stability
is generally poor, requiring locking techniques for the two optical wavelengths [23].
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Fig. 26.3 Block diagrams of dual-wavelength light sources

One way to achieve stable signals is to use an external optical modulator driven
by an electronic RF source. When an optical intensity or phase modulator is used
after a CW single-frequency semiconductor laser, sidebands around the optical
wavelength are generated, being spaced by the modulation frequency applied to
the modulator. Higher-order harmonics of over 10th can be achieved cascading
modulators [24]. In this case, optical filters such as arrayed waveguide gratings
(AWGs) and other tunable filters should be used to select only two of harmonic
components showing optical frequency comb signals (Fig. 26.3b). Another optical
CW signal generator with THz frequencies is based on optical pulsed sources. The
output of the semiconductor laser is a continuous stream of pulses, spaced in time
by the inverse of the repetition frequency, f0 = c/2ngL, where ng is a refractive index
of the laser active layer and L is a cavity length of the laser. When the external RF
signal at f0 or f0 /m (m is an integer) is applied to the laser, the optical spectrum
becomes a comb of modes, spaced by this frequency. The main characteristic is that
each of the modes is locked in phase to the adjacent ones (Fig. 26.3c).
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One of the practical issues in the comb-based RF signal generation is a phase
noise, since the signal generation scheme is essentially a frequency multiplication,
in which the phase noise increases quadratically with the harmonic number. Low-
phase noise and narrow-linewidth photonic sources based on the spectral narrowing
effect of the stimulated Brillouin scattering (SBS) phenomenon in an optical cavity
such as fibers have been studied; the phase noise of generated RF signals does not
scale up as the frequency increases [25].

In photonics-based transmitters for communications, data signals or baseband
signals can be easily applied by using optical modulators. Figure 26.4a shows the
most common way to modulate the THz carrier with a designated modulation
format, which includes OOK (ASK), BPSK, QPSK, QAM, etc., where one of
the two light waves is modulated in the optical domain. In the case of OOK
(ASK) modulation, both light waves can be simultaneously modulated to double
the efficiency. Multichannel transmitter can be realized by using multi-wavelength
light sources like the optical frequency comb as shown in Fig. 26.4b [26].

26.3 O–E Converters

In photonics-based transmitters, the most critical component is the O–E converter
which offers broad bandwidth, high-output power (high saturation level), and high
linearity. To meet these requirements, there have been quite a lot of research
and development on THz photodiodes and photoconductors operating at telecom
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Fig. 26.5 Band diagram of modified UTC-PD.

wavelength (1.55 μm). Uni-travelling-carrier photodiodes (UTC-PDs) and their
modified structures have been widely used for THz transmitters, since UTC-PDs
exceed the performance of conventional PIN photodiodes with respect to bandwidth
and output power [27–29]. In UTC-PDs, only electrons act as active carriers to
avoid the transport of holes, whose velocity is much slower than that of electrons.
Performance improvement in PIN photodiodes as well as photoconductors has also
been continuing [30, 31].

Figure 26.5 shows a structure of modified UTC-PD which optimizes a trade-off
between the bandwidth and the responsivity [26]. It looks like a combination of
UTC-PD with p-doped absorption layer and un-doped carrier collection layer and
PIN-PD with un-doped absorption layer.

Figure 26.6 shows a photo of resonant cavity-enhanced broadband UTC-PDs
(RCEUTC-PDs) optimized for 300-GHz-band signal generation. It uses a novel
semitransparent top contact utilizing subwavelength apertures for an enhancement
of optical transmission. The responsivity of the device is improved by introducing a
metallic mirror below the diode mesa through wafer bonding, producing an optical
resonant cavity [27]. This photodiode has been successfully applied to 300-GHz-
band wireless communications at 100 Gbit/s [32].

Figure 26.7 shows a waveguide-output UTC-PD module, which operates in 600-
GHz band [33]. A broadband coupler, which connects the UTC-PD and the hollow
waveguide, is monolithically integrated with the UTC-PD chip. As a result, 3-dB
bandwidth of the module exceeds 200 GHz, and the module has been successfully
applied to the 600-GHz-band wireless link.

Further continuous research for THz photodiodes should be focused on an
increase of the output power. THz photodiodes should be inherently operated at
as higher current as possible to increase the conversion efficiency from optical to
RF power. One of the critical problems is a thermal management of photodiodes,
since the failure of THz photodiodes is often caused by the thermal effect due
to horrific increase in the current density, as the optical input power increases.
Transferring the substrate from InP to other substrates, which have better thermal
conductivity, such as SiC or heatsink materials has proven to be effective even
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Fig. 26.7 (a) 600-GHz-band UTC-PD chip with an integrated coupler to be packaged on the
hollow waveguide (WR-1.5). (b) Packaging structure of the UTC-PD module with optical fiber
input and waveguide (WG) output

at microwave and millimeter-wave frequencies [34, 35]. Another way is a power
combining by collecting the output power from multiple photodiodes in the circuit
level via waveguides or the spatial level via antennas [36–38].
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Fig. 26.8 Conceptual
illustration of future THz
transceiver module

26.4 Integration Technologies

For photonics-based transmitters to compete with all electronic ones in terms of
size and cost, integration technologies are of greatest importance with monolithic
as well as hybrid manners. A fully monolithically integrated transmitter on the
InP substrate, which includes dual lasers, modulators, amplifiers, and photodiodes,
has been demonstrated at 90 GHz [39]. Before reaching such a full-component
integration, integrated photonic sources would be the first priority, since the cost and
size of most THz communication systems are governed by dual-wavelength sources,
which satisfy required stability, controllability, and output power. Integrated laser
sources on InP, Si, and polymeric materials have successfully applied to THz
communications [40, 41].

In the hybrid integration scheme particularly for much higher-frequency opera-
tion, the choice of platform technologies is still under consideration among several
promising candidates such as MEMS-based hollow waveguide [42] and dielectric
waveguide structures [43] to minimize loss and dispersion in the THz signal
transmission and/or interconnects.

Figure 26.8 shows a concept of future THz systems, where dielectric waveguides
or hollow waveguides act as a broadband interconnect platform for active functional
devices, such as signal generators, modulators, and detectors. In some cases, optical
interconnection can be used for loss- or dispersion-sensitive parts such as antenna
remoting. THz cables, or THz fibers, are also considered as alternative media to the
optical interconnect, when the conversion efficiency from baseband to THz signals
becomes competitive with that from baseband to optical signals.

26.5 Experimental Systems Using Photonic Transmitters

Many examples of system demonstrations are described in Part X. Here, some rep-
resentative wireless links using photonics-based transmitters at carrier frequencies
from 200 GHz to 500 GHz are summarized in Table 26.1. The highest single-



26 Photonics-Based Transmitters and Receivers 307

channel data rate achieved to date with an error-free condition (bit error rate (BER)
of less than 10−11) is 50 Gbit/s, where the on-off keying (OOK) modulation in the
photonics-based broadband transmitter and the direct detection in the receiver are
employed at 320 GHz [8]. In order to increase data rates, coherent transmission
systems with multilevel modulation formats such as quadrature phase shift keying
(QPSK), 16 quadrature amplitude modulation (QAM), and 64QAM have been
examined with a single carrier and multi-carriers [32, 44–50]. A record single-
channel data rate has reached 100 Gbit/s with BER of 3.4 × 10−3 at 240 GHz [44]
and with BER of 2.0 × 10−2 at 425 GHz [49], which are measured by the digital
signal processor (DSP) installed in commercially available oscilloscopes.

Table 26.1. Summary of recent THz communication research using photonic
transmitters

Figure 26.9a shows a block diagram of a single-channel 100-Gbit/s transmission
system, using the photonics-based transmitter with 16 QAM modulation format in
300-GHz band [32]. The achievable BER was lower than forward error correction
(FEC) limit value of ∼4 × 10−3 with clear constellation as shown in Fig. 26.9b.

In contrast, Fig. 26.10 shows a block diagram of real-time 100-m transmission
system using the photonics-based transmitter with QPSK modulation format and an
“analog” coherent receiver without DSPs [50–52]. This is in order not only to exam-

Table 26.1 Summary of recent THz communications research using photonic transmitters

Authors Frequency Modulation Signal processingData rate

S. Koenig et al. [44]
(KIT, 2013) ~240 GHz 16QAM

(25 Gbaud) 
100 Gbit/s

DSP
(off-line w/

real-time scope)

300 GHz
~500 GHz

QPSK
(10 Gbaud)
8 carriers

160 Gbit/s
(8 ch)

DSP
(real-time

scope)

X. Yu et al. [46]
(DTU, 2016)

H. Shams et al. [45]
(UCL, 2015)

~200 GHz
QPSK

(12.5 Gbaud)
4 carriers

100 Gbit/s
(4 ch)

DSP
(off-line w/

real-time scope)

V. K. Chinni et al. [32]
(IEMN, 2018) 280 GHz 16QAM

(25 Gbaud) 100 Gbit/s
DSP

(off-line w/
real-time scope)

T. Nagatsuma
et al. [50]

(Osaka U., 2016)
320 GHz QPSK

(50 Gbaud) 100 Gbit/s
Analog

Real time

64QAM
(7.4 Gbaud)328 GHz 59 Gbit/sA. Stöhr et al. [48]

(Duisburg U., 2017)

106 Gbit/s425 GHz
X. Pang et al. [49]
(NETLAB, 2017)

16QAM
(32 Gbaud)

DSP
(real-time 

scope)

DSP
(real-time 

scope)

X. Pang et al. [47]
(NETLAB, 2016)

300 GHz
~500 GHz

16QAM
(12.5 Gbaud)

6 carriers

260 Gbit/s
(6 ch)

DSP
(real-time

scope)
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ine a long-time stability of the transmission as well as an error-free transmission but
also to conduct a real-time transmission of uncompressed ultrahigh-definition TV
(4 K/8 K) signals without the use of application-specific DSPs and/or high-speed
DA/AD converters.
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26.6 Photonics-Based Receivers

Ultimate motivation of photonics-enabled THz communications is a convergence
of fiber-optic and wireless radio networks. Thus, in the receiver, the output signals
should be converted to optical signals with simpler and more efficient ways. One of
practical ways is IF signal transmission and demodulation as schematically shown
in Fig. 26.11. The operation point of the electro-optic intensity modulator is usually
set to the null point to suppress the optical subcarrier signal. This method has
proven to be effective not only to overcome an IF signal leakage problem, which is
common with electronic devices, but also to shape the optical spectrum for efficient
demodulation in communication experiments in 300-GHz and 600-GHz bands [53,
54].

Figure 26.12 shows other types of receiver configurations, where photonic
devices and techniques are employed. In Fig. 26.12a, photonically generated signals
are applied to the diode mixer as a local oscillator (LO) signal, and it is often referred
to as a photonic LO. In case of mixers using Schottky barrier diodes (SBDs), they
usually require the LO power of a few mW, and thus the amplifier is used after the
photonic LO source, since the output power of THz photodiodes is less than 1 mW
at 300 GHz. Fermi-level managed barrier diodes (FMBDs) require the LO power of
less than 0.1 mW, because of their low barrier height (<0.1 eV) compared to SBDs
(0.6 ~ 0.9 eV). FMBD mixers directly pumped by the UTC-PD have successfully
been applied to the receiver in the 300-GHz band [22, 55].

Receivers of Fig. 26.12b are directly pumped by optical signals and are often
called as photonic mixers, and photodiodes and photodetectors have been demon-
strated as photonic receivers for millimeter-wave and THz communications [56, 57].
The most crucial issue in photonic mixers is high conversion loss, which is as high
as 30–50 dB. Even in such a situation, photoconductive receivers have been applied
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Fig. 26.11 Block diagram of the optical fiber output-type receiver, in which photonic techniques
are efficiently used in the demodulation process
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to the receiver for 10-Gbit/s QPSK data link at 300 GHz by using a THz preamplifier
in the front-end [58].

Receivers of Fig. 26.12c are based on the optical modulator which can operate at
THz frequencies and are more simplified optical fiber output-type compared to the
configuration of Fig. 26.10. Recent progress in optical modulator technologies using
highly nonlinear polymeric EO materials and plasmonic enhancement in interaction
between THz waves and optical waves in materials have enabled a 300-GHz-band
operation for communications [59].
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Chapter 27
Vacuum Electronic Devices

Claudio Paoloni

Abstract The exploitation of the spectrum beyond 100 GHz is the solution
for the full implementation of 5G and the development of 6G concepts. Low-
power electronics is already available, but technology advancements are needed to
overcome the increasing atmosphere and rain attenuation above 100 GHz, which
presently limit the transmission distance.

New solid-state power amplifiers (SSPA) based on GaN or InP processes have
been produced in the recent years, but the best output power achieved is far below
the watt level needed for transmission by high modulation schemes over long range.

Vacuum electronic devices, namely, traveling-wave tubes (TWTs), offer more
than one order of magnitude and more power than SSPA, over wide bandwidth,
representing a promising solution for ultrahigh-capacity long links.

However, the short wavelength above 100 GHz poses substantial fabrication
challenges, which require new technology approaches for high-volume production
to bring TWTs into the wireless communication market. This chapter will explore
the working mechanism, the potentiality, the features, the state of the art, and the
possible deployment scenarios for millimeter-wave and sub-THz TWTs.

27.1 Introduction

The advancements in solid-state electronics have permitted outstanding perfor-
mance with multi-Gb/s data rate in the millimeter-wave and terahertz portion of the
spectrum. Unfortunately, the simultaneous decrease of output power of solid-state
power amplifiers (SSPA) [1, 2] and the increase of link attenuation at the increase
of frequency prevent long links above 100 GHz, even with the use of very high-gain
antennas.
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Simple link budget calculations highlight that the minimum transmission power
needed to support high-modulation schemes and range longer than 100 meters above
100 GHz has to be in the watt range.

Recently, the use of traveling wave tubes (TWTs) as wideband high-power
amplifier in new generation wireless networks is investigated [3, 4]. Potentially,
a TWT can provide a minimum of 40 W at 100 GHz and 1 W at 300 GHz. This
output power is more than one order of magnitude higher than the power available
from any available SSPAs at the same frequencies.

The availability of this level of transmission power is opening new perspectives
in wireless transport of unprecedented data rate over long distance, enabling new
paradigms for backhaul and fixed wireless access.

The main challenge is the design and fabrication of affordable TWTs, due to the
short wavelength at sub-THz range (e.g., 3 mm at 100 GHz), which determines their
dimensions. In the following, properties, fabrication processes, and applications of
TWTs for sub-THz wireless communications will be discussed.

27.1.1 How a TWT Works

Electrons can be easily accelerated at a fraction of the velocity of light c (e.g.,
ve = 0.2 c where c = 3 108 m/s) by an electric field established by a voltage V
applied between the source of electrons (cathode) and an electrode (anode) placed
at a given distance. The electron velocity ve is a function of the accelerating voltage

V (ve =
√

2e V
m

where m and e are the mass and the charge of the electron,
respectively).

An electron beam is a flow of electrons, namely, a current Ib, confined in space
with a defined cross section, usually circular, that travels at a speed given by the
accelerating voltage V. The DC energy of the beam is given by the product of the
accelerating voltage V by the current Ib.

Typically, millimeter-wave TWTs have the beam voltage V in the order of 5–
20 kV corresponding to accelerated electrons above 0.1 c and the current Ib in
the order of tens to a few hundreds of mA. The current depends on the area cross
section of the electron beam and electron emission parameters of the cathode. As
an example, an electron beam with V = 15 kV voltage and Ib = 50 mA current has
750 W power.

The property of a TWT is to convert part of the high DC energy of the electron
beam into RF energy. The TWT working mechanism is extensively described
in literature [5]; however, a short summary is given to provide the reader some
background. The phase velocity of an RF wave propagating in space is defined as
the velocity of its phase fronts. The transfer of energy in a TWT happens if the
electron velocity ve is slightly higher than the phase velocity of the RF wave.

The main components for amplification in a TWT are the beam optics and the
interaction structure (Fig. 27.1).The beam optics is the subassembly that permits the
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Fig. 27.1 Schematic of TWT

generation and the confinement of the electron beam with a given electron velocity
and current. It consists of an electron gun that produces the electron beam, the
magnetic focusing system that keeps the electron beam confined in a well-defined
shape along its path, and the collector that receives the electrons at the end of their
travel and partially recovers their energy. The electron beam needs high vacuum
(10−8 torr or higher) to flow without degradation, therefore the definition of vacuum
tubes.

The interaction structure is typically a waveguide, modified to slow down the
phase velocity of the RF wave, also called slow wave structure (SWS). The SWS
is characterized by the dispersion curve that represents the variation of the phase
velocity as a function of the frequency. Given a beam voltage and consequently the
speed of the electrons (independent from the frequency), the SWS is designed to
reduce the phase velocity of the RF input signal slightly lower than the electron
velocity. The wider is the frequency region where the defined phase velocity is
constant and consequently in synchronism with the electron velocity, the wider is
the TWT bandwidth.

The electrons from the electron gun enter in the SWS from the electron gun
through a connecting tiny tunnel. When in the SWS, a portion of electrons interacts
with the decelerating fronts of the RF field, the other portion with an accelerating
front. Accelerated electrons reach the decelerated electrons forming, along the
SWS path, high-density aggregations of electrons (bunches) alternate to regions of
low density of electrons. Bunches have a high mass given by the high density of
electrons. Due to the phase velocity slightly lower than the electron velocity, the
formation of the bunches is mostly in the decelerating region of the wave field,
where they are slowed down traveling toward the end of the SWS. The kinetic
energy lost by the electrons, for the principle of conservation of energy, is transferred
to the wave in the form of electromagnetic energy producing its amplification. The
bunches contain the full frequency content of the RF signal.

This apparently simple process permits the amplification at any frequency and
over a wideband (up to two octaves) depending on the SWS characteristics and
feasibility. The limits for the highest achievable frequency f are set by the fabrication
technology and the product Pxf2 = const where P is the average output power.

A TWT includes other important parts that will not be described for brevity, such
as the RF windows, to maintain the vacuum and permit the transmission of the signal
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Fig. 27.2 W-band TWT built by Thales (France) in the frame of H2020 TWEETHER project [4]

at the ports, the magnetic focusing systems, the sever to avoid oscillations for high-
gain TWT, and the vacuum flanges [5]. A TWT is usually enclosed in a compact
case. The TWT in 27.2 produced by THALES (France) has dismensions: Length
340 mm, width 72 mm, and height 54 mm.

27.1.2 Why TWTs Generate More Power Than Solid-State
Amplifiers

Solid-state devices (BJT, HEMT, HBT, etc.) work by modulating a current flowing
between two electrodes. The electrons flow in a short region of semiconductor
experiencing continuous collisions with the semiconductor reticule that limit the
electron speed. The collisions convert the kinetic energy of electrons in heat
concentrated in that very small device region, which has to be dissipated, making
challenging the heat sinking in case of relatively high currents.

The electrons in the TWT flow in high vacuum, which, different from any other
material, allows in principle unlimited velocity due to the lack of scattering and
collision with a reticule and no heat generation. The heat dissipation is mostly in
the collector that is separated from the section where the RF signal gains energy
from the electron beam. The collector is designed both for thermal dissipation and to
recover the electron current for high efficiency. Finally, thermal issues are practically
absent in the RF interaction region different from solid-state devices. This different
thermal behavior of TWTs makes them suitable for handling very high RF power.

Other effect of the internal collisions in the semiconductor is the reduction of
electron mobility in comparison to electrons flowing in vacuum, affecting the high-
frequency performance.

Solid-state devices are limited to low voltages due to the low electric field
breakdown, function of the short electrode distance, and materials. TWTs, due to
the high vacuum and size, support higher critical electric field for breakdown, which
permits very high-voltage and consequently high RF power at the ports. Recently,
GaN solid-state power amplifiers, due to the GaN wide bandgap, start to replace
TWTs at microwave, but the power performance is still not comparable at millimeter
waves and above.
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Fig. 27.3 Map of state of the art of millimeter-wave TWTs (more data in [8])

27.1.3 State of the Art

The production of millimeter-wave and sub-THz TWTs is still at the state of the
art (Fig. 27.3). A large number of studies on different configurations, topologies,
and fabrication methods for TWTs above 100 GHz are available in literature [6].
On the contrary, only a few working prototypes were reported. Intrinsic fabrication
challenges, limited market, and the lack of facilities for large production are among
the reasons of low availability of millimeter-wave TWTs.

Among the most relevant examples, it is remarkable a 231.5–235-GHz TWT
providing a peak output power of 32 W. It was built with space qualification for
enabling the VISAR [7]. A TWT with 60 W of output power at 214.5 GHz using a
12.1 kV, 118 mA electron beam is reported in [8]. A 320 GHz TWT using a folded
waveguide as SWS was fabricated and tested. This TWT achieves 19.6 dB gain at
318.24 GHz with 16.9 kV beam voltage, but in a very narrow band [9].

The given examples and some more not cited here demonstrate the potential of
TWTs above 100 GHz. As rough estimation, TWTs in the range between 100 GHz
and 300 GHz could provide 30–40 dB gain and 2–50 W output power. Above
300 GHz, a few watts could be achievable.
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27.2 Fabrication Technology for Sub-terahertz TWTs

A TWT is a micromechanical device. Different from the mass production of solid-
state amplifiers based on patterning the surface of a semiconductor substrate, a
TWT is produced by assembling three-dimensional metal parts built by different
fabrication processes, most of them manually. Electron gun, collector, RF window,
and SWS need specific technologies. The most challenging part to fabricate above
100 GHz, where wavelengths are shorter than 3 millimeters, is the slow wave
structure. An SWS is a metal (usually high conductivity oxygen-free copper)
waveguide modified to slow down the phase velocity, connected to an input and
output couplers to the waveguide flanges. Dimensions of the smaller features could
be below 100 microns.

In addition, the skin depth of copper above 100 GHz is in the range of 100 or 200
of nanometers depending on the frequency. This requires a high-surface finishing to
ensure a surface roughness better than 50% of the skin depth to avoid high ohmic
losses. High-precision micromechanical fabrication processes are needed based on
computer numerical control (CNC) milling or photolithographic process.

CNC milling is normally used for producing mechanical parts, but when the
features are below 100 microns, CNC machines with high accuracy and the
availability of small tooling are crucial for quality of the parts (Fig. 27.4(a)).

Probably, the most advanced CNC milling is the DMG Mori Seiki NN1000 nano-
CNC mill used at the University of California Davis [10]. The nano-CNC mill has
five axes and a movement position accuracy of 1 nm/100 mm and a repeatability of
5 nm/100 mm. The nano-CNC milling permitted to build SWSs up to 0.346 THz.
So far, 350 GHz seems a maximum limit for fabrication of SWS by CNC milling
both for accuracy and micro-tooling size (minimum diameter 76 μm). In general,
depending on the features and the level of accuracy, different quality of CNC milling
machines can be used.

MEMS technology has been recently considered to build SWSs above 100 GHz
and up to 1 THz [11, 12]. The LIGA microfabrication process (from German
Lithographe, Galvonoformung, und Abfornung) is based on photolithography and
electroplating. A layer of photoresist specific for thick layer (the most common is

Fig. 27.4 (a) D-band (141–148.5 GHz) SWS fabricated by CNC milling [10]. (b) LIGA 300 GHz
double corrugated waveguide [13]
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SU-8) is deposited on copper or silicon, depending on the approached used. Then
a mask with the pattern of the SWS is placed on the baked resist to be exposed to
ultraviolet (UV) light. After the development, the SU-8 is removed where the metal
has to be grown by electroforming. Finally, after the electroforming has produced
the desired metal structure, the SU-8 is fully removed, and the SWS is obtained.
Further, CNC milling could be needed for adding specific features.

Figure 27.4(b) shows a 300 GHz SWS fabricated by LIGA (pillar size is 70 x 70
x 150) [13].

The LIGA process is affordable and can be used for large-scale production of
SWS. The fabrication of beam optics for sub-THz TWTs is not different from
microwave TWTs. The assembly is more challenging due to the alignment with
the precision at a fraction of degree to assure the correct flow of the electron beam
that could have less than 100 micron radius.

27.3 Sub-terahertz TWTs for Wireless Communications

The availability of transmission power at watt level at the millimeter-wave and sub-
THz frequencies is very attractive to extend link range, reduce antenna size, and
enable point-to-multipoint coverage or long point-to-point links.

It is not new that TWTs could be considered promising enabling devices for
millimeter-wave links with high capacity, wide bandwidth, and long range. The
major obstacle has been so far the fabrication process, high production cost, low
production capacity, and lack of a robust use case.

The advent of 5G first and 6G recently, the need of high-capacity backhaul
for densification of small cells, and the digital divide in rural and suburban areas
where the deployment of the fiber is not affordable pose new challenges to wireless
networks. The question is how to bring wireless Internet everywhere with almost
unlimited capacity.

A first response was given by the European Commission Horizon 2020 TWEET-
HER project [14]. The project proposed to distribute wireless Internet in point to
multipoint at W-band (92–95 GHz) with about 3.5 Gb/s/km2 area capacity over
circular sector 1 km long and with up to 90-degree aperture angle, providing 99.99%
availability up to ITU zone K. The link budget, due to the low-gain (16 dBi)
antenna to provide sectors with 90-degree aperture angle, requires 40 W saturated
of transmission power. GaN SSPAs can provide not more than 1 or 2 W at this
frequency. TWEETHER project introduced for the first time a TWTs as enabling
amplifier for point to multipoint at W-band. TWTs compensate the low- gain
antenna and provide long links unattainable by SSPAs. A TWT with 40 W output
power and 40 dB gain was designed and build [4].

The European Commission H2020 ULTRAWAVE project [15, 16] moved for-
ward the use of TWTs proposing a point-to-multipoint distribution at D-band
(141–148.5 GHz) with point-to-point transport between D-band hubs at G-band
(275–305 GHz). At the time of the writing of the chapter, the D-band TWT, with
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about 12 W output power, is in advanced fabrication stage. The simulations of the
G-band TWT provide about 1 W output power.

Then other projects using TWTs for sub-THz links followed. The European
Commission H2020 ThoR project is developing a 300 GHz TWT for PtP links [17].

The EPSRC (UK Engineering and Physics Science Research Council) DLINK
project is developing two TWTs for a D-band PtP link in frequency domain duplex
(FDD) with 45 Gb/s for 1 km range. One TWT is for the lower link (151.5–
161.5 GHz) and one for the upper link (161.5–174.8 GHz) [18].

27.3.1 Main TWT Parameters for High-Capacity
and Long-Range Wireless Links

27.3.1.1 Linearity and Intermodulation

Sub-THz long links could support multi-Gb/s data rate exploiting multi-GHz
frequency bands, if signal-to-noise ratio (SNR) and linearity allow it.

TWTs exhibit high power and efficiency when operated at saturation, where high
distortion and intermodulation products are present. The Pout/Pin (output power
versus input power) curve of a TWT shows a linear region and a saturation region
marked by 1 dB gain compression point where the gain decreases of 1 dB from the
linear gain [19].

The third-order intermodulation (IM3) distortion measures the generation of
unwanted frequency occurring in any amplifiers when operate in nonlinear regime.

To support high-modulation schemes (e.g., 16QAM or 64QAM), a TWT has to
operate in the linear region, well below the saturation region. This operation regime
is called back-off. The level of back-off depends on the linearity needed for the used
modulation scheme. Typically, 6–8 dB back-off is needed to operate at 64 QAM.
The typical value of carrier to third-order intermodulation ratio (C/IM3) at 6 dB
back-off is about 30 dBc.

To note that the back-off operation reduces the efficiency because the electron
beam power does not change, the RF power is reduced well below saturation.
However, a relevant portion of the electron beam energy can be recovered by the
collector. Different from solid-state devices, recovering energy from the spent beam
permits a much higher overall efficiency, e.g., with 6 dB back-off, the overall
efficiency can be better than 40%.

But, in case of a D-band TWT with 40 dBm (10 W) saturated output power, after
6 dB back-off, the output power reduces to 34 dBm (2.5 W). A D-band InP DHBT
SSPA with 17 dBm (50 mW) output power after 6 dB back-off reduces to 11 dBm
(12.5 mW). 200 times less power!
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27.3.1.2 Noise Figure

The noise figure of a TWT is typically high (more than 10 dB). The use of a low-
noise solid-state amplifier as driver reduces the overall noise figure and helps to
increase the overall gain.

27.3.1.3 Efficiency

The overall efficiency is linked to linearity and back-off level of operation. It is
mainly a function of interaction efficiency, defined as the ratio of the RF power over
the beam power, and of the collector efficiency in recovering the electron beam. With
a proper collector design, the collector efficiency could reach 90%. On the contrary,
the interaction efficiency at millimeter wave could be lower than 10%. Finally, the
overall efficiency could be in the range of 30–50%.

27.3.1.4 Size and Deployment

The compact size of a TWT permits to allocate it in a cabinet with small size
and footprint. As an example, the first TWT [4] (Fig. 27.2) for wireless W-band,
PmP links was designed to be enclosed in a cabinet (44 x 35 cm footprint) with
the motherboard including the low-power electronics and the horn antennas. In
Fig. 27.5a, it is shown how the TWT is assembled in the W-band transmission
hub realized in the TWEETHER project [10]. The photo in Fig. 27.5b shows the
transmission hub on the mast. An optimization of the assembly and the smaller size
of TWT above 100 GHz would bring a further reduction of size and footprint.

27.4 Conclusions

Traveling wave tubes are a promising solution to provide high transmission power
at millimeter-wave and sub-THz frequency. Their availability would enable long
and wide links with high data rate and high-modulation scheme exploiting the
wide frequency band above 100 GHz. The development of the first millimeter-wave
TWTs above 100 GHz designed for wireless links is in progress.
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Fig. 27.5 (a) Schematic of W-band transmission hub with the TWT. (b) Realized TH (footprint
44 × 35 cm)
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Chapter 28
High-Bandwidth, Analogue-to-Digital
Conversion for THz Communication
Systems

Thomas Schneider and Mladen Berekovic

Abstract Terahertz wireless communication with its immanent wide bandwidth is
seen as one of the potential solutions for ultra-high-speed resilient communication
systems. One of the major challenges in THz systems, however, is high-bandwidth
signal processing and especially analogue-to-digital conversion. Although elec-
tronic converters have recently reached very high bandwidths, the decrease in
Moore’s law future scaling advances makes it mandatory to look for alternatives.
Electronic and photonic combination for high-speed signal processing on a single
integrated platform might enable ultra-high bandwidth and cost-effective processing
units for next-generation THz wireless systems. In this chapter, we will demonstrate
all-optical sampling by Nyquist pulses. These pulses are fully reconfigurable and
simple to control by tuning external RF signals without using any optical tuning.
Therefore, the pulses can precisely be adapted to the sampling requirements. The
method offers sampling rates with three to four times the radio frequency of the used
modulators. Even higher sampling rates are obtained with existing low-bandwidth
electronics by spectral or time-interleaving.

28.1 Introduction

The increase in data traffic demands ultra-high-speed resilient communication
systems with several hundred Exabytes per month [1]. While the strain is felt in
all parts of the network, it is particularly significant in the wireless channels going
from mobile to backhaul and vice versa. Forecasts indicate that the expected data
rate in the wireless channel can exceed 100 Gbit/s within the next few years [2].
Terahertz wireless communication (typically 0.3 THz–3 THz), with its inherent
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high bandwidth, is seen as one of the promising ways to furnish such high data
rate requirements. One of the major challenges in THz systems, however, is high-
bandwidth signal processing and especially analogue-to-digital conversion. The
combination of electronic and photonic signal processing on single integrated,
CMOS-compatible silicon chips might enable cost-effective, ultra-high bandwidth
signal processing units for future wireless THz systems.

For the transformation and processing of information carried by electromagnetic
signals into their binary correspondent a precise analogue-to-digital conversion
(ADC) is essential. For the computer technology, the powerful software improve-
ment has kept pace with the more complex hardware development. However since
the sampling rate of signals is a limiting factor for the performance, this was not
the case for electronic ADC. Electronic ADC schemes are limited by the jitter of
the electronic clock and by several noise sources such as quantisation noise thermal
noise, and nonlinearities [3, 4].

Typically, electronic ADC are based on sample and hold circuits. In the last
few years, the CMOS and SiGe technology has seen a tremendous progress. Thus,
data converters with sampling rates of tens of GSa/s are available. Following the
Nyquist sampling theorem, an ADC requires a sampling rate of at least twice the
bandwidth of the signal to sample. If a spectral efficiency of 3 bit/s/Hz is assumed,
the transmission of 120 Gbit/s signals with THz wireless systems requires baseband
widths of 40 GHz and thus sampling rates of 80 GSa/s. An ADC with 72 GSa/s and
36 GHz input bandwidth in 14 nm CMOS technology has been shown recently [5],
for instance.

The current limits and technology front in electronic converters and their trend
over the last 20 years can be seen in Fig. 28.1. For frequencies higher than a corner
frequency, the efficiency of the design deteriorates by 10 dB per decade. However,
this corner frequency has shifted by a factor of 60 over the last two decades, largely
due to technological improvements. As can be seen from the latest data, 100 GSa/s
sampling rates are becoming within reach. Although the technological advancement
has slowed down significantly due to the demise of silicon scaling to Moore’s law
[6], there still is improvement. Therefore, it can be expected that the achievable
sampling rate will saturate around 100 GSa/s in the foreseeable future, creating the
need for optical conversion if higher sampling rates are required.

Figure 28.2 shows the aperture of published ADCs over the last 20 years. The
influence of jitter is highlighted by two asymptotic limitation curves. This data
shows that 100 GSa/s are nearly within reach, but further significant improvements
are unlikely for the near future.

Much higher input bandwidths can be achieved by spectral interleaving [9].
However, state-of-the-art electronic ADC show a trade-off between bandwidth and
resolution, i.e., the higher the bandwidth, the lower the resolution. This is due to
the phase noise or jitter of the clock, i.e., the inability to sample with a precise
repetition rate. Corresponding to the jitter of ultralow phase noise quartz oscillators,
electronic ADC exhibits jitter levels of 50–80 fs [10]. The accompanied sampling
error results in a decreasing resolution for high-bandwidth ADC and especially
spectral interleaving.
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Fig. 28.1 Schreier FoM (figure of merit) taken from [7] with data from [8]. The numbers are taken
near the Nyquist frequency. The limits for lower frequencies are mainly defined by architectural
parameters while the asymptotic behavior at the higher frequencies is mostly determined by
process technology and FT in particular. It degrades by 10 dB/decade. Over the last 10 years, it
has moved by a factor of 60x to the right
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Fig. 28.2 Aperture for converter designs published over the last decade. Data taken from [8]

During the last 25 years, there has been a great interest in reconciling the ADC
requirement with optical components. This was mainly driven by the rapid growth
of photonic technologies, which might enable high-bandwidth, precise optical
sampling. The use of photonic components to make or improve an analogue-to-
digital converter (ADC) has attracted interest since the early 1970s, and today one
can easily find many textbooks and scientific papers related to “photonic ADCs.”
Photonic-assisted ADCs are electronic ADCs that use photonics to improve the
limited performance of the electronics like the resolution or effective number of
bit (ENOB), jitter, quantization noise, etc. Generally, the sampling is performed in
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the optical domain, while the quantization is carried out in the electrical domain. For
better performances of such ADCs, the sampling becomes the most important issue.
High-resolution optical sampling can be achieved by several methods. The simplest
one is to utilize a fast photodetector in combination with electronic sample-and-
hold circuits. However, the method is restricted by the bandwidth of the electronic
components, since the signal is completely sampled in the electrical domain. Much
higher sampling rates can be achieved if the signal to sample is multiplied by a
train of short laser pulses. For the multiplication, either a modulator, driven by
the electrical signal [3], or a nonlinear element can be used [11, 12]. For the first
method, the sampling rate is restricted by the bandwidth of the modulator, and the
second requires a stable, short-period optical pulse source. Optical pulse sources
like a mode-locked laser (MLL) can show very low jitter values in the attosecond
range [13, 14]. However, the integration of MLL on a chip is still quite challenging.
Additionally, for the multiplication of the pulse sequence with the signal, a nonlinear
device like a crystal, a nonlinear effect in a fiber, or a Mach-Zehnder modulator
(MZM) is required [13, 15]. These nonlinearities might lead to additional distortions
of the signal. Furthermore, the optical path length of the MLL cavity defines the
repetition rate of the pulses and therefore the sampling frequency. Thus, a tuning of
the sampling frequency is only possible in a limited range and rather complicated.
Last but not least, tunable delay lines for each branch and an exact calibration
are required for a parallelization of the sampling in the time domain, and for a
parallelization in the frequency domain, interleaved pulses of different wavelengths
are necessary [16].

In this chapter, we will discuss about the basics of sampling and the optical
sampling with Nyquist pulses [17–25]. An all-optical sampling technique for full-
field sampling (amplitude and phase) followed by some examples [26–32] will be
introduced.

28.2 Sampling Basics

Sampling can be described in the frequency and the time domain, both related by
the well-known Fourier theorems. In time domain, ideal sampling can be perceived
as the multiplication between a bandlimited signal s(t) and a Dirac-delta sequence
δ(t) as:

sa(t) = s(t)×
∞∑

n=−∞
δ (t − nts) (28.1)

where ts = 1/�f is the sampling rate. The multiplication in the time domain
corresponds to a linear convolution in the frequency domain (*) between the signal
spectrum S(f ) and the Fourier transform of the Dirac-delta sequence, which is again
a Dirac-delta sequence. This can be mathematically expressed as:
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Sa(f ) = S(f ) ∗ ϒ (�f ) (28.2)

Here, ϒ(f) is an unlimited frequency comb with �f as the spacing between the
frequency lines. Thus, Eq. (28.2) can be rewritten as:

Sa(f ) =
∞∑

n=−∞
S
(
f − n.�f ) (28.3)

In the frequency domain, ideal sampling produces an unlimited number of equal
copies of the signal spectrum separated by �f. In electronics, sampling is usually
carried out with sample-and-hold (S/H) circuits. Since this functionality can be
approximated as rectangular pulses, weighted by the sampling values, this results in
a multiplication of the spectral copies with a sinc-shaped function in the frequency
domain. Thus, the copies of the signal spectrum have a sinc-shaped envelope, which
leads to a distortion of the sampled signal. Digital signal processing can be used to
reconstruct the signal. However, the power requirement and processing time limit
the overall sampling rate of the system. Photonic sampling, on the contrary, can
offer ultra-wideband sampling. The short laser pulses that are used for photonic
sampling can be approximated by a Gaussian function. Thus, the spectral copies of
the signal have a Gaussian envelope, again leading to a distortion of the sampled
signal.

The only possibility to avoid such a distortion is the multiplication of the spectral
copies with a rectangular function in the frequency domain. Thus, all spectral copies
are equal – as for ideal sampling – but in order to make this kind of sampling
practically feasible, the number of copies is limited. Therefore, in the time domain,
the signal to sample has to be multiplied with sinc-shaped Nyquist pulses.

28.3 Sinc-Shaped Nyquist Pulses

The single sinc-shaped Nyquist pulse with a perfect rectangular optical spectrum is
unlimited in time. Thus, the generation of single pulses is practically as impossible
as ideal sampling. A single sinc pulse can be represented by a rectangular spectrum.
If a number of single equidistant frequencies are carved out of this rectangular
spectrum, this results in an unlimited train of sinc pulses in the equivalent time
domain. Thus, a flat frequency comb with phase-locked, equally spaced components
within the bandwidth defined by the single-pulse spectrum corresponds to a train of
sinc pulses. Such a flat frequency comb can practically be generated with one or two
coupled intensity modulators [17, 18], driven with one or several radio frequencies.
If the first modulator is driven with n and the second with m frequencies, the
resulting flat, phase-locked optical comb consists of N = (2n + 1)(2 m + 1) optical
frequencies. The corresponding Nyquist pulse sequence is completely characterized
by the spacing between the adjacent frequency lines �f and the total bandwidth
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Fig. 28.3 Three-line frequency comb (a) and corresponding sinc-pulse sequence (b) generated
with an integrated Mach-Zehnder modulator (c) and [32] grating couplers (GC) (d) for the optical
input and output, p-n junction biased with the DC voltage Vpn,bias for an optical phase shift in
the two arms of the Mach-Zehnder interferometer. The temperature controllers are driven with the
voltage VTemp, and the sinusoidal RF signal Vin is fed to the input driver

N�f. The pulse repetition period is T = 1/�f, and the rectangular bandwidth
Bs = N�f defines the pulse duration (from the maximum to the first zero crossing)
to τp = 1/(Bs). Thus, pulse width and repetition rate can be varied by simply tuning
the frequency comb parameters �f and the number of frequency comb lines N. A
time shift of the sinc-pulse sequences can be achieved by a phase change of the
electrical signal driving the modulators.

A frequency comb with just three lines (one modulator driven with n = 1) and
the corresponding sinc-pulse sequence generated by a Mach-Zehnder modulator
integrated in a silicon chip are shown in Fig. 28.3a and b, respectively [32]. The
layout and setup of the modulator are depicted in Fig. 28.3c and d. As can be seen,
the generated comb is with 0.04 dB very flat, and the out-of-band 16 dB suppression
of higher harmonics is sufficient for high-quality optical sampling with an integrated
device.

28.4 Photonic Sampling with Sinc-Shaped Nyquist Pulses

Consider any bandlimited analogue signal s(t) with a baseband bandwidth of B.
According to the sampling theory (Nyquist criteria), the signal is fully recoverable
if the sampling rate (number of samples per second) is at least twice the maximum
frequency present in the signal spectrum fs = 1/ts > 2B. Here, ts is the time duration
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between two samples, and fs is the sampling frequency. The signal, ideally sampled
with an unlimited Dirac-delta sequence, in the frequency domain is defined by Eq.
28.3. If the signal is sampled with a sinc-pulse sequence, instead, it can be written
as [30]:

Sa(f ) =
∞∑

n=−∞
S
(
f − n�f )×

�
N

(28.4)

with �N as a rectangular function with the bandwidth of the rectangular frequency
comb Bs = N�f, representing the sinc-pulse sequence in the frequency domain.
Since the sampling is carried out in the optical domain, the comb bandwidth is
defined around the frequency of the optical carrier. Thus, the only difference to ideal
sampling in the frequency domain is that the number of spectral copies is restricted
to the number of frequency lines in the frequency comb N.

The maximum sampling rate for real-time signals is fsR = �f. For periodical
signals or if the sampling is parallelized, it corresponds to the bandwidth of the
frequency comb fsP = Bs. For one single modulator, the bandwidth of the comb
can correspond to three times its RF bandwidth, and for two cascaded modulators,
it can be increased to four times. Thus, with integrated modulators with an RF
bandwidth of 100 GHz [33] or even 160 GHz [34], sampling rates of up to 640
GSa/s would be possible, corresponding to baseband bandwidth of the signals to
sample of up to 320 GHz. This is already much more than the baseband width of
THz communication signals. However, a further increase of the sampling rate can
be achieved by spectrum slicing [9] or the time lens concept [35].

Figure 28.4 shows some experimental examples for the optical sampling based on
time-frequency coherence [26–32]. In Fig. 28.4a and b, a nine-line frequency comb,
generated with two coupled modulators and the corresponding sinc-pulse sequence,
is shown. One of the two coupled modulators has an RF bandwidth of 40 and the
other of 20 GHz. Since the frequency difference between the comb lines is 10 GHz,
the comb bandwidth is 90 GHz, resulting in pulses with a duration of τp≈11 ps. The
red trace in Fig. 28.4b shows the ideal theoretical and the black trace the measured
sinc-pulse sequence. As can be seen, the measured curve comes very close to the
ideal one. In Fig. 28.4c, a 40 GHz sinusoidal signal is sampled with such a 90-GHz
sinc-pulse sequence. The colored pulses are the time shifted sinc pulses, measured
with an electrical sampling oscilloscope with a bandwidth of just 40 GHz. Since the
bandwidth of the electrical device is lower than the bandwidth of the pulses, they
seem to be distorted. However, the sampling points are the red squares, achieved by
an integration over the repetition rate of the pulses. These sampling points follow
the signal to sample very well. Thus, they are not affected by the distortions due to
the limited bandwidth of the electrical measurement devices.

The sampling of a sinusoidal signal with sinc-pulse sequences with 32 zero
crossings between two pulses (the corresponding rectangular frequency comb
consists of 33 spectral lines) is shown in Fig. 28.4d. This was again achieved with
two coupled modulators, where the first one was driven with five and the second with
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Fig. 28.4 (a) Optical frequency comb generated with two coupled intensity modulators and (b)
corresponding sinc-pulse sequence with the theoretical (red) and experimental (black) curve [17].
(c) Sampled 40 GHz sinusoidal signal. The red squares are the sampling points [17]. (d) Sinusoidal
signal sampled with a sinc-pulse sequence with 32 zero crossings between two pulses. The colors
show the different time-shifted sinc pulses [31]. (e) Full-field sampling of amplitude (blue) and
phase (red) [30] and (f) sampling with an integrated Mach-Zehnder modulator driven with two RF
input frequencies, resulting in an optical comb with five lines [32]

one RF input frequencies. The different colors represent different pulse sequences,
time shifted by a phase change of the electrical signal. That the method can be used
to sample the full field (amplitude and phase) is shown in Fig. 28.4e. This is a binary
phase shift keying (BPSK) signal with two amplitude levels (blue); the two different
phases are depicted in red. The sampling of an arbitrary signal with an integrated
device is shown in Fig. 28.4f. Here, an integrated MZM was driven with two RF
frequencies, resulting in an optical frequency comb with five lines.

Thus, simple integrated photonic-electronic complementary metal oxide
(CMOS) compatible chips could lead to small-footprint and cheap sampling devices
with a very high quality for the sampling of THz signals.
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Chapter 29
Modulation Formats

David A. Humphreys

Abstract Modulation is essential to convey information through a communication
system. This chapter gives an overview of the modulation schemes and their use
to date in THz systems. The choice of a modulation scheme is a trade-off of
factors such as noise, RF channel, cost/complexity, and component technologies.
THz systems fall at a technology cusp between optical and RF systems. Spectral
efficiency is important at lower frequencies where the spectrum is congested, but
THz frequency bands are currently underused, and technical challenges like power,
high-channel losses, and oscillator-phase stability dominate the design choices.

29.1 Overview of Digital Modulation

Information is carried through modulation of the amplitude, phase, frequency, or
polarization of the RF carrier. The modulation bandwidth is typically a few percent
of the carrier frequency, and so operating at a higher frequency is an attractive
solution to meet increased capacity demand [1] and escape the congestion in
the lower-frequency spectrum [2]. THz carrier frequencies offer the potential for
modulation bandwidth of many GHz. Factors such as target bit efficiency, RF power,
linearity, RF channel, coexistence, and cost will influence the choice of modulation
scheme.

The bandwidth and data rates used for coherent optical communications and THz
communication are comparable. Also, 5G mmWave is aimed at a global market. For
THz communications to be an attractive proposition, the build and material costs
will be important when selecting technologies.
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Fig. 29.1 Grazing incidence reflection from an object close to the beam transmission path

29.1.1 RF Channel

As with any frequency band, the propagation channel influences the modulation
choices. At THz frequencies, molecular absorptions and scattering by fog and rain
are significant [3] and add to the Friis transmission losses [4].

Analysis of point-to-point links with high-gain antennas with low side-lobe
power for fronthaul/backhaul suggested that multipath reflection is minimal [5]. The
main path is line of sight, but there may be an additional delayed path due to grazing
reflections (see Fig. 29.1). Using gain (15–40 dBi) and angular pattern data from
commercial antennas and recalculating for 300 GHz showed that the additional path
delay is mainly dependent on the link power. The delay varied from 49 ps (183 m)
to 110 ps (0.64 m) at −5 dBm RF power.

29.1.2 Scalar and Vector Modulation

The clearest separation of modulation formats is between scalar (power) and vector
(magnitude and phase) modulations. Vector modulation can be further subdivided
into single-carrier and multicarrier schemes. Polarization is normally reserved as a
diversity scheme to increase the number of available channels.

The simplest scalar modulation is the presence or absence of the RF carrier, On-
off keying (OOK), corresponding to a 1-bit representation of the states (RZ (return
to zero)) or 1-bit representation of the transition timing (NRZ (nonreturn to zero)).
Similar intensity modulation schemes have formed the backbone of optical fiber
communication for data rates of up to 10 Gb/s.

Amplitude shift keying (ASK) is a variant of OOK where the RF power at the
lower level is not zero. This removes the ambiguity present in OOK where “0” and
loss of signal are identical. The coding should be chosen to avoid long sequences of
“0” or “1” to ensure good timing recovery.

Vector modulation adds an additional degree of freedom as both I and Q (or
phase and amplitude) components are modulated simultaneously, allowing a much
wider range of modulation schemes. These techniques are extensively used at lower
RF frequencies and in coherent optical communications where the data rate is
comparable to that available at THz frequencies.
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Multicarrier modulation schemes encode the data in terms of an M-ary constel-
lation on each frequency component of the signal. The carrier spacing is set by the
bit-length T through the Fourier relationship. The commonest of these modulation
schemes is orthogonal frequency-domain multiple access (OFDMA) schemes which
have been used for IEEE 802.11 series standards and for the fourth- and fifth-
generation (4G and 5G) mobile communications [6, 7] because of their bit efficiency
and immunity to multipath effects in the RF channel. The number of bits that can
be assigned to any frequency component will depend on the channel quality. The
symbol time incorporates a “cyclic prefix,” typically about 7% of the bit duration T,
created by appending the copy of the first few points to the end of the time-domain
waveform to allow for the different multipath delays. OFDMA is the subject of
many books [8, 9]. At sub-6 GHz frequencies, the symbol duration is typically
a few milliseconds because cell sizes are large giving long multipath delays. A
positive advantage for multicarrier schemes is their immunity to dispersion and
multipath, but the slow adjacent carrier power roll-off, caused by the rectangular
time window, makes the scheme vulnerable to frequency offsets that affect many
carriers and produces significant out-of-band power, masking adjacent signals.

There are other multicarrier schemes that use windowing to improve their out-
of-band performance. A popular candidate, though not adopted for 5G, is filter bank
multicarrier, which separates the real and imaginary components and maps these to
alternate half-symbols [10].

29.1.3 Constellation Diagram and Data Coding

The simplest representation of data symbols is through a constellation diagram that
shows the decoded and recovered and normalized result at each symbol time. The
separation of the constellation points (data) indicates the sensitivity to noise of
the communication scheme by calculating the energy in the signal transmitted and
comparing this with the noise power required to create a specific error rate.

Filtering, phase, amplitude, and sample-timing optimizations are applied before
the data is mapped onto the constellation diagram. The in-phase (I) and quadrature
(Q) components are often represented in a normalized Cartesian or polar format,
depending on the modulation represented. 16-QAM, shown in Fig. 29.2, uses 2 bits
on each of I and Q axes to represent 4 bits per symbol. In the example shown here,
the bits are selected as blocks b0123 as b0, b1 (I) and b2, b3 (Q).

Noise is normally the limiting factor for any communication system [11]. The
noise statistics are normally assumed to be Gaussian and uncorrelated, AWGN, and
the separation of constellation points. The constellation coding can minimize the
number of bit errors. Gray-coded adjacent constellation points give a single-bit error.
This coding scheme can be applied to two-dimensional constellations, such as 16
QAM, by applying the coding strategy to each of the two orthogonal dimensions.

For a square, fully filled, M-QAM constellation, the constellation point sepa-
ration decreases as the number of bits is increased, requiring a higher SNR to
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Fig. 29.2 A Gray-coded 16-QAM constellation (4 bits). The probability of error depends on
the constellation point position. Points in the core of the constellation (red) overlap with more
neighbors than the points of the edge or the corners. Phase noise, due to the THz source or imperfect
correction of Doppler shift increase, will disproportionally affect the constellation points (green)
with the smallest angular difference (e.g., 0100 – 1100 or 1001 – 1011 on the center circle)

achieve the same BER. Assuming evenly weighted constellation points, AWGN
noise only nk with no phase-noise component and considering only the nearest
neighbor symbols, the BER is given by a received signal (xk) [12]:

P
QAM
b (M) ≈ 2

log2(M)

(√
M − 1√
M

)
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⎛
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√
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2 (M − 1)

⎞

⎠ (29.1)
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snr =
〈
|xk|2

〉

〈
|nk|2

〉 (29.2)

A signal-to-noise increase of about 7 dB is required to increase the bit efficiency
by 2 bits per symbol.
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29.1.4 Error Vector Magnitude

Error vector magnitude (EVM) represents the normalized rms value of the residual
error vector at each constellation point. EVM has a reciprocal relationship with
signal-to-noise ratio (SNR) [13, 14] directly related through:

EVMrms =
√√√√ 1

SNR
+ 2 − (1 + gt

)
√

1 + cos
(
φt
)

1 + g2
t

, (29.3)

where (gt) is the gain imbalance ratio and (φt) is the quadrature error [15].
EVM has also been used in ETSI 3GPP and other standards [16], but the

normalization and pre-correction variables differ between standards. This is an issue
for higher-order QAM waveforms where normalization to the I and Q limiting or to
the rms power scales the EVM results. A second issue is data symbol recovery. If the
symbol values are known beforehand (directed), then error vectors that exceed the
decision boundaries are correctly handled, but if the symbol value is taken from the
recovered values, then the error vector is referred to the closest constellation points,
which may not necessarily be the correct symbol point. Traceable assessment of the
EVM contribution arising from the source and receiver, connected back to back, has
been made at the frequencies used for 3G, assuming uncorrelated noise components
[17], and at 44 GHz [18] using the NIST uncertainty framework that handles
correlation terms [19]. The RF waveform can be directly measured with a digital
sampling oscilloscope (DSO), but this approach is limited to carrier frequencies
less than 100 GHz.

Traceable EVM measurements with a real-time digital oscilloscope (RTDO) at
0.9–2.56 GHz, with a bandwidth of 3.84 MHz, ignored any correlated uncertainty
corrections as the back-to-back measurements of impedance match and instrument
flatness corrections are negligible and effectively a constant [17]. Although a DSO
can measure over millisecond epochs, this is impractical at low trigger rates.

Figure 29.3 shows the upper half of the 16-QAM constellation with AWGN.
Although the received data corresponds to a “1100” symbol, it is incorrectly
decoded as “1000.” This error lowers EVM calculated from recovered data as the
SNR degrades.

EVM and its associated uncertainties are currently being studied in the IEEE
P1765 Standards Working Group [20]. In this standard, all the calculations are
“data-directed” rather than based on “recovered” data symbols, selected as the
constellation point with the minimum individual error vector. At THz frequencies,
the modulation bandwidth spans several GHz, and a mixer-based receiver is needed
as direct acquisition is impractical. Impedance-match and flatness corrections will
filter the noise components, giving correlated uncertainty components.
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Fig. 29.3 (a) Different symbol recovery result for data-directed and data-recovered approaches.
(b) shows the lowered EVM result caused by misclassifying the symbol

29.2 Scalar-Modulated THz Systems

Various scalar systems have been reported: 1–8 Gb/s at 250 GHz [21] with a BER of
10−10, 5–12.5 Gb/s (ASK) at 300 Gb/s [22], 25 Gb/s [23] at 220 GHz, and 40 Gb/s
at 300 GHz [24] with a BER of better than 10−10. This system was extended to 48
Gb/s (SBD detector-limited) using polarization diversity. The same author reported
50 Gb/s over 100 m with a BER of 9.5 × 10−4 also using OOK modulation [25].

In the optical technology-based systems, the THz signal is generated within
a uni-traveling carrier UTC photodiode by photo-mixing (heterodyne difference
frequency mixing) within the photodiode. The radiated THz power is typically a few
tens to a few hundreds of microwatts [26] for photocurrents of about 10 mA. Work
is in progress to increase the achievable THz power from the UTC photodiodes [27].
As part of this work, two lasers to generate the optical heterodyne laser sources have
been monolithically integrated with the UTC as a compact source [28].

Although incoherent modulation schemes have bandwidth and diversity limita-
tions, they may find applications for short-range transmission, where cost is a critical
factor.

29.3 Vector Modulation THz Systems

Vector-modulated formats provide an additional independent degree of freedom for
modulation, giving a higher bit efficiency but require a phase-stable THz carrier
to avoid bit errors. Scalar systems typically achieve a bit efficiency of about 0.5
bits/Hz. Vector modulation-based systems have achieved higher bit efficiencies and
data rates: 2.86 bits/Hz at 340 GHz using 16-QAM modulation [29] and 105 Gb/s
at 3.5 bits/Hz using 32 QAM at 300 GHz over 6 channels [30]. In addition, the
reported EVM performance varied from 4.8% to 8.5% across the channels.
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Stöhr and Hermello et al. have achieved a bit-efficiency of 5.9 bits/Hz with
OFDMA modulation [31]. This work used optical signal generation with a UTC
photodiode. The 84 OFDM subcarriers were each modulated with 64 QAM (6 bits)
giving 8.54 ns/symbol.

Both optical heterodyne and RF harmonic multiplication have been used to
achieve a phase-stable RF carrier. At optical frequencies, a phase-stabilized optical
frequency comb [24] or an optical phase-locked loop. Coherent optical transmitters
containing compound Mach-Zehnder integrated optic modulators are commercially
available and can generate the required complex modulation for use with a UTC
diode; however, in general, this is still a discrete-based process.

There has been considerable progress with the electronic systems using a variety
of technologies and material systems. Electronic systems also offer a degree
of flexibility about the ordering of components to compensate for technology
limitations such as low gain or low power or linearity.

29.3.1 Modulation Comparison for Existing Published Systems

Both optical and electrical generations have been developed for THz demonstrator
systems. Several authors have summarized the state of the art in terms of carrier
frequency, data rate, link distance, or technology. Propagation path distance is
affected by the signal-to-noise ratio required for modulation format, the available
transmitter power, and the RF channel. Figure 29.4 shows the timeline of the
published work in terms of the modulation format and data rate [21–25] and [29–
46]. The scalar results are primarily based on optical technology with unstabilized
optical frequencies so the THz carrier may have a linewidth of over 10 MHz. The
later demonstrators show data rates above 100 Gb/s, and the highest data rates have
been achieved with OFDMA and 16-QAM systems.

29.4 Choosing a Modulation Scheme

The selection of a modulation format needs to take account of both the objectives
and the constraints set by technology and the environment. To date, the objectives
have been to develop and explore what is possible with the preexisting technologies
and the tools available for research. The technology demonstrations mainly have
fixed point-to-point links, and in many cases, the signal processing is off-line.

The closest analogues to THz communications are the development of mm-
Wave 5G-NR systems and coherent optical communications. 5G-NR specifies
the same cyclic prefix OFDMA modulation for both the lower and mm-Wave
frequencies. Coherent optical communication achieves a comparable bandwidth and
data throughput to THz systems [47]. At these high data-rates, it is important to
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Fig. 29.4 Scalar and vector THz demonstrators, classified by their modulation format

minimize the signal processing overheads so that the fast ADC will have a low
ENOB and this constraint will also have implications for constellation complexity.

Lucky and Foschini proposed optimal constellation designs [47–50]. Foschini’s
optimum layout assumes that for any three constellation points, the separation
should be equal, leading to an equilateral triangle primitive giving symmetric
constellations of 4, 7, and 19 points. A partially filled 19-point constellation would
carry 4 bits and have an asymmetry (no training required). AWGN added to the
equilateral triangle primitive will always result in both 1-bit and 2-bit errors. By
contrast, a square M-QAM has a lower probability of a 2-bit error and requires a
lower ADC resolution.

29.4.1 Noise in Measured Systems

The AWGN assumption applied to many communication systems may not be correct
at THz frequencies. Data from experimental results published by Dan et al. [51] for
a 35 nm mHEMT-based system at 300 GHz have been reanalyzed to investigate the
phase-noise behavior of the 2 Gbaud for the 8-APSK measurements. In Fig. 29.5a,
the back-to-back AWG to oscilloscope results (green) show random noise only, but
the measurements over a 1 m path at symbol rates show both AWGN and phase
noise around the constellation points. The evolution of the phase error over time
shows random and systematic components, with a periodic ripple of about 1 MHz.
In THz systems, phase noise will be an issue because of the high multiplication
factor and greater Doppler shift offset.
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Fig. 29.5 Analysis of experimental results at 300 GHz showing AWGN and phase noise. The
phase noise can be corrected, improving the BER by a factor of 5.5. (Data from the TERAPAN
project was provided by I. Dan and is published in [51])

The BER calculated from the results improved from 1.9 × 10−2 to 3.4 × 10−3

after correction.
Other measurements made at comparable baud rates have demonstrated higher-

density constellation without phase-noise impairments.

29.4.2 Alternatives and Choices

The application, capacity, and cost are important guides for choosing a modulation
scheme. For a short-range system where the capacity and range requirements are
not excessive, a UTC-based scalar system may be suitable.

For single-carrier and multicarrier systems where phase noise is a problem,
the angular separation of constellation points becomes a critical issue. How the
constellation is decoded may also be important as the assumptions made for AWGN
may not apply. An 8-APSK modulation will allow up to 90◦ phase rotation, but
the two constellation rings may need to be separated in terms of magnitude. This
will provide a lower protection against AWGN. The nearest neighbor points form a
triangle, and Gray coding will not provide single-bit errors for all transitions from
the inner to the outer ring, increasing the BER by 20%, as shown in Fig. 29.6a.
Altering the angular relationship between the two rings reduces the probability of
the 2-bit transition but also increases the probability of the single-bit errors.
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Fig. 29.6 Original 8-APSK constellation and modified constellation to reduce the probability of
the 2-bit errors

Constellations using multiple amplitude rings provide advantages for phase
noise, at the expense of AWGN and the need for higher-resolution ADCs. Figure
29.2 showed that certain symbol errors will have a higher probability of error
with phase noise. It should be possible to extract this information from the FEC
correction process. The quality of service reporting in the current standards is quite
simplified, with the aim of adjusting the modulation to maximize the transmission
rate [6]. It may be possible in future systems to feedback additional information to
improve the transmission quality.

29.4.3 Multicarrier

The estimated residual multipath delay discussed in 29.1.1 and 29.1.3 suggested
multipath delays of (49–110) ps; inferring OFDM subcarrier spacings of 640 MHz
to 1400 MHz would be quite feasible. Experimental results by Katayama et al.
[30] show multiple conventional wideband time-domain transmission, each with
a bandwidth of 4.7 GHz and a subcarrier separation of 5 GHz. No over-the-air
measurements are reported. Hermelo et al. [31] use a 64-QAM modulation with
84 OFDM subcarriers and 7% overhead and 10 GHz bandwidth to achieve a baud
rate of 59.06 Gb/s. The RF transmission link is 5 cm in this case, and the data was
generated off-line.

OFDM modulation may offer the highest spectral efficiency, but PAPR and
computational overhead may be an issue. The short multipath time delay will allow
a high symbol rate, with the additional benefit of providing some protection against
phase noise and Doppler shift, and the use of pilot tones will aid signal recovery.
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29.4.4 Summary of Key Points

1. The choice of a modulation scheme should not be carried out in isolation as it
links to almost all other aspects of the system, e.g., data capacity, coding, FEC,
power, power efficiency, SNR, range. and cost.

2. Scalar modulation is quite crude, but based on optical/UTC technology, it is
potentially low cost with a reasonable bandwidth. This may be a cost-effective
short-range OTA link for indoor, data center, and kiosk applications.

3. Impressive single-carrier and classical multicarrier research results (106 Gbit/s)
have been obtained. These systems are more complex and at present may offer
benefits as line-of-sight links where there is a demand for the highest bandwidth.
As this technology matures, it will benefit from the mm-Wave research for New
Radio (5G) systems.

4. Because of the high-carrier frequency, oscillator stability and Doppler shifts will
add phase noise to the received signal, affecting signal-recovery and constellation
design choices.

Glossary

5G Fifth-generation cellular radio system
AWGN Added white Gaussian noise
ASK Amplitude shift keying
APSK Amplitude and phase-shift keying
EVM Error vector magnitude
FEC Forward error correction
LTE Long-term evolution (fourth-generation cellular radio system)
OFDMA Orthogonal frequency-domain multiple access
OOK On-off keying
OTA Over the air (testing)
M-QAM Quadrature amplitude modulation for an arbitrary number of constella-

tion points (e.g., 16 QAM)
SNR Signal-to-noise (power) ratio, normally expressed in decibels
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Chapter 30
Forward Error Correction: A Bottleneck
for THz Systems

Onur Sahin and Norbert Wehn

Abstract A truly practical and widely deployed THz technology, and ultra-high
data rate enabled, i.e. Tb/s, link-level solutions will rely on significant progress
on multiple technical design fronts, including the transceiver and digital baseband
components. The digital baseband is responsible for processing and corresponding
storage/memory procedures of the bitstreams and their computations in order to
enable efficient, reliable, and high-speed transmit and receive operations. In THz
and primarily Tb/s data rates that will be enabled in the THz spectrum, these
computation and memory operations reach out to the levels that are orders of mag-
nitude higher than state-of-the-art baseband solutions. Forward error control (FEC)
on the other hand stands out as the most complex and highest power-consuming
component in the end-to-end digital baseband chain for THz and Tb/s link-level
technologies. In this chapter, we provide a detailed FEC implementation and design
requirement analysis targeting Tb/s data rates while considering the underlying
practical deployment constraints including power and device physical area. The
chapter also presents an FEC design framework that marries implementation and
code design domain. Finally, a comprehensive summary of the most promising FEC
encode, decode, and implementation solutions is provided along with the remaining
challenges toward the Tb/s data rate goal.

30.1 Introduction

Ultra-high throughput, or data-rate, communications with target data rates
approaching Tb/s, are arguably one of the most critical capabilities that is promised
by THz systems. Existing 5G standards, with foundations laid in 3GPP Release
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15 and 16, are built on throughputs in the access of 20 Gbps peak data rates,
whereas several technology evolution observations, from data traffic trends to
network infrastructure models, put practical wireless Tb/s technology as the next
major milestone [1]. However, there are many technological challenges to develop a
practical and feasible Tb/s wireless technology, which relies on the frequency bands
above 100 GHz bands, and broadly named as THz spectrum.

A key challenge in THz systems, particularly the ones aiming ultrahigh through-
puts, requires highly efficient radio frequency (RF) front-ends. Recent advances
in the RF front-ends, e.g., electronic, photonic, and hybrid solutions, have put
THz and Tb/s systems one step closer to practical use [2]. Yet, another key
challenge is related to the implementation of digital baseband processing algorithms
at data rates approaching Tb/s. Forward error correction (FEC), a.k.a. channel
coding, is a basic component of any wireless link technology, constituting the most
complex and computationally intense component in the digital baseband chain. In a
wireless system, FEC provides detection and correction of errors in the information
bitstream. These errors could occur during transmission over a noisy channel that
induces errors in the bitstream due to physical effects such as interference, thermal
noise, and device imperfections. Considering its instrumental benefits, FEC has
been adopted in almost all wireless communication products and generations and
will be even more critical for THz systems considering the underlying substantially
higher throughputs. There is no question that the design of communication systems
is no longer just a matter of spectral efficiency or bit/frame error rate. Rather, it
is mandatory to jointly consider the implementation efficiency and implementation
cost. In the past, progress in microelectronic silicon technology driven by Moore’s
law was an enabler of large leaps in throughput, lower latency, and lower power.
However, we have reached a point where microelectronics can no more keep
pace with the increased requirements from communication systems. In addition,
advanced semiconductor technology nodes imply new challenges such as power
density. Thus, channel coding for beyond 5G THz and ultrahigh data rate systems
requires a cross-layer approach, covering information theory, decoding algorithm
development, parallel hardware architectures, and semiconductor technology.

In this chapter, we provide FEC requirements for THz systems from a practical
implementation perspective. Then we summarize state-of-the-art FEC solutions that
target these requirements.

30.2 FEC Performance Requirements for Ultrahigh
Throughput THz Systems

Wireless link-level or digital baseband design takes various key performance
indicators (KPIs) into account, all of which collectively determine the underlying
system requirements. Some of the key KPIs for wireless system design include
error correction capability, operating frequency band, transmission range, operating
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Table 30.1 FEC KPI definitions

KPI Unit Explanation

Throughput Gb/s The net information throughput
Area mm2 Silicon area of the FEC IP
Power Watt Total power dissipation of the FEC IP
Area efficiency Gb/s/mm2 Throughput per unit area
Power density W/mm2 Power dissipation per unit area
Energy efficiency pJ/bit Energy required for decoding one information bit
Latency ns Time for decoding one code word
Frequency MHz Clock frequency of the FEC IP

conditions (in terms of channel characteristics), latency constraints, transmission
direction, hybrid automatic repeat request (HARQ) admissibility, code flexibility
(in terms of block length and code rate), and cost. FEC design requirements depend
on these communication-related KPIs but also in the same way on the hardware
implementation KPIs.

The most important implementation KPIs are information bit throughput, area,
and power consumption, which are directly related to cost (silicon area, package),
area efficiency and energy efficiency, power density, and latency. These KPIs are
summarized in Table 30.1. For an FEC intellectual property (IP) block, the relation
between the KPI parameters can be given by

Area efficiency = Throughpout

FECarea

(
bit/s/mm2

)
(30.1)

Energy efficiency = FECpower

Throughput

(
J/bit

)
(30.2)

Power density = Area efficiency ∗ Energy efficiency = FECpower

FECarea

(
W/mm2

)

(30.3)

where FECpower and FECarea correspond to power consumption at the FEC IP block
and area of the FEC IP block, respectively. A large value for area efficiency and a
low value for energy efficiency indicate high efficiency of the FEC implementation
solution. The affordable chip area of the FEC IP block depends on various factors
such as technology node (IC design cost in very advanced technology nodes can
be more than $100 million in today’s terms), production/market volume, system
prizes, etc. We assume that the total area of a baseband SoC is limited to 100 mm2

due to cost issues. A maximum of 10% of this area should be reserved for the FEC
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IP. Hence, a feasible FECarea, as widely deployable solution for THz use cases, is
assumed to be less than 10 mm2 [3].

In the following, we discuss the FEC design challenges and define a broad
performance requirement framework for THz systems and use cases.

BER: The BER requirements for THz use cases are bound to vary significantly
depending on the categorization of these under either infrastructure or end-
user domains. For instance, IEEE 802.15.3d standard sets very stringent BER
requirements of 10−12 for infrastructure-type use cases such as wireless back-
haul/fronthaul, and data centers, whereas relatively relaxed BER requirement
of 10−6 for close-proximity communications with applications in personal area
networks.

Throughput: Beyond 5G era is expected to be dominated by new definition of
multimedia transportation and use cases, including 360-degree ultra-HD videos
and augmented and virtual reality applications some of which might be realized
by novel AR/VR terminals at the end users. Various detailed analyses and
predictions place the throughput requirements in the order of 100 Gb/s-1 Tb/s,
up to 50× order of magnitude improvement over 5G peak throughputs [4].

Power and Power Density: Thermal design power (TDP), which is the maximum
amount of heat the package/cooling system of an SoC chip is designed for, sets
an upper limit on the power and corresponding power density. Because of cost
reasons (package/cooling cost), the power of the FEC IP is typically limited to
around 1 Watt, which yields a power density in the order of 0.1 W/mm2 as a
feasible value for practical FEC IP implementation.

Energy Efficiency: A total power budget of 1 Watt for FEC IP and 1 Tb/s
throughput requirement results in 1 pJ/bit energy efficiency constraint. Power
density and energy efficiency belong to the biggest implementation challenges.
For comparison, 1 pJ is in the same order of magnitude as performing a 32-
bit multiplication in 28 nm technology or one order of magnitude lower than
accessing a single bit from a state-of-the-art external dynamic random-access
memory (DRAM). If the power is constrained, increasing the throughput requires
decreasing the energy efficiency per decoded bit by the same order.

Area Efficiency: A 100 Gb/s/mm2 requirement can be directly obtained from
corresponding throughput (1 Tb/s) and chip area (10 mm2) values.

Frequency: A maximum feasible frequency limit for an FEC IP is 1 GHz. This
limit exists mainly for two reasons. First, the dynamic power consumption
scales linear with the frequency. Second, FEC IPs are typically implemented as
synthesizable IP cores. Managing routing complexity and clock skew beyond
1 GHz in synthesis-based design methodologies becomes extremely challenging
and becomes even more difficult with future technology nodes. Achieving 1 Tb/s
throughput under a frequency constraint of 1 GHz implies that 1000 information
bits must be decoded in a single clock cycle. Hence, extremely parallel signal
processing and corresponding parallel architectures become mandatory.

Code Flexibility: This feature includes flexible adaptation of code length and
coding rate during the transmission. In some of the use cases, such as intra-
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Table 30.2 FEC
implementation requirements
projected onto 7 nm
technology node

Area limit 10 mm2

Area efficiency limit 100 Gb/s/mm2

Energy efficiency limit ~1 pJ/bit
Power density limit 0.1 W/mm2

device communications where relatively constant channels are observed, the
code flexibility can be low. On the other hand, for use cases with dynamically
varying wireless links, e.g., VR/AR connectivity, the FEC needs to support high
flexibility.

Latency: FEC latency corresponds to the duration of one full-code word decoding
at the decoder. The latency constraint directly relates to system-level latency or
latency in the air interface transmission. It should be noted that high throughput
does not necessarily imply low latency. Achieving short latency is often even
more challenging than high throughput. For THz applications with stringent
application or service-level latency requirements, the target FEC latency is
expected to be around 25 ns, whereas for latency-tolerant applications, FEC
latency can be in the order of 250 ns [3].

The following table summarizes the implementation targets for B5G THz
systems in achieving 1 Tb/s throughput as described above and assuming an
advanced technology node, i.e., 7 nm technology node (Table 30.2).

30.3 FEC Candidates for Ultrahigh Throughput THz
Systems

FEC solutions for throughput beyond 100 Gbit/s already exist for some applications,
e.g., optical communications. However, these solutions are mainly restricted to
algebraic hard decision decoding techniques, whereas the most powerful FEC
techniques exploit soft decision information. Hence, in this chapter, we put the focus
on soft decision techniques, i.e., Turbo codes, LDPC codes, and Polar codes, that
are FEC techniques with outstanding error correction capabilities. These codes are
adopted by many wireless communication standards, e.g., Turbo codes are adopted
by 3G UMTS and 4G LTE; LDPC codes by Wi-Fi, WiMAX, WiGig, DVB-S2, 10
GBase-T, and 5G eMBB data channels; and more recent Polar codes by 5G eMBB
control channels.

As already stated, achieving throughput toward 1 Tb/s under 1 GHz frequency
constraints requires the decoding of up to 1000 information bits in a single clock
cycle. Hence, a very high degree of parallelism of decoding is a must [5]. An
achievable parallelism strongly depends on the code itself, the complexity and
properties of the decoding algorithms, and the underlying architecture. For example,
in Turbo codes, the structure of the interleaver has a strong impact on the achievable
parallelism. In general, sub-functions of a decoding algorithm that have no mutual
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data dependencies can easily be parallelized by spatial parallelism. This is, for
instance, the case for the belief propagation (BP) algorithm that is frequently used
to decode LDPC codes. In the BP algorithm, all check nodes can be processed
independently from each other. The same applies for the variable nodes. The
situation is different for the MAP algorithm used in Turbo decoding where the
calculation of a specific trellis step depends recursively on other trellis steps.
This results in a sequential behavior, and therefore different trellis steps cannot
be calculated in parallel. Such data dependencies exist also in iterative decoding
algorithms between the various iterations.

Other important features for efficient high-throughput implementations are
locality and regularity to minimize power consumption and interconnection [5].
Interconnection can largely contribute to area, delay, and energy consumption. Let
us assume a FEC IP block of size 10 mm2. A signal must travel at least 7 mm
if it is to be transmitted from one corner to the other in the IP block. This will
take in the order of 3–4 ns in a 14 nm technology node. If we run the IP block with
1 GHz, several pipeline stages should be inserted into the wiring, or alternatively the
frequency must be largely decreased. This example shows that interconnect delay
can largely decrease the throughput and/or increase power and latency. Thus, data
transfers can be as important as calculations. This is especially the case for BP-based
decoding of LDPC codes in which data transfers dominate.

Although channel decoding algorithms for advanced codes are mainly data flow-
dominated, they imply irregularity and restricted locality, since efficient channel
coding for Turbo and LDPC codes is grounded on some randomness, that is, the
interleaver for Turbo codes and the Tanner graph for LDPC codes, respectively. Any
regularity and locality in these structures improve the implementation efficiency
but have negative impact on the communication performance. Therefore, there is
some fundamental discrepancy between information theory and efficient implemen-
tations. Table 30.3 summarizes important implementation properties for the three
code classes.

30.4 High-Throughput Decoders

The throughput of an FEC decoder depends on various communication and imple-
mentation parameters. Let N be the code block size and R the rate of a channel code.
Let I denote the number of iterations that a corresponding iterative decoder requires
to decode a code block (I = 1 in the case of a non-iterative decoding algorithm). Let
π denote the degree of achievable parallelism in an FEC architecture. π is defined as
the ratio of the operations that are performed in one clock cycle to the total number
of operations necessary to perform one decoding iteration for a complete code block
of length N. Note that “operation” in this context can be a computation but also a
data transfer. Let f be the clock frequency.

The throughput Tinf (information bits per second) of an FEC architecture can be
estimated by
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Tinf = N ∗ R ∗ 1

I
∗ π ∗ f ∗ (1 − ω) (30.4)

where ω is a normalized value between 0 and 1 that represents the timing overhead
due to, for example, data distribution, interconnection, memory access conflicts,
etc. f is determined by the critical path in the compute kernels of the corresponding
decoding algorithms and/or delay due to interconnection and is upper limited to
1 GHz as already stated. The overhead ω increases with increasing N and π and
is larger for decoding algorithms that have limited locality and need more data
transfers. The impact of ω on the throughput can be considered as an effective
reduction of f or decrease in π , if additional clock cycles are mandatory, such as
memory conflicts, which cannot be hidden. To achieve a large Tinf, a high code rate R
is beneficial, whereas π is to be maximized and ω minimized. The following depen-
dencies exist between error correction parameters and implementation KPIs:

• The dynamic power consumption Pdyn depends first-order linear on f, N, and π ,
while it is independent of I and R.

• The energy efficiency is first-order independent of f, N, and π but inversely
proportional to R and linear dependent on I.

• The area is first-order proportional to N and π .
• The area efficiency depends first-order linear on R and f and is inversely

proportional to I.
• The error correction capability for a given code depends on R, N, and I, i.e., small

R, large N, and large I in general improve the error correction capability.

From these dependencies, it can be seen that there is no optimal parameter
setup that meets all KPI requirements. Rather, there are conflicting requirements
with regard to the KPIs and error correction capability. Thus, many trade-offs on
code design, decoding algorithms, architectures, and implementation in advanced
technology nodes exist.

Mathematically speaking, this suggests a Pareto optimization problem. Even
though channel coding itself is based on a solid theoretical mathematical framework
of information theory, no theory exists that describes the interrelation between
communication performance, i.e., error correction capability, and implementation
KPIs. To tackle this challenge, it is necessary to design space for the different code
classes that contains all relevant parameters. This design space should be intensively
explored to understand the interrelation between all the parameters and to find
the best trade-off under given constraints. Figure 30.1 shows an exemplary design
space for LDPC codes. It consists of four branches, representing the relevant code
design, decoding algorithm, architecture parameters, and constraints, respectively.
To limit the complexity of exploration, the design space has to be pruned, i.e., cut-
off branches that are not promising to achieve the requested KPIs. Similar design
spaces exist also for Turbo codes and Polar codes. A detailed discussion of these
design spaces is out of scope of this chapter.

Although Table 30.3 shows that there are significant differences for Turbo,
LDPC, and Polar codes, there is a commonality for all code classes from an
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Fig. 30.1 Exemplary design space exploration (DSE) diagram of LDPC codes

architecture and implementation perspective. To achieve throughput toward Tb/s,
intense functional and spatial parallelisms have to be employed in all architectures
for the different code classes. A straightforward solution is to use spatial parallelism
by placing several low-throughput decoders in parallel in a multicore solution and
connect them with a distribution network. Such an architecture is scalable and easy
to design but suffers from a low implementation efficiency and a large latency
for individual frames/blocks. Moreover, the distribution network can become an
implementation bottleneck due to the huge amount of necessary wiring. A better
solution is to increase the throughput of the core itself. Here, functional parallelism,
also named pipelining, is a very efficient technique to speed up algorithms with
data dependencies. Functional parallelism enables the “unrolling” of iterative loops.
Buffers are inserted between the different iteration stages. In this way, the data
dependencies are broken up, and the iterations can be executed in parallel on
different data sets.

In the next section, we present FEC solutions for the three code families for
ultrahigh throughput use cases. It is out of scope of this chapter to introduce the
basics of the different coding techniques. We assume that the reader is familiar with
the basics of Turbo codes, LDPC codes, and Polar codes and refers to [6, 7], and
references therein for further information.
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30.4.1 Turbo Decoder

Among the three code classes, decoders for Turbo codes are most challenging
to implement for throughputs toward Tb/s. In its basic form, a Turbo decoder
consists of two component decoders connected through an interleaver and a de-
interleaver. It applies an iterative loop, exchanging extrinsic information between its
two components, cooperatively improving the decoding result [8]. State-of-the-art
hardware architectures for Turbo decoding use one hardware instance alternatingly
performing operations of the two component decoders. Furthermore, the code block
can be divided into smaller sub-blocks that can be processed in parallel. However,
additional computations are necessary at the sub-block boundaries to mitigate a
degradation in error correction performance due to the broken data dependencies.
Various hardware architecture archetypes exist according to the dominant type of
parallelization at architectural level:

• Parallel MAP (PMAP): These decoders spatially parallelize the decoding of
different sub-blocks of the code trellis on multiple sub-decoder cores [9, 10].
However, for smaller sub-blocks and at high code rates, mitigation measures for
avoiding BER performance loss are necessary that limits the maximum degree of
parallelization [11].

• Pipelined MAP (XMAP): The XMAP decoder, named for its X-shaped pipeline
structure, uses a functional parallelization approach where the state-metric
recursions of the MAP algorithm are unrolled and pipelined [12–14]. It also
operates on smaller sub-blocks, here called windows, and therefore suffers from
the same limitations as the PMAP architecture with respect to parallelization and
BER performance loss.

For both architectures, dependent on the structure of the interleaver, memory access
conflicts can result which in turn decreases the throughput. To avoid such access
conflicts, an architecture-aware interleaver design is mandatory. State-of-the-art
implementations of PMAP decoders achieve a throughput of 1–2 Gb/s [15–17],
and similarly 1–2 Gb/s have been demonstrated for XMAP decoders [14, 18] in
recent technology nodes. The fully parallel MAP (FPMAP) decoder architecture
is the extreme case of the PMAP with a sub-block size reduced to 1 trellis stage
in combination with a shuffled decoding schedule [19]. The FMAP has been
shown to achieve a throughput of 15 Gb/s, an order of magnitude more than
previously published PMAP implementations [20], but it suffers from a reduced
BER performance for high code rates [21].

The parallelism π of these decoders is π ≤ 1. In order to enable a throughput
beyond 100 Gb/s for Turbo decoder architectures, spatial or functional paral-
lelization at the MAP component decoder level is not sufficient, and functional
parallelism at the decoder iteration level becomes mandatory, i.e., π > 1. Pipelining
the iterations leads to a further architecture archetype, named fully pipelined
iteration unrolled XMAP, denoted as UXMAP in the following. In this decoder
architecture, many blocks are processed in parallel in the pipeline. At each clock
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Fig. 30.2 Turbo decoder
architecture and types of
parallelization [23]. ((c) 2020
IEEE, reproduced with
permission)

cycle, a new block is read and output [21, 22]. This allows for a very high throughput
that is determined by the block size and the clock frequency only.

Figure 30.2 shows different decoder architectures dependent on parallelization
type. The FMAP lies parallel to the spatial parallelism axis due to the shuffled
decoding schedule which can be seen as an iteration parallelism of 2. The UXMAP
is located in a plane spanned by the functional and iteration parallelism axes. It
yields, however, a large decoder area. In a recent work, the first Turbo decoder
which achieves 100 Gb/s and occupies almost 24 mm2 for a frame size (in terms
of information bits) of N = 128 in 28 nm FD-SOI technology has been reported
[21].

To reduce the decoder area and enable block size flexibility while keeping the
throughput, we can combine the UXMAP architecture with spatial parallelism. In
relation to Fig. 30.2, this means that the UXMAP plane moves along the spatial
axes. In this architecture, the iteration pipelines are split into smaller X-windows of,
for example, sizes 32 and 4 of these placed in parallel when targeting a block size of
128. Since the decoder area first order quadratically increases with the window size,
four parallel smaller windows consume less area than a single pipeline processing
a large window of size 128. The corresponding area reduction is up to 40% when
the 128 window size is changed into 4 windows of size 28 each. Moreover, the
splitting enables frame size flexibility to support various block sizes: 128, 64, and
32. Interleaving is a further challenge in this architecture since (1) the structure
of the interleaver impacts the error correction capability and (2) the interleaver
structure has to support various block sizes. It has been shown that a modified,
almost regular permutation interleaver can provide scalability as well as very good
error correction capability [23].

The drawback of unrolled architectures is the static number of iterations, i.e.,
pipeline stages, which have to be fixed at design time. To enable good error
correction capability over the SNR range, worst-case assumptions on the iteration
numbers should be made. Serial architectures leverage stopping criterions to exploit
the dynamics in the channel and stop iterations as early as possible. This dynamic
behavior can also be exploited in the UXMAP architecture by setting the iteration
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Fig. 30.3 Turbo decoder architecture and layout in 28 nm FD-SOI technology [23]. ((c) 2020
IEEE, reproduced with permission)

to the average number to achieve a given target error correction rate. In the case
that this number is not sufficient when decoding a code block, this block is fed to
a so-called afterburner. This afterburner performs further iterations in a sequential
way. Since the afterburner is also pipelined, it can process several blocks in parallel.
This approach reduces not only the area but also the power consumption and
energy efficiency. To avoid a loss in error correction performance, a reliable, low-
complexity stopping criterion is mandatory to detect blocks that should be fed into
the afterburner. Since hard decisions on the decoded frames are any way available
in the pipeline with no overhead, the hard-decision-aided (HDA) stopping criterion
[24] is selected as stopping criterion.

Figure 30.3 shows the layout of the described decoder architecture that is imple-
mented in 28 nm FD-SOI technology under worst-case assumption. It consumes
14.32 mm2 area and achieves 800 MHz. The achieved throughput is 102.4 Gbit/s
that results in an area efficiency of 7.15 Gbit/s/mm2. The decoder can process
block sizes up to 128 bits, split into 4 windows, with up to 7 iterations of which
3 are processed in the unrolled UXMAP and up to 4 in the afterburner stage. The
afterburner can decode up to 32 blocks in parallel. A full decoding iteration consists
of two half-iteration to process each component decoder, respectively. The left six
boxes in Fig. 30.3 represent the six half-iterations. The four different colors in a
half-iteration highlight the four windows, each of size 32. The rightmost box is the
afterburner stage.

Recent investigations have shown that new low-complexity reduction techniques
based on the local soft-output Viterbi algorithm enable throughput up to 500 Gbit/s
in 28 nm technology with marginal loss in BER performance in comparison with the
max-Log-MAP algorithm. In advanced technology nodes, the processing of larger
block sizes becomes possible. Hence, throughputs approaching 1 Tb/s become
feasible for Turbo codes.
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30.4.2 LDPC Decoder

Unlike Turbo decoders, which suffer from sequential behavior, LDPC codes have
an inherent parallelism. State-of-the-art LDPC decoders apply BP algorithm for
decoding that iteratively exchanges messages between variable and check nodes
on the Tanner graph. The structure of the Tanner graph is defined by the parity-
check matrix H. In BP, all check nodes can be processed independently from each
other. In the same way, all variable nodes can be processed in parallel. The result
of each check node (variable node) calculation is then spread via the edges of the
Tanner graph to all connected variable nodes (check nodes). Although the parity
check matrix is sparse, LDPC decoding is dominated by data transfers and not by
the node computations. This is in contrast to Turbo codes where the computations
dominate the overall decoding (see also Table 30.3). Moreover, the Tanner graph
has very limited locality to provide good error correction capability, which in turn
challenges an efficient implementation of the data transfers in highly parallel LDPC
decoder architectures.

The throughput of a BP-based LDPC decoder is determined by the number of
edges that are processed in parallel. Let us consider an LDPC block code with a
parity check matrix H that has �(H) 1 entry (the number of 1s in H equals the
number of edges in the Tanner graph). Let !(A) denote the number of edges that
can be processed in one clock cycle by an LDPC decoder architecture. Then the
corresponding parallelism of an architecture can be evaluated as π = !(sA)/�(H).
Three archetypes exist:

• Partially parallel architectures: Only a subset of edges and nodes are processed
in parallel, i.e., π < 1. These architectures are very common for large block sizes
that use quasi-cyclic (QC) block codes. An example is the DVB-S2 standard.
The resulting throughput is in the order of magnitude of 10 Gbit/s in 28 nm
technology.

• Fully parallel architectures at iteration level: All edges are processed in parallel,
i.e., π ≈ 1. All check nodes and variable nodes are instantiated one to one
as hardware units and the corresponding edges are hardwired. Because of the
low locality in the Tanner graph, routing congestion is a big challenge in these
architectures. The throughput for this architecture is in the order of magnitude of
100 Gbit/s in 28 nm technology.

• Unrolled fully parallel architectures: These architectures are similar to the fully
parallel architectures, but, in addition, the iterations are unrolled and pipelined
analogous to the iteration unrolling in Turbo decoding. With π = I, a new block
is processed in every clock cycle. Only this architectural approach is feasible to
achieve throughput toward 1 Tb/s.

The unrolled LDPC decoder architecture has the same disadvantage as the
unrolled Turbo decoder with regard to the number of iterations that has to be fixed
at design time. To mitigate the problem of worst-case iterations, the aforementioned
afterburner approach can be exploited as in the Turbo decoder. A further option to
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reduce the number of iterations, and moreover the routing complexity, is to apply
layered decoding. In unrolled layered decoding, the parity matrix H is horizontally
divided into several sub-matrices, e.g., two sub-matrices H1 and H2, as shown
below:

H =
(
H1

H2

)
(30.5)

In this case, the processing of the sub-matrices H1 and H2 is performed in a two-
stage pipeline. When processing sub-matrix H2, its variable node values are already
updated with the check node values from the processing of the previous sub-matrix
H1. This results in a faster convergence. The layered unrolled architecture processes
as in the original unrolled architecture, i.e., one block per clock cycle, and has two
advantages compared to the standard unrolled architecture.

• First, layered decoding reduces the number of iterations for a given error
correction performance and, hence, improves the area efficiency and energy
efficiency.

• Second, the routing complexity between two subsequent pipeline stages is
reduced that further improves area and energy efficiency.

Figure 30.4 shows the layout of an unrolled layered LDPC decoder perform-
ing four iterations. The decoder is implemented in 22 nm FD-SOI technology
for an (1032,860) LDPC code. The decoder consumes 3.24 mm2 and achieves
459 MHz that results in a coded throughput of 474 Gbit/s. The area efficiency is
146 Gbit/s/mm2. The power consumption is 2.67 W and the energy efficiency thus
5.64 pJ/bit.

Block sizes of up to 2000 are feasible with the unrolled LDPC decoder approach
in today’s technology nodes [25]. For larger block sizes, spatially coupled LDPC
(SC-LDPC) or LDPC convolutional codes are better suited. These codes were first
introduced by Jimenez-Feltström and Zigangirov (1999) and enable continuous
transmission and block transmission of arbitrary size with reasonable decoding
complexity. Small sub-codes defined by parity check matrices Hi of size (c − b)
× c (typical values for c are 100–2000 bits) are coupled in a diagonal dominant
matrix H with code rate R = b/c. In this way, H forms a block code of arbitrary size
as shown below:



30 Forward Error Correction: A Bottleneck for THz Systems 369

Fig. 30.4 Layout of unrolled
LDPC layer block decoder in
22 nm FD-SOI technology.
(The decoding iterations are
highlighted in different
colors)
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(30.6)

Similar to conventional LDPC block codes, SC-LDPC codes can be decoded
with the BP algorithm. However, the structural characteristic of the SC-LDPC code
enables the so-called window decoding. Here, a window W defines a sub-matrix
of H and thus a subset of variable and check nodes in the corresponding Tanner
graph. During the decoding process, the window moves from the upper left to the
lower right of H. In every processing step t, the nodes corresponding to the current
processing window W(t) are updated, and the window is moved forward by one
sub-block over the diagonal structure. The decoder only needs to store the sub-
blocks and corresponding messages inside a window and can start the decoding
as soon as the first sub-block is available at the input of the decoder. Since the
size of the window is much smaller than the size of H, the initial latency and the
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memory requirements are much smaller compared to a conventional LDPC block
code of similar length. Different window decoding schemes/architectures exist that
primarily differ in the number of performed iterations and the scheduling inside
the window. However, only two architectures are suited for very high-throughput
decoding: (1) the layered window decoder [26] and (2) the iteration unrolled (fully
parallel) window decoder [27]. For this type of decoders, the block size N should be
replaced by c in Eq. (30.2) to calculate the corresponding throughput.

The layered window decoder performs the decoding layer by layer, similar to
a layered block decoder. Here, a layer consists of the sub-matrices Hmcc . . . H0,
i.e., one row of H. Different layers in a window that are not overlapping w.r.t. the
involved variable nodes are processed in parallel.

In contrast, the unrolled window decoder operates on multiple decoding windows
simultaneously. The windows each have size W and are offset to each other
by one sub-block. The processing of the decoding windows is performed in
parallel on dedicated unrolled two-phase decoder cores (sub-decoders). The sub-
decoders exchange extrinsic messages to resolve data dependencies of neighboring
windows. The handling of these exchange messages can become very complex
for large window sizes and due to routing limitations create a bottleneck for the
throughput. Therefore, for high-throughput applications, a window size of W = 1
is advantageous. In this case, a sub-decoder operates only on one column of H, i.e.,
the sub-matrices H0 . . .Hmcc, opposed to the layered window decoder that works on
rows.

When comparing the layered window decoder and the unrolled window decoder
(with W = 1), the unrolled decoder achieves a higher throughput due to the fact
that the sub-decoders operate on smaller blocks compared to the layered window
decoder (one sub-block vs. (mcc + 1) sub-blocks). These smaller blocks reduce
the routing complexity, which has a large impact on the critical path and the
energy consumption. The error correction performance is inversely proportional to
the throughput increase, i.e., the layered window decoder exhibits a better error
correction performance. This can be explained by the fact that the shortening of
the critical path becomes only possible by breaking up data dependencies, i.e.,
splitting the check nodes. Every breaking of data dependency delays the updating
of messages by at least one clock cycle, which negatively impacts the error
correction performance. This degradation could be counterbalanced by an increase
in the iteration numbers, i.e., increasing the number of decoding windows. This
does not impact the throughput but has negative impact on the area and energy
efficiency. Hence, various trade-offs exist between error correction performance
and implementation efficiency. An unrolled window decoder with sub-block size
c = 640, coupling width mcc = 1, and code rate R = 0.8 achieves a coded throughput
of 424 Gb/s and consumes 2.35 mm2 area in 22 nm FD-SOI technology for 8
decoding iterations. This yields an area efficiency of 180 Gb/s/mm2. The energy
efficiency is 8 pJ/bit.
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30.4.3 Polar Decoder

Polar codes, invented by Arikan [28], has recently received considerable attention
in the context of 5G. Successive cancellation (SC) and successive cancellation
list (SCL) [29] are the most prominent decoding algorithms for Polar codes. SC
comes with a low algorithmic decoding complexity but a limited error correction
performance for finite code lengths. SCL applies list decoding on the SC algorithm
which significantly improves the error correction at the cost of higher algorithmic
decoding complexity. SC and SCL decoding algorithms traverse the Polar Factor
Tree (PFT) in a depth-first manner [30] resulting in a sequential decoding procedure.
The sequential nature of these decoding algorithms poses a bottleneck for very high
throughput operations, whereas the BP algorithm used in LDPC codes allows very
high throughputs thanks it is inherent parallelism. Due to this behavior, BP was
also adopted for Polar decoding [31]. However, BP applied to Polar decoding needs
large number of decoding iterations to approach the error correction performance of
SC [32]. This large number of iterations decreases the throughput and increases the
latency. Moreover, even for a very high number of iterations, BP cannot compete
with the error correction performance of SCL decoding [33].

To achieve a very high throughput, the PFT traversal can be unrolled and
pipelined [34], in a way similar to the iteration unrolling in Turbo and LDPC
decoding as described above. Whenever a node is visited during the tree traversal,
a corresponding pipeline stage can be instantiated. In this way, for a block length
of N (= number of leaves in the PFT), the maximum number of pipeline stages
is 2*(2 N-2) + 1. This allows all N*logN operations to be executed in parallel
and yielding π = 1. Obviously, the complexity of the decoding architecture is
directly proportional to the size of the PFT. However, for a given code, the tree
can be reduced by various transformations. For example, if a subtree represents a
repetition code or a parity check code, the corresponding subtree can be replaced
by a single node. Alike, one can merge rate 0 and rate 1 nodes into its parent
nodes [35] or use majority logic decoding in subtrees. The achievable tree reduction
strongly depends on the underlying Polar code. In a similar way, SCL decoder
for very high throughput can be implemented. However, in contrast to SC, SCL
considers at the leaves of the PFT both possible values, i.e., 0 and 1, for the
estimation of an information bit. The number of code word candidates, named
paths, therefore doubles for every bit estimation that results in an exponential path
increase. Therefore, the number of paths is limited to a list size L in order to
keep decoding complexity manageable. This implies that after each bit estimation,
paths must be discarded if their number exceeds L. The reliability of each path is
rated by an appropriate path metric that determines if a path is discarded or not. A
short CRC can assist the selection of the best candidate at the end of the decoding
process. This comes with low overhead but improves the decoding performance.
The SCL decoding complexity increases with increasing list size since the lists
must be managed and correspondingly sorted. On the other side, the error correction
performance improves with increasing list site. Hence, there is a trade-off between
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Fig. 30.5 Layout of an SC and an SCL polar decoder in 28 nm FD-SOI technology [36]. ((c) 2020
IEEE, reproduced with permission)

error correction capability and implementation efficiency. Note that the SC decoding
algorithms corresponds to an SCL with list size 1 [36]. To show this trade-off, we
compare an SC decoder with an SCL decoder of list size 2 and a 6-bit CRC. Both
decoders were implemented in 28 nm FD-SOI technology and use the same Polar
code with code block size 1024 and code rate ½. At a FER of 10−5, the SCL has a
~0.7 dB better error correction performance than the SC decoder. The SC decoder
achieves a coded throughput of 517 Gbit/s, an area of 2.05 mm2, and a power
consumption of 1.65 W. The SCL decoder achieves a throughput of 506 Gbit/s,
an area of 7.89 mm2, and a power consumption of 4.47 W. Hence, the improvement
in error correction capability of ~0.7 dB compared to the SC decoder comes at the
cost of a 3.8× larger area and 2.9× in power. Figure 30.5 shows both decoders using
the same scale.

In summary, throughput toward Tb/s becomes feasible for Polar codes even for
the more complex SCL decoding.

30.5 Conclusion

In this chapter, we have shown that forward error correction for advanced chan-
nel coding schemes is very challenging when targeting Tb/s throughput under
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power density and energy efficiency constraints. A cross-layer approach becomes
mandatory, since code and decoding algorithms have a large impact on the final
implementation efficiency. Here, parallelism and large locality are the most impor-
tant factors that strongly depend on the code structure and the decoding algorithms.
Since the decoding algorithms largely differ for the three considered coding
schemes, the challenges are different for each code family. Turbo codes require
low-complexity decoding algorithms to further boost implementation efficiency,
whereas throughput of LDPC decoding is strongly dominated by the interconnect
complexity inherent to the Tanner graph structure. All levels of parallelism must
be efficiently exploited to reach Tb/s throughput, and pipelining is mandatory to
break up data dependencies. However, heavily pipelined architectures require a
huge amount of registers. As a result, the clock tree becomes a major bottleneck in
terms of clock skew and power consumption. This is especially a challenge for high-
throughput Polar decoders. Quantization directly impacts all implementation KPIs.
Hence, efficient quantization is another important optimization parameter. New
approaches such as information bottleneck techniques are promising candidates
especially for data transfer-dominated coding schemes like LDPC decoding to
further boost implementation efficiency. Except for SC-LDPC codes, all other
coding techniques are limited to small block sizes when targeting Tb/s throughput.
Alike, iterative decoding algorithms are limited to a small number of iterations.
However, small block sizes and low number of iterations have negative impact
on the error correction performance. Hence, achieving very good error correction
capabilities under such constraints is still challenging when high implementation
efficiency has high priority.
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Chapter 31
MAC and Networking

Alexandros-Apostolos A. Boulogeorgos, Admela Jukan, and Angeliki Alexiou

Abstract This chapter presents medium access control (MAC) approaches that
are tailored to the terahertz (THz) communications systems. In more detail, after
presenting the THz wireless systems particularities that are expected to influence
the MAC, an initial access (IA) scheme is presented that can be used to guarantee
alignment between the base station and user equipment, and its performance is
quantified under different wireless environments. Moreover, a hierarchical beam
tracking approach is discussed that ensures alignment between basestation (BS) and
mobile user equipement (UE) with low overhead. Furthermore, random access and
scheduled access issues are addressed. Finally, low-complexity relaying approaches
are presented as countermeasures to antenna misalignment and blockage.

31.1 MAC Layer Functionalities

MAC layer protocols are the first step toward feasible THz networking. To this end,
the following specific features need to be considered:

• Deafness caused by narrow beams and directivity: Deafness is a misalignment
between transmitter and receiver beams. This effect challenges the MAC design
for directional millimeter-wave (mmW/THz) communications.

• Control channel (CC) selection: Control channel between received and trans-
mitter plays a critical role to addressing the issue of throughput, transmission
coverage, and deafness and ultimately decides the effectiveness of node discov-
ery and coupling process. The latter needs to decide the transmission frequency
and antenna directionality (omni, semi, or fully directional).
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• Line-of-sight (LoS) blockage: As a result of ultra-high data rate, data loss is an
important parameter that could affect the link robustness. Identification of the
blocked channel and implementation of a suitable anti-blockage solutions are the
main challenges in MAC design [1].

• Mobility management: Frequent interruptions and disconnections disrupt the
connectivity; as a result the mobile endpoints require some methods to reestablish
the link robustness. The use of narrow beams makes links susceptible to user
mobility challenges [2], since mobility can change the quality of the established
beam pairs and impact the feasibility of the established link.

• Spatial reuse: This effect refers to the simultaneous transmissions (spatial
time reuse), which also challenges MAC design. To support spatial reuse, two
mechanisms could be used based on (1) links that are away which requires large
path loss to synchronize and (2) adjacent links.

• Relaying and multihop protocols design: Since the reachability between different
nodes inside the THz applications could be increased, novel approaches to design
and implementing relaying techniques are needed.

• Interference management: The MAC layer protocol needs to be designed in
consideration of channel interference for dense indoor scenarios. To this end,
new interference models need to be implemented with rapid scheduling and fast
channel access and switching features based on channel interference information.

• Transceiver design: Researchers should focus on designing an efficient
transceiver for the THz MAC layer, which is able to satisfy requirements on
synchronization, framing, and scheduling.

• Scheduling algorithms: The use of radio resources for a given policy such as
maximizing throughput, minimizing the total interference in the network, or
reducing system delay could boost the overall quality of service. Therefore,
the joint consideration of the scheduling module, medium access layer, and
the physical layer protocols is critical to engineering the scheduler to meet the
channel conditions and data traffic requirements.

• Cross-layer design: New THz cross-layer should be designed using network and
physical layer aware algorithms at the MAC layer.

• Synchronization: The design and implementation of new algorithms for node
synchronization is the main block at the MAC level due to its efficiency in
increasing the frame collisions between nodes.

The existing MAC protocols in wireless networks cannot be directly applied,
because they do not consider the unique features of THz band. Yet, designing
an efficient MAC protocol for THz wireless communication is crucial for future
high-speed networks. As a consequence, new MAC layer mechanisms need to be
developed. Motivated by this, in what follows, we present such the building blocks
of THz MAC protocols.
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31.1.1 Initial Access

In wireless THz systems, there are two possible handshaking mechanisms to start
the communication: receiver (RX)- and transmitter (TX)-initiated communication.
The TX and RX play different roles here. While the RX is responsible for reducing
the number of transmissions, the TX is responsible to making sure that quality of
transmission and channel performance are guaranteed.

Most of the THz MAC protocols are following the TX-initiated communication
due to its simplicity and distributed nature. This mechanism is responsible for
data transmission and synchronization. For nanoscale networks, this mechanism is
applied to allow the nodes to transmit when they have data to send. An example
of TX-initiated communication scheme is proposed in [3] to take benefits of
a low weight channel coding scheme, minimize the interference, and maximize
the probability of efficient decoding of the receiving information. A node which
wants to set up the communication will send transmission request (TR), including
synchronization trailer, transmission identifier (ID), packet ID, transmitting data
symbol rate, and error detecting code, to a receiving node that will generate an
acknowledgment (ACK) with the agreement of those communication parameters
and send back a transmission confirmation (TC) message. This provides benefits
related to delay and throughput, but there exist a few limitations, such as handshake
process overhead and limited computational power of nanodevices. In macroscale
networks on the other hand, the steerable narrow beam with directional antennas
in macroscale network can overcome the high path loss and increase transmission
distance at THz band, and the goal of TX-initiated communication utilized in
macroscale applications is to improve throughput. In [4–6], the authors use 2.4 GHz
band for signaling and omnidirectional antennas with alignment for overcoming the
antenna facing problem. IEEE 802.11 request to send (RTS)/clear-to-send (CTS)
is used for the initial access (IA) and control information, while the directional
antennas are used to transmit data among nodes, which can reach the transmission
distance up to 1 m.

The RX-initiated MAC protocols are designed to saving energy and reducing
excess message overhead, which is especially important in nanoscale networks. This
was studied in [7, 8]. Paper [9] presents a receiver-initiated communication model
for centralized networks in which a ready-to-receive (RTR) packet is transmitted to
a nearby nodes by the server and then those ones that send back ACK in a random-
access manner with probability p to set up the communications among nodes.
The goal of a MAC protocol discussed in [8] is for optimal energy consumption
and allocation problem to maximize data rate, where one packet can sometime
need to take multiple time slots to transmit when the amount of energy harvested
is not enough. In macroscale networks, papers [10, 11] propose to improve the
channel utilization by using a sliding window flow control mechanism with a one-
way handshake. In these schemes, a CTS message from a node, containing the
information of RXs’ sliding window side, is broadcast to other nodes by using a
dynamically turning narrow beam, then that CTS will be checked, and the sender



380 A.-A. A. Boulogeorgos et al.

will point its directions for the required period toward the receiver. The challenges
for these schemes are as follows: collisions can happen in the case of multiple
transmitters, and the packet reception guarantee and the initial neighbor discovery
of the neighbor nodes are not still considered.

Next, we present an IA process that was analyzed in [12] and is compatible with
several directional MAC protocols, such as IEEE 802.11ad and IEEE 802.11ay.
Also, we revisit closed-form expressions for the IA procedure performance in terms
of IA success probability. Finally, numerical results are given that highlight the
impact of blockage and antenna misalignment on the performance of IA procedure.

31.1.1.1 System Model

We consider a wireless THz system, which is composed of a base station (BS)
and a UE. The BS and the UE are equipped with antenna arrays of Nb and Nu
antenna elements, respectively. Both the BS and UE support analog beamforming.
The system time is divided into non-overlapping IA cycles of T period. In each
cycle, a CS is initiated by the BS. In the CS, the BS uses different codebooks in
order to sweep the main lobe toward Nb non-overlapping directions. In each one
of the Nb directions, synchronization signals are broadcasted. On the other side,
the UE sweeps through Nu receive beamforming directions to detect the received
signal. As a result, L = NbNu spatial channels (i.e., BS-UE direction pairs) are
forming. This procedure is followed by a RA phase, in which a connection request
is performed to the BS by the UE and the BS replies with a RA response. Finally,
the DT phase follows, which can support both random and scheduled access.

CS Phase By indexing the transmissions in each scan cycle with l = 1, 2, · · · , L
and based on the analysis in [12], the baseband equivalent received signal at
time t , in which the l−th beam-pair is used, at the UE can be expressed as
rl = δl,loθlohlo (t)sl(t) + nl(t), where nl(t) is the additive white Gaussian noise
(AWGN) with variance NoW and sl(t) is the deterministic synchronization signal
transmitted by the BS. Likewise, W and No respectively denote the single-sided
signal bandwidth and the single-sided noise power spectral density. Moreover, lo
denotes the perfectly aligned UE and BS beamspace, while θlo ∈ {1, 0} stands
for the two hypotheses, namely, LoS and non-LoS (nLoS) at the pair lo. Likewise,

δl,lo =
{

1, for l = lo

0, otherwise
. Finally, hlo(t) represents the complex channel gain and

can be obtained as hlo(t) = hphf (t), with hp and hf (t) respectively being
the deterministic path-gain and the small-scale fading. The deterministic path-

gain can be further analyzed as hp = c
√
GbGu

4πf d exp
(
− 1

2κ(f )d
)
, where c, f

and d, respectively, stand for the speed of light, the operating frequency, and the
transmission distance, while Gb and Gu represent the BS and UE antenna gains,
respectively. Moreover, κ(f )models the absorption coefficient and can be evaluated
as in [13]. For the small-scale fading, the following cases are considered:
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1. |hf (t)| follows Rician distribution with PDF f|hf |(x) = x exp
(
− x2+v2

2

)
Io(vx),

where v is connected with the shape parameter K through K = v2

2 .

2. |hf (t)| follows Nakagami-m distribution with PDF f|hf |(x) = 2mm
�(m)

x2m−1 exp
(
−mx2

)
.

3. there is no fading; thus, |hf (t)| = 1.

The received signal is subject to filtering, squaring, and integration over time interval
T, which can be expressed as Yl = 2

No

∫ T
0 |rl(t)|2 dt. Note that Yl is a measure of

the energy of the received waveform in the l−th pair at the UE, which acts as a test
statistic that determines whether the received energy in the l−th pair corresponds
only to noise or to the energy of both the synchronization signal and noise.

RA Phase In the RA phase, the UE initiates a connection request by transmitting
a RA preamble sequence. The UE sweeps through NRA

u orthogonal directions,

while the BS through NRA
b directions, utilizing LRA = NRA

u NRA
b beam-pairs.

Assuming that during the CS phase the UE identified the correct BS-UE pair, the
baseband equivalent received signal at the BS can be similarly obtained as

rb = θbloh
b
l s
b
l + nbl , (31.1)

where sbl and nbl , respectively, stand for the RA preamble with transmitted power

Eus and the AWGN, whereas θblo =
{

1, LoS
0 nLoS

and hbl = hbmh
b
f , with hbf being

the small-scale fading coefficients at the RA phase. Note that without loss of
generality, we assume that the hbm and hbf follow the same distributions as hm
and hf , respectively. Based on (31.1), the instantaneous SNR can be obtained as

ρb = θblo
|hbl |2Eus
Nbo

, where Nbo is the single-side noise power at the BS.

31.1.1.2 Performance Analysis

CS Phase Theorems 1, 2, and 3 provide the detection and false-alarm probabilities
for the cases in which |hf (t)| follows Rician and Nakagami-m distributions and is
deterministic, respectively.

Theorem 31.1 In the case of Rician fading, the detection and false-alarm proba-
bilities can be respectively obtained as

Pd (λ) =
(

1 − Pr
(
θlo = 0

))
Pd

(
λ
∣∣θlo = 1

)
+ Pr

(
θlo = 0

)
Pd

(
λ
∣∣θlo = 0

)

(31.2)

and
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Pfa =
�
(
N, λ2

)

�(N)
, (31.3)

where N = 2TW and λ are the test statistics threshold, whereas Pr
(
θlo = 0

)
is the

lo beam-pair blockage probability. Moreover, in (31.2)

Pd

(
λ
∣∣θlo = 1

)
= No

2Er
exp

(

−v
2

2

)

FA

⎛

⎝1; 1; v2

2 + 4Er
No

1
No
2Er

+ 1

⎞

⎠

− No

2Er

(
λ

2

)N
exp

(

−v
2

2

)
1

N�(N)

× HA

⎛

⎝N, 1;N,N + 1, 1; 1
No
2Er

+ 1

λ

2
,−λ

2
,

v2

2 + 4Er
No

⎞

⎠ (31.4)

and

Pd

(
λ
∣∣θlo = 1

)
=
�
(
N, λ2

)

�(N)
. (31.5)

Proof The proof is presented in [12]. ��
Theorem 31.2 In the case of Nakagami-m fading, the detection and false-alarm
probabilities can be respectively obtained as in (31.2) and (31.3) by replacing

Pd

(
λ
∣∣θlo = 1

)
by

PNd

(
λ
∣∣θlo = 1

)
= 2mm

Emr �(m)
exp

(
mNo

Er

)m−1∑

k=0

N−1∑

n=0

(
m− 1
k

)
2k−n

n! (−No)m−1−k Nnλn

×
(
Er

2m

)k−n+1

�

(
k − n− 1,

mNo

Er
,
mNλ

Er
, 1

)
.

(31.6)

Proof The proof is presented in [14]. ��
Theorem 31.3 In the absence of fading, the detection and false-alarm probabilities
can be respectively evaluated as
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Pwod =
(

1 − Pr
(
θlo = 0

))
Q

⎛

⎜
⎝
λ−No

(
1 + Er

No

)

No√
N

(
1 + Er

No

)

⎞

⎟
⎠+ Pr

(
θlo = 0

)
Q

⎛

⎝λ−No
No√
N

⎞

⎠

(31.7)

and

Pfa = Q

⎛

⎝λ−No
No√
N

⎞

⎠ . (31.8)

Proof The proof can be easily performed by employing the central limit theorem.
��

RA Phase Theorems 31.4 and 31.5 present the outage probability for the case in
which the lo−th link experiences Rice and Nakagami-m fading, respectively, while
Theorem 31.6 returns the outage probability in the absence of fading.

Theorem 31.4 Under the assumption of Rician fading, the outage probability can
be evaluated as

Po
(
γth
) = Pr

(
θblo = 0

)
+
(

1 − Pr
(
θblo = 0

))
⎛

⎜
⎝1 − Q1

⎛

⎝v,

√
γthNbo

|hp|2Eus

⎞

⎠

⎞

⎟
⎠ ,

(31.9)

where γth is the SNR threshold.

Proof The proof of this theorem is provided in [12]. ��
Theorem 31.5 Under the assumption of Nakagami-m fading, the outage probabil-
ity can be computed as

PNo
(
γth
) = Pr

(
θblo = 0

)
+
(

1 − Pr
(
θblo = 0

))
⎛

⎜⎜⎜
⎝

1 −
�

(
m,

mγthN
b
o

|hp |2Eus

)

� (m)

⎞

⎟⎟⎟
⎠
.

(31.10)

Proof The proof of this theorem is provided in [15]. ��
In the absence of fading, the outage probability can be evaluated as

Pwoo = Pr
(
θblo = 0

)
. (31.11)
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IA Probability of Success The IA procedure is considered successful when both the
CS and RA phases are successful. Since the two phases are independent, the success
probability can be obtained as

Ps = Pd (λ)
(

1 − Po
(
γth
))
. (31.12)

31.1.1.3 Numerical Results

In this section, we investigate the joint effect of blocking and small-scale fading in
the CS and RA phase performance as well as the system’s overall performance, by
illustrating analytical and Monte Carlo simulation results. The following insightful
scenario is investigated. Unless otherwise stated, the communication bandwidth is
set to 1 MHz, the synchronization signal period is 1 μs, the relative humidity is 50%,
while the atmospheric pressure is 101325 Pa. Moreover, the temperature is 296◦K,
and the transmission distance is equal to 0.4 m. The TX/RX antenna gains are set to
20.7 dBi, and the blocking probability is 1%. Finally, the BS-UE channel is assumed
to experience Rician fading.

Figure 31.1 reveals the impact of the channel and transmission characteristics to
the CS and RA phases performance. On the one hand, Fig. 31.1.a presents the joint
effect of small-scale fading and blocking in the CS. Particularly, receiver operation
curves (ROCs) are given for different values of K and probability of blockage, PB .
From this figure, it becomes apparent that for a fixedK , as PB decreases, the system
performance improves. Moreover, for a given PB , as K increases, the CS efficiency
improves. On the other hand, Fig. 31.1.b demonstrates the impact of blockage in the
RA. In more detail, the outage probability is plotted as a function of PB for different

(a) (b)

Fig. 31.1 (a) ROC for the CS phase, assuming different values of blocking probability and K . (b)
Outage probability vs blocking probability for different values ofEr/No. ©2019, IEEE, reproduced
with permission
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Fig. 31.2 Success vs blocking probabilities for different values of Er/No. ©2019, IEEE, repro-
duced with permission

Er/No values, assuming K = 10 dB. We observe that for a given Er/No, as PB
increases, the outage performance degrades. Moreover, for a fixed PB , as Er/No
increases, the outage performance improves. Finally, from this figure, it becomes
evident that in the high PB regime, the outage probability tends to Pb. This indicates
the significance of taking into account blockage, when assessing the performance of
the RA phase.

Figure 31.2 demonstrates the probability of successful IA, Ps , against the
blocking probability, for different Er/No values. From this figure, it becomes
evident that for a given Er/No, as Pb increases, Ps decreases. Moreover, in the
low PB regime, i.e., PB ≤ 10−2, Ps is determined by the level of the Er/No. On the
other hand, in the high Pb regime, Ps is mainly influenced by PB .

31.1.2 Channel Access Mechanisms

We consider here three channel access mechanisms: random, scheduled, and hybrid
access channel.

Random channel access is used both in nanoscale networks (large number of
nodes) and macroscale networks (comparably lower number of nodes). For macro
networks, ALOHA and CSMA are two known techniques of random mechanisms,
shown to increase throughput but also likely to increase delay and cause collisions.
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Paper [10] is an example of scheme-based carrier-sense multiple access (CSMA)
proposed to reduce the message overhead with one-way handshake. A node listens
for messages from other nodes until one is received in its transmission mode.
However the challenge is the antenna facing problem due to directional antennas
used, which is addressed in [16] by using highly directional antennas to reduce high
path loss. Papers [4, 6] are examples of schemes based on CSMA with multiple
radios or hybrid systems to divide IA and data transmissions. The problems of
these works are high message overhead and antenna switching delay and repeated
discovery phase with mobility schemes which the channel is accessed by sending
RTS/CTS packet including node positions. In [6] the transmitter gets TTS packet,
instead of CTS packet, from the receiver based on estimation of angle of arrival
and can switch as well as adjust its directional antenna toward the receiver antenna
to transmit data. While this prior work has shown that it can reduce the message
overhead, the issues of high path and absorption loss and uncertainty of packet loss
during user association phase remain unsolved.

Random network access has also been used in the context of nanonetworks.
Paper [17] presents a slotted CSMA/collision avoidance (CA)-based channel access
mechanism and energy harvesting model, considers the super-frame duration and
packet size for slotted CSMA protocols, and shows an efficient slots usage with
slotted CSMA method. A beacon of these types of networks can synchronize the
subsequent transmissions or request a data transmission, where collision can happen
when directly sending beacon transmission for data transmission as two nodes can
operate at the same time. An simple ALOHA-based channel access mechanism is
presented in [18].

When random channel access is not an option, a scheduled channel access can be
considered. In time division multiple access (TDMA) approach, each node occupies
a time period to transmit its data [19]. An example for this approach is dynamic
scheduling scheme based on TDMA presented in [20], where the length time slots
assigned for each node depend on the amount of transmission data. For frequency
and time division multiple access (FTDMA) approach, an example in [21] proposes
a dynamic frequency selection algorithm (DYNAMIC-FH) which uses FTDMA,
where multiple frequencies and time slots scheduling are proposed for a different
number of users to avoid collisions. Another FTDMA approach is presented in [22]
which divides the frequency slots and time slots in its approach. The frequency
sequences must be orthogonal when many users are using them to transmit data at
the same time.

To increase the transmission range in THz band, the directional narrow beams
need to be used, which in turn leads to high delay for handovers, beam track-
ing, and establishment of IA. The papers [23, 24] address that a TDMA with
multiple radios is designed for beam alignment scheduling, channel access, and
synchronization among nodes. In [24], the authors use software define network
(SDN)-based controller (SDNC) to switch between mmWave and THz band for
vehicular communication for high bandwidth data transfer operation to maximize
the bits exchange between the cell tower and vehicle.
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Finally, random and scheduled channel access can be combined into a hybrid
approach which has only been used in the context of macroscale networks. This
mechanism is suitable in order to overcome the limitations of random access and
the scheduled access mechanisms and improve the performance. Examples of hybrid
channel access mechanisms can be found in [25–27].

31.1.2.1 Random Access

System Model We consider a THz wireless network and a homogeneous Poisson
network of transmitters on the plane with density λt per unit area, each associated
to a RX. In order to quantify the collision performance of the network, we
consider a reference link between a reference RX and its intended TX, which has
a geographical/spatial length of L. In what follows, we call the RX and the TX
of the reference link as the reference RX and the tagged TX. Since all the nodes
are distributed according to a Poisson process, according to Slivnyak’s theorem,
the conditional distribution of the potential interference given the typical RX at the
origin is another homogeneous point Poisson precess (PPP) with the same density.

We consider a directional ALOHA protocol, without power control. In this
scenario, the transmission power of all the links is Ps . Moreover, we assume that
every interferer can be active with probability pa . In other words, the probability
that it transmits in a specific slot is pa . In slotted ALOHA, the transmissions are
regulated to start at the beginning of a time slot. As a result, it is a good model
for random access during the data transmission phase (DTP) in IEEE802.11ay. By
assuming that during the beamforming association training phase (BATP) the TX
and RX have obtained the perfect beamforming vectors, we can assume that in
DTP the TX of every link is spatially aligned with its intended RX. Based on these
assumptions, in what follows, we will ignore the beam-training overhead. Likewise,
due to the specular nature of the THz propagation, in this study, we assume that only
LoS links can be established.

We consider the frequency, environment, and distance-dependent path loss
presented in [15], and we use the protocol model of interference, i.e., for a given
distance between a reference RX and its intended TX, a collision occurs if there is
at least another interfering TX no farther than a certain distance for the reference
RX. As the probability of having LoS condition on a link decreases exponentially
with the distance, far away TXs will be most probably blocked and therefore cannot
contribute in the interference the RX experiences. Therefore, we consider only the
impact of spatially close TXs.

At the MAC, the beamforming is represented by using the ideal sector
antenna pattern. Thus, the TX and RX antenna gains can be obtained as

Gt/r =
⎧
⎨

⎩

2π−(2π−θt/r )εt/r
θt/r

, main lobe

εt/r , side lobe
, where θt/r and εt/r , respectively, stand for

the half-power beamwidth and the strength of the side lobe.
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Due to the THz link extreme sensitivity to obstacles, we need to introduce a
proper blockage model that accommodates the following properties: (1) blockers
can randomly appear in a THz link, and (2) one blocker can block multiple angularly
close THz links. As a consequence, we assume that the centers of the blockers follow
a PPP with density λo, which is independent of the wireless network. To capture the
second property, we define a coherence angle, θc, over which the LoS conditions are
statistically correlated. That means that inside a coherence angle, an obstacle blocks
all the interference behind itself; hence, there is nLoS in distances d ≥ l with respect
to the typical RX, if there is a blocker at distance l. Notice that θc increases with the
size and density of the obstacles.

Interference Profile Let dmax be the interference range; β the minimum signal to
interference plus noise ratio (SINR) threshold at the typical RX, below which the
impact of interference is neglectable; and σN the noise power. Then, the SINR due to
the transmission of the intended TX and an aligned LoS interferer located at distance
d can be obtained as γ = GGtGrPs

GIGtGrPs+σN , where G and GI , respectively, stand for
the path gains of the typical TX-RX and interferer-RX links, while Ps denotes the
transmission power. As a consequence, dmax is the distance for which γ = β.

A TX at distance d from the typical RX can cause collision provided that the
following conditions hold: (1) it is active; (2) the typical RX is inside its main lobe;
(3) it is inside the main lobe of the typical Rx; (4) it is located inside the interference
range d ≤ dmax; and (v) it is in the LoS condition with respect to the typical Rx.
The following theorem returns the probability of having at least one LoS interferer.

Theorem 31.6 The probability of having at least one LoS interferer can be
evaluated as

PLI = 1 − exp (λIAL)+ λI

λI + λo exp (λoAL)

×
(

exp
(− (λo + λI )AL

)− exp
(− (λo + λI )Admax

))
, (31.13)

where λI = ρaλt
θt
2π ,AL = πL2, Admax = πd2

max, with λt being the density of the
number of TXs per unit area and ρa denoting the the average probability of a TX to
be active.

Proof For brevity, the proof is presented in [28]. ��
Figure 31.3 illustrates that the interference probability as a function of λt for

different values of λo, assuming θt = 0.1◦, is also depicted. In the considered
scenario, the transmission frequency and power are, respectively, set to 275 GHz
and 10 dBm, the transmission distance is 1 m, while the transmission probability
equals 50%. Finally, standard environmental conditions are considered. From this
figure, we observe that, for a given λo, as λt increases, the interference probability
also increases. Moreover, for a fixed λt , as λo increases, the interference probability
decreases. Likewise, for relatively low values of λo, we observe that the impact of
blockage on the interference profile is negligible.
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Fig. 31.3 Interference probability vs λt for different values of λo

31.1.2.2 Directional ALOHA

Since wireless THz systems are not interference limited, there is no need to
implement a collision avoidance mechanism. Motivated by this, a directional
ALOHA protocol for random access could be an option to consider. This section
is devoted to present the performance of the directional ALOHA protocol, in terms
of collision probability, successful transmission probability, throughput, and area
spectral efficiency (ASE).

Collision Probability The collision probability can be defined as the probability of
having at least one interferer or, equivalently, as the complementary probability of
having no interference at all. Thus, it can be evaluated as Pc = ∫ dmax

0 Pc|L fl(l) dl,

where Pc|L = 1 − (PLI)
k , fli (x) = 2x

d2
max
, and k =

⌈
θ
θr

⌉
, with θ being the total

angle of the RX observation area and li being the distance between the reference
RX and the interferer.

Figure 31.4 demonstrates the collision probability as a function of the TX density,
for different values of obstacle density. From this figure, it is evident that the impact
of blockage is not important enough to be taken into account. Moreover, for a given
λo, as λt increases, the collision probability also increases. For realistic values of
λt , i.e., λt < 10, we observe that the collision probability is very low. This verifies
that the THz wireless systems can be considered interference-free.

Throughput For a fixed L, the success transmission occurs when there is no
blockage on the link and no collision. As a consequence, the conditional successful
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transmission probability can be expressed as Ps|L (l) = ρa exp (−λoAl) (PLI)
k .

Hence, the throughput can be computed as rALOHA = ∫ dmax
0 Ps|L (x)fli (x) dx.

Figure 31.5 plots the per-link throughput as a function of the transmission
probability, for different values of λo, assuming λt = 25, θt = θr = 0.01o and
transmission power equals 10 dBm. As expected, for a given obstacle density, as the
transmission probability increases, the per-link throughput also increases. Moreover,
for a given transmission probability, as λo increases, the throughput performance
degrades. Interestingly, for realistic values of λo, i.e., λo < 10, the impact of
blockage on the ALOHA per-link throughput performance is negligible.

Area Spectral Efficiency (ASE) In order to calculate the ASE, i.e., the network
throughput normalized to the network size, of the directional ALOHA, we consider
a large area. Let us assume that the number of TXs inside A is nt +1 with nt being a
Poisson distributed random variable and that the number of retransmissions of each
TX is set to infinity. As a consequence, the network throughput can be obtained as

ASEALOHA =
(

1
A

+ λt
)
rALOHA.

Next, we provide numerical results that illustrate the ALOHA performance in
terms of ASE. In particular, Fig. 31.6 demonstrates the ASE as a function of the
transmission probability, for different values of TX density in a rectangular area
of 4 m2, assuming that the obstacle density is set to 0.0025 and the half-power
beamwidth of both the TX and RX is 0.05◦. As expected, for a given TX density, as
the transmission probability increases, the ASE also increases. Likewise, for a fixed
transmission probability, as the TX density increases, ASE also increases.
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31.1.2.3 Scheduled Access

For scheduled access, we select the TDMA protocol, which is in line with IEEE
802.11ay. Unlike the directional ALOHA, TDMA activates only one link at a
time. This ensures an interference-free communication between the UEs and the
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BSs. In other words, in the scheduled access the collision probability equals zero.
Therefore, the key performance indicators (KPIs) that we use in order to evaluate
the performance of the directional TDMA protocol are the per-link throughput and
the ASE. In what follows, we consider the same system model and assumption that
were used for the RA scenario.

Per-link Throughput Since there are no concurrent transmissions in TDMA,
the success probability can be analytically evaluated as Pr

(
θLi = 1 |Li, nt

) =
exp
(−λoALi

)
. The TDMA scheduler allocates only 1

nt+1 of the total resources
to each link. Hence, by assuming transmission of one packet per slot, the MAC
throughput of each link i in TDMA can be obtained as

rTDMA =
∞∑

nt=0

(Aλt )
nt exp (−Aλt)
nt ! (nt + 1)

∫ dmax

0
exp

(

−λoθcx
2

2

)

dx, (31.14)

which, after some algebraic manipulations can be simplified to

rTDMA = 2

dmax

1 − exp (−Aλt)
Aλt

1 − exp
(−Admaxλo

)

Aoθc
. (31.15)

Next, we present illustrative results that quantify the performance of the TDMA
scheduler, assuming the scenario described in Sect. 31.1.2.1. In particular, Fig. 31.7
plots the per-link throughput as a function of the TX density for different values
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of obstacles density. As expected, for a given obstacle density, as the TX density
increases, the resources are allocated to more users; hence, the per-link throughput
decreases. Moreover, for a fixed TX density, as the obstacle density increases, the
per-link throughput decreases. Finally, by comparing these results with the respec-
tive results of the ALOHA protocol, we observe that due to the low interference
levels as well as the spatial resource reuse, random access outperforms scheduled
access in terms of throughput.

ASE The following theorem returns a closed-form expression for the evaluation of
ASE in TDMA systems.

Theorem 31.7 The ASE of TDMA scheduler can be obtained as

ASETDMA = 1 − exp
(−λoAdmax

)

λoAAdmax

. (31.16)

Proof For brevity, the proof is presented in [28]. ��
From (31.16), it becomes evident that the ASE depends only on the obstacle density,
the network area, and the maximum transmission area and not from the TX density.

31.2 THz Networking

THz networking is today in its infancy. The reasons behind the slow evolution
toward the full networking architecture are fundamental in nature, as previously
described. To enable multihop communication and efficient routing and forwarding
in THz network nodes, significant challenges in the physical layer communication
need to be overcome, including path losses, challenges in MAC design, and
the related challenges in estimating reliable transmission distance and multihop
communication reach. We envision that the quality of transmission (QoT) will play
the significant role in determining the quality of service (QoS), the basic standard
for new services in carrier-grade networks.

To this end, a proper design of THz network data plane, control plane, and
management plane is needed. In the THz data plane, we need network and node
architecture that can enable multihop communication, switching, routing, and
forwarding of the THz data flows. In multihop communication links, one of the
key questions to answer relates to the optimal relaying distance (“THz reach”)
which is due to the distance-dependent behavior of the available bandwidth and the
decreasing of the transmission distance, due to the deterioration of the transmission
parameters. With distance also the SNR deteriorates, while increasing SNR will
make it easier to cross more number of hops, which in turn increases the end-to-end
delay. This illustrates that a number of tradeoffs need to be found with optimizations,
to design the network nodes and topologies (Fig. 31.8).
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Fig. 31.8 Classification of network layer protocols, see [38] for more insights

In the THz control plane, we will need methods to accurately estimate the
modulation format, transmission distance, and additional QoS parameters, e.g.,
coding-dependent packet error rate (PER) at a given SNR and bit error rate
(BER) prior to set up multihop THz paths. This can be done by deploying either
measurements in real time, applying the known channel models, or developing
machine learning (ML) techniques to accurately estimate the modulation format,
transmission distance, and additional QoS parameters, e.g., coding-dependent
packet error rate (PER) at a given SNR and BER in the THz networked system.
If we deal with measurements supplied by a system under real conditions, they
may dynamically vary depending on the channel state, and there is a challenge of
real-time monitoring and admission control into the THz network. To guarantee
a given QoS, the control plane needs to make sure that the THz networked
systems can adapt to the varying channel conditions. To this end, it may be
appropriate to define a separate control plane channel that can allow for real-
time communication between transmitter and receiver, to be able to communicate
the related configuration parameters. This is similar to GHz systems today, where
such as out-of-band channel (for instance, a WiFi channel) uses measurements and
fast optimization algorithms of important channel and system parameters provided
by the receiver itself to determine the adaptive system parameters as output. The
influence and correlation of the system parameters, e.g., modulation, channels, and
data coding, to the measurements available at the input and output of the control
plane system is an open research topic in the research community.

31.2.1 An Overview of THz Network Layer Protocols

To maintain the communication between different THz nodes, under the assumption
of dynamic link lengths and reach, THz networks also require new network layer
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protocols as current protocols are likely inappropriate. As it is typically the case in
networks, two families of protocols are needed: forwarding and routing protocols.
Forwarding is generally a function in a node responsible about choosing the way
of sending the information to the neighboring nodes, including choice of antennas,
transmission ports, or spatial interfaces. Routing on the other hand is a network
wide function and is a control plane function responsible for identifying the paths
and nodes to send/forward a message from a source to a specific destination, usually
in a multihop communication.

31.2.1.1 Relaying and Forwarding

Due to the limited transmission power and the high path losses in THz band
communication, the use of directional antennas is a must, which in turn affects
the network layer and the relaying strategies. To this end paper, [29] investigates
the said relaying strategies for THz-band communication networks by introducing
a mathematical framework to study the optimal relaying distance that maximizes
the network throughput. Amplify and forward is a technique that takes into
consideration the spreading loss and molecular loss to investigate the bit error rate
(BER) performance along the relaying path [30]. Channel aware forwarding refers
to the ability to determine the performance of THz network before sending data
based on relaying and forwarding [31]. Energy-based forwarding has also been
studied to optimize the throughput and lifetime along with the energy [32].

31.2.1.2 Routing

The routing categories are divided between one-to-one routing and one-to-many
routing. The former is still a major challenge in THz communications, while the
latter has been addressed by flooding. To this end, literature reports adaptive and
probabilistic flooding. Paper [33] investigates an adaptive flooding mechanism
based on deactivation of wireless nanonodes using their perceived signal to inter-
ference and resource levels. Probabilistic flooding is studied in [34] whereby known
flooding routing algorithms are analyzed on their applicability in THz networks.

For one-to-one routing, flooding is clearly inefficient and other methods have
been proposed. The technique referred to as sensor to gateway was reported in [35]
where data delivery is provided by relaying over nano-routers as an intermediate
between the nanonodes and the gateway connected to large-scale network. The so-
called geographic routing was studied in [36] which uses geolocation techniques
by measuring distances between different nodes in terms of hopes. Finally, a
coordinates selection algorithm was presented in [37] which introduces a stateless
addressing and routing scheme for 3D nanonetworks.
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31.3 Conclusions, Open Issues, and Challenges

This chapter discussed the impact of antenna misalignment and blockage in the
performance of the fundamental mechanisms of the MAC in THz wireless systems.
Toward this direction, we presented suitable models and performance metrics that
accommodate and quantify the aforementioned phenomenon impact in the IA
random and scheduled access procedures. The derived expressions were verified
through Monte Carlo simulations that revealed the significance of taking into
account the THz channel particularities in the design of the THz MAC.

Regarding THz networking, several open research and challenges are worth
summarizing. The network architectures in THz spectrum are an open issue, as
is its hybrid integration with the traditional telecom infrastructure. Mobility is
a grand challenge in wireless networking in general and in THz networking in
particular. Similarly, the important issues of privacy and security remain widely
unaddressed, despite significant importance to wider adoption. It is furthermore
clear that the scalability is one of the most area that will play a critical role especially
for nanonodes but also for macroscale network, due to extreme data rates. Many
of the applications supported by the THz band communications also require high
reliability of the nodes.
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Chapter 32
Real100G.RF

Pedro Rodríguez-Vázquez, Janusz Grzyb, and Ullrich R. Pfeiffer

Abstract Due to the wide practical use and its availability worldwide, wireless
communication has been one of the main applications driving the development of
microelectronic technology. This drive will persist in the future, where wireless
networks with data rates of 100 Gb/s are already envisioned by the new IEEE
802.15.3d-2017 standard. Currently, the majority of wireless communication sys-
tems at near-THz frequencies rely on III–V semiconductors with very high fmax.
However, their low integration level prevents them from being a feasible solution
for mass production markets.

Contrary, silicon offers a higher integration level, including digital baseband
(BB) processing. The main limitation of silicon was its poor performance at fre-
quencies above 200 GHz. However, the latest advancements in process technology
have opened new opportunities for silicon-based solutions at near-THz frequencies.

The main objective of the Real100G.RF project, founded by the special priority
program of the DFG SPP1655, was to take advantage of this new technological
breakthrough to leverage silicon-based economies of scale in wireless multi-gigabit
communications above 200 GHz. Several RF front-ends were developed in this
project, achieving data rates above 100 Gb/s and bringing the project to success.
This chapter presents these RF front-ends and the wireless communication links
established using them.

32.1 SISO Wireless Links at Near-THz Frequencies

Despite the improvement in the SiGe process technology, the design of such system
remains very challenging. Circuit performance still deteriorates when the target
frequencies are above 200 GHz. This leads not only to lower power efficiency and
poorer link budgets, but it also introduces other impairments in the link [1], such as
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Fig. 32.1 Block diagrams and chip micrographs of (a) Tx, (b) amplifier-first Rx, and (c) mixer-
first Rx. An example of a fully packaged RF front-end module is illustrated in (d). (From [3] ©
2017 IEEE & [4] © 2018 IEEE; reproduced with permission)

sideband asymmetry. The sideband symmetry is a critical specification for achieving
high data rates. Any asymmetry will cause the spectrum of the I channel to leak into
the Q channel and vice-versa [2]. The symmetry condition is very hard to achieve,
particularly for amplifier stages with a limited gain-BW product. This section
presents two different single-input single-output (SISO) links established with the
first generation of RF front-ends developed within the Real100G.RF project. In the
first one, a typical amplifier first receiver is used, optimized for high conversion
gain (CG) and low-noise figure (NF). In the second one, the receiver implements
a mixer-first architecture [3], improving the sideband symmetry but worsening the
CG and NF. The block diagrams of the RF modules, as well as the chip micrographs
and a picture of one of the fully packaged RF modules, are displayed in Fig. 32.1.

The local oscillator (LO) generation path is common in all chips. It consists of
four cascaded Gilbert-cell doublers followed by a three-stage power amplifier (PA)
to provide enough signal power to drive the mixers. The quadrature is provided by
a broadband hybrid coupler. In the Tx, the data streams at the I and Q channels
are up-converted by a Gilbert-cell mixer, which is followed by a four-stage PA.
In the amplifier-first Rx, the received signal is preamplified by a three-stage PA
before it is down-converted by a Gilbert-cell mixer. All chips included a broadband
on-chip ring antenna that radiates through the substrate into a hyper-hemispherical
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9-mm high-resistivity silicon lens. Following an inexpensive chip-on-board (CoB)
packaging scheme, the chip-on-lens assembly was placed in the recess of a Rogers
4350B PCB and wire-bonded. An eight-section step-impedance low-pass filter is
implemented on the PCB to compensate for the inductance of the wire-bonds,
offering a maximum baseband BW of 14 GHz. The antenna directivity of these
modules increases monotonically from 25 to 27 dBi in the 200–280 GHz band.

At 230 GHz, the Tx shows a 3-dB BW of 28 GHz, a saturated output power of
8.5 dBm, and an IQ amplitude imbalance of 0.7 dB, while it consumes a power of
0.96 W. At the same carrier frequency, the amplifier-first Rx has a 3-dB RF BW of
23 GHz, a CG of 23 dB, an IQ imbalance below 0.5 dB, and a minimum estimated
single-sideband (SSB) NF of 10 dB and dissipates a power of 1 W. The mixer-first
Rx shows a 3-dB RF BW of 26 GHz, a CG of 8 dB with an IQ imbalance under
1 dB, and a minimum estimated SSB NF of 14 dB and consumes 450 mW. Contrary
to the Tx and the amplifier-first Rx, the mixer-first Rx holds its performance for any
carrier frequency ranging from 220 to 255 GHz [3].

For the wireless communication setup, the Tx and one of the Rxs were placed
in a 1-m line-of-sight (LOS) setup. To generate the IQ data streams for the Tx, a
set of two AWG70001A arbitrary waveform generators (AWG) were used, while
the received signal was recorded using two DPO77002SX oscilloscopes and then
analyzed in a vector signal analysis software (SignalVu). A root-raised cosine filter
with a roll-off factor between 0.2 and 0.7 was applied to the BB signals to fit into the
BW of the RF modules. In the link using the amplifier-first Rx, a maximum data rate
of 90 Gb/s was achieved using 16-QAM modulation formats with an EVM of 15%
[4, 5], while with a maximum modulation order of 64 QAM, the maximum achieved
data rate was 81 Gb/s and an EVM of 8.1% [1]. For link using the mixer-first Rx, the
maximum achieved data rate was 100 Gb/s with an EVM of 17% using a 16-QAM
modulation [2], thanks to the mixer-first Rx RF improved BW. These results were
achieved at a carrier frequency of 230 GHz, where the Tx shows the better sideband
symmetry.

The maximum modulation order was found to be limited by the broadband phase
noise (PN) floor. Here, the rms phase error in the LO path scales linearly with
the modulation BW. The on-chip x16 LO up-conversion path was measured to
scale the PN of the external driving PSG E8257D synthesizer, with a noise floor
of −150 dBc/Hz, nearly ideal by a factor of 24.1 dB. The total rms phase error
introduced by the up-converted double-sideband modulated signals with a BB BW
of 14 GHz is 4◦. This error prevents the system to operate with a modulation order
higher than 64 QAM [1, 6].

32.2 MIMOWireless Link at Near-THz Frequencies

Increases in the data rate are traditionally approached in three ways, broader band-
width, higher modulation order, or higher number of channels. As was previously
discussed, the gain-BW product for silicon circuits at this frequency band limits
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the first approach and the PN performance the second one. Therefore, the only
remaining possibility is to increase the number of channels using a multiple-input
multiple-output (MIMO) system. In this section, a MIMO link established using a
pair of highly integrated single-chip dual-polarization (DP) Tx and Rx RF front-
end modules is presented [7]. Both Tx and Rx chips accommodate two independent
fundamentally operated direct-conversion IQ paths with separately tunable on-chip
multiplier-based LO generation paths. A block diagram of the RF modules used for
this link and the chip micrographs are depicted in Fig. 32.2.

The LO generation path is equivalent to the one employed for the single-
polarization chips. The IQ up-conversion and down-conversion generation paths are
similar to the previously presented Tx and mixer-first Rx, respectively. However,
due to the limitations in the number of available lab equipment quantity to
simultaneously drive four high-speed differential baseband signals on each link side,
the Rx baseband outputs and Tx inputs needed to be operated as single-ended with
a degraded balance in the output/input amplification stage resulting in a deteriorated
signal-to-noise ratio (SNR) as well as an increased frequency dispersion in the
operation bandwidth. Each of these modulated IQ data streams is then radiated as an
orthogonal circular polarization, left-handed or right-handed circular polarization
(LHCP and RHCP), with an isolation between them better than 18 dB for any
relative orientation between the Tx and the Rx. This isolation allows for the link
operation without the need for a high-speed depolarizer in the baseband.

The measurement setup is similar to the one presented in the previous session,
adding two extra AWGs. This system allows for the transmission of two independent
QPSK channels with an EVM of 32% at 230 GHz with an aggregated speed of
110 Gb/s and 80 Gb/s over 1-m and 2-m distance, respectively.

Table 32.1 compares all wireless links presented in this chapter.

Fig. 32.2 Block diagram and chip micrographs of the DP Tx and the DP Rx. Distortions in the
ideal circular polarization will lead into a leakage between the two data streams, increasing the
EVM. (From Ref. [7])
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Table 32.1 Summary of the near-THz wireless links developed by the BUW

Link

LO
Freq
(GHz)

# of IQ
chan-
nels Modulation

Distance
(meters)

Data
rate
(Gb/s)

EVMrms
(%) PDC (W)

Tx + Amp-
first
Rx

225–255 1 16/64-
QAM

1 90/81 15/8.5% 1.96

Tx + Mixer-
first
Rx

225–255 1 16 QAM 1 100 17% 1.41

DP
Tx + DP Rx

225–255 2 QPSK 1/2 110/80 32% 2.85
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Chapter 33
TERAPAN: A 300 GHz Fixed Wireless
Link Based on InGaAs Transmit-Receive
MMICs

Iulia Dan

Abstract This chapter highlights a project which is based on a wireless com-
munication point-to-point link operated in the low-terahertz range, at a center
frequency of 300 GHz. The link is composed of all electronic components based
on monolithic integrated circuits based on a metamorphic high-electron-mobility
transistor technology. The project started in August 2013 and ended in December
2016, and it represents an important milestone in the integration of terahertz
communication in industry-ready applications.

33.1 Motivation

The exponential increase in the wireless data demands new technological and
innovative solutions to achieve the desired data speeds. [1] shows that the curve
of maximum available data rates over time has the same exponential increase as
Moore’s law for semiconductors. The consortium of TERAPAN project consist-
ing of three partners, Technische Universität Braunschweig (TUBS), Fraunhofer
Institute of Applied Sciences (IAF), and the University of Stuttgart (USTUTT), has
recognized early the potential of submillimeter wave-based wireless communication
in future and beyond 5G networks. This project, which started in August 2013,
represents one of the first efforts worldwide of integrating 300 GHz-based solid-
state electronics into a communication link, in particular in a wireless personal
area network (WPAN). In the meantime, the number of 300 GHz wireless links has
increased significantly, many of these links showing a better performance in terms
of data rates, transmission distance, transmission bandwidth, and signal processing
capabilities. Nonetheless, this project represents an important milestone in the
development of terahertz (THz) communication and its integration into industry-
ready devices and components.
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33.2 Project and Demonstrator Description

The goal of the project was to show that a wireless link based on a transmit-receive
system centered around 300 GHz can achieve data rates above 100 Gbit/s over a
midrange indoor distance, between 1 and 10 m. An important and very ambitious
aspect of this goal involved the demonstration of electrical beam steering using the
proposed communication link.

Figure 33.1 shows both the setup of a wireless transmission and all the important
devices and components that were developed in the frame of the project. At the
core of the radio link are the transmitter and receiver, with an operation frequency
centered around 300 GHz. Other crucial components of the link are the 300 GHz
antennas. In comparison to radio links at lower frequencies deployed in commercial
devices like phones and radios, the TERAPAN system uses a zero-IF also called
direct conversion architecture. This means that the baseband signal is not up-
converted to an intermediate frequency (IF), but directly connected to the mixer of
the transmitter and receiver. This signal is generated using state-of-the-art analog-
to-digital and digital-to-analog converters and has bandwidths of up to 25 GHz.
The direct conversion approach allows for a large IF bandwidth and together with
quadrature up- and down-conversion is also capable of transmitting bandwidth-
efficient complex modulated data signals. The resulting RF transmitted signal is
centered around 300 GHz and has bandwidths of up to 50 GHz.

The 300 GHz transmitter and receiver are based on millimeter-wave monolithic
integrated circuits (MMICs) designed using a metamorphic high-electron-mobility
transistor (mHEMT) technology. This technology is presented in detail in [2]. The
MMICs are packaged in split-block waveguide modules, like the one presented in
Fig. 33.2. V connectors and a liquid crystal polymer (LCP) substrate provide the
MMICs with the in-phase (I) and quadrature (Q) baseband data signals. The LO
signal at 100 GHz and the RF signal centered around 300 GHz use a rectangular
waveguide interface to connect to the LO source, respectively, the antenna. Different

Fig. 33.1 Simplified schematic of TERAPAN wireless link setup using 300 GHz electronic
transmitter and receiver
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Fig. 33.2 Photograph of a split block waveguide module used in TERAPAN experiments. (Photo
credits: Fraunhofer IAF)

generations of MMIC chip sets were designed in the frame of the project. Details
and measurement results of these chipsets can be found in [3–5].

The project focused on two main demonstrations. The first one is similar to the
generic case pictured in Fig. 33.1 and involves wireless data transmission from one
transmitter to one receiver and is referred to as the single-input, single-output (SISO)
demonstrator. The transmission is carried out over 1 m. With these configurations,
data rates up to 64 Gbit/s can be transmitted and demodulated using off-line signal
processing tools. Figure 33.3 shows the constellation diagram of the transmitted
QPSK signal with a symbol rate of 32 Gbd, which corresponds to the data rate of
64 Gbit/s. Simple modulation formats like BPSK and QPSK are transmitted in this
demonstration. [6–8] present in detail measurement results and deeper impairment
analysis for this demonstration.

For the second main demonstration, a single-input, multiple-output (SIMO)
concept was followed. For this purpose, the signal coming out of one transmitter
is simultaneously received by a four-channel module. The 4 × 1 phased array
antenna developed for this demonstration is presented in detail in [9] and in [10]. On
the right-hand side of Fig. 33.4, a photograph of the four-channel receiver module
and phased array antenna can be seen. Using this SIMO concept, electronic beam
steering has been proven for the first time at 300 GHz in a live demonstration
presented at the NGMN industrial exhibition in 2016. The achieved data rate was
12 Gbit/s and the transmission distance 60 cm.

The TERAPAN transmission links proved that 300 GHz indoor wireless commu-
nication is possible and can be integrated in applications like smart offices or data
proximity showers.
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Fig. 33.3 One of the
measurement results of the
TERAPAN SISO
demonstrator. In black are the
measurement results of the
1 m transmission and in red
the measurement of the
reference signal transmitted
directly from the signal
generator to the oscilloscope

Fig. 33.4 Photographs of the modules used in the TERAPAN demonstrations. On the right-hand
side the four-channel receiver module and on the left-hand side the one-channel transmitter module.
(Photo credits: S. Rey)
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Chapter 34
ThoR

Tetsuya Kawanishi and Shintaro Hisatake

Abstract ThoR (TeraHertz end-to-end wireless systems supporting ultra-high data
Rate applications) is a joint EU-Japan project to provide technical solutions for
the data networks beyond 5G based on 300 GHz RF wireless links. ThoR has a
clear focus on the integration and operation of the first THz link in a real network
environment. We propose to combine all-European and Japanese state-of-the-art
photonic and electronic technologies, leveraging state-of-the-art gigabit modems
and channel aggregation in the standardized 60 GHz and 70–80 GHz bands in order
to demonstrate real-time THz wireless communications with a capacity × distance
figure of merit larger than 40 Gbps × km.

Figure 34.1 shows ThoR’s concept. ThoR’s technical concept builds on the IEEE
802.15.3d standard [1] using state-of-the-art chip sets and modems operating in the
standardized 60 and 70–80 GHz bands, which are aggregated on a bit-transparent
high performance 300 GHz RF wireless link offering >100 Gbps real-time data
rate capacity. The key enabling technologies are (1) high linearity, wideband, and
high spectral purity photonic local oscillator (LO) generation, (2) medium power
300 GHz solid-state power amplifier, (3) high power 300 GHz traveling-wave tube
amplifier, (4) multifunctional wideband and low noise 300 GHz solid-state receiver,
(5) multifunctional and high linearity 300 GHz solid-state upconverter, and (6)
channel aggregation at the 60 GHz and 70–80 GHz bands.

We are in the process of developing the key enabling technologies and, at the
same time, validating the concept. In the proof-of-concept, data transmissions with
various modulation formats are conducted using an AWG, before adopting modems
operating in the standardized 60 and 70–80 GHz bands. The RF MMIC used in
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Fig. 34.1 ThoR concept

Fig. 34.2 Results of the channel aggression experiment

this proof-of-concept are fabricated in a 35 nm mHEMT InGaAs technology [2].
The highest data rate of 56 Gbps at 10 m transmission was achieved for the single-
channel transmission with a 16-QAM [3]. The EVM was 12.2%. Figure 34.2 shows
an example of the channel aggression result [4]. The transmission distance was 1 m.
A channel data rate of 10.2 Gbps (total data rate of 20.4 Gbps) was achieved with
the channel bandwidth of 2.295 GHz which is compatible to the new IEEE standard.
The EVM for both channels was 6%. The current data rate is limited by the linearity
of the system, which will be improved by a module currently under development.
The successful transmission of aggregated channels shows the potential of ThoR
concept.
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Chapter 35
Terranova

Carlos Castro, Robert Elschner, Thomas Merkle, Francisco Rodrigues,
José Machado, António Teixeira, and Colja Schubert

Abstract The available large and contiguous bandwidth at 300 GHz offers the
opportunity to interconnect coherent THz wireless and fiber-optic networks using a
slim analog baseband interface. The resulting hybrid fiber-optic/THz wireless links
can be end-to-end (E2E) operated by fiber-optic real-time modems without the need
of an additional DSP at the optical wireless analog baseband interface. This chapter
summarizes the test beds and experiments that were conducted within the Terranova
project to validate the key ideas of coherent THz wireless/fiber-optic links.

35.1 Beyond 5G Heterogeneous Network Architectures

The project Terranova envisions a heterogeneous, highly flexible fiber-optic/THz
wireless network architecture to be a key enabling technology to implement beyond
5G networks at minimum cost and size, compatible to the already existing fiber-
optic network infrastructure. THz wireless communications above 100 GHz are
expected to bring wireless data rates on a par with fiber-optic systems by offering
link throughputs in the range of hundreds of Gb/s or even Tb/s [1]. Terranova
leverages on the digital-coherent fiber-optic transmission infrastructure with its
highly advanced digital signal processing (DSP), enabling transmission at high
symbol rates, high spectral efficiency, and elaborated impairment correction. The
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Fig. 35.1 The Terranova hybrid fiber-optic/THz wireless concept with E2E digital signal process-
ing

Fig. 35.2 Block diagram of the experimental setup for the investigation of real-time transmission
over a fiber-optic/THz wireless/fiber-optic combined link with E2E digital signal processing

corresponding architecture is schematically depicted at link level in Figs. 35.1 and
35.2. While the idea is straightforward, it cannot be taken for granted that the E2E
correction of the combined fiber-optic/THz wireless channel achieves the required
stability and transparency under practically relevant conditions. Thus, Terranova
was dedicated to develop real-time experiments, test beds, networks, and required
hardware not only for the proof of concept in the lab [2–8] but also for the validation
using different outdoor THz wireless links with up to 1 km distance [9].

35.2 Coherent THz Wireless Fiber Extenders

The concept of a hybrid fiber-optic/THz wireless link evolved step-by-step from the
lab test bench [2, 3] to the implementation of an outdoor long-range link [9], as
well as from a system using offline DSP to a real-time demonstrator [4, 5]. This
includes also an experimental investigation of a 100G Ethernet transmission over
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Fig. 35.3 Photograph of the implemented lab demonstrator corresponding to the schematic of Fig.
35.2

a THz wireless link using a real-time modem, showing a stable Ethernet frame
throughput of up to 98 Gb/s with low frame loss rate and latency [6, 7]. With
a similar system, the digital-coherent real-time transmission of a 100 Gb/s dual-
polarized QPSK signal over two fiber-optic spans (up to 103 km total length),
which were interconnected by a THz wireless fiber extender at 300 GHz carrier
frequency, could be demonstrated for the first time, allowing to showcase an end-to-
end video transmission over the hybrid fiber-optic/THz wireless link [6, 7]. Figure
35.3 shows a photograph of the employed test bed. A network-level demonstration
with the THz wireless link operating in the 100G downlink of a commercial fiber-
optic PON OLT is depicted in Fig. 35.4. Various solutions for the realization of
the analog optical/wireless baseband interface were investigated, employing analog
coherent optical as well as analog IM/DD optical transceiver front-ends [8]. While
the use of analog coherent optical transceiver front-ends would require the least
modifications of today’s commercially available components, customized IM/DD
optical transceiver front-ends might be an attractive approach in the future because
of their simplicity [8]. The outdoor experiments showed also excellent agreement of
the measured and modeled received THz power under varying weather conditions
for dual-polarized QPSK transmission at 32 GBd over a THz wireless link section
of 500 m [9], achieving a net data rate of 102 Gb/s.
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Fig. 35.4 Network-level demonstration with the high-speed THz wireless link operating in the
100G downlink of a commercial fiber-optic PON OLT

Acknowledgments This work was supported by the Fraunhofer Internal Programs under Grant
No. MAVO 836 966 and by the EC Horizon 2020 Research and Innovation Program under Grant
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Chapter 36
ULTRAWAVE

Claudio Paoloni

Abstract This chapter describes the concept and achievements of the European
Commission Horizon 2020 ULTRAWAVE “Ultra capacity wireless layer beyond
100 GHz based on millimeter wave Traveling Wave Tubes” aiming to produce the
first D-band point-to-multipoint wireless system for backhaul of high-density cells.

The European Commission Horizon 2020 ULTRAWAVE “Ultra capacity wireless
layer beyond 100 GHz based on millimeter wave Traveling Wave Tubes” project
pushes the boundary of millimeter-wave and sub-THz technology to enable a novel
Internet distribution paradigm by ultracapacity layers at roof level, to solve the high-
density small cell backhaul [1]. ULTRAWAVE is the first backhaul architecture
combining point-to-multipoint (PmP) distribution at D-band (141–148.5 GHz)
connected by point-to-point (PtP) G-band transport links (275–305 GHz) (Fig.
36.1).

The ULTRAWAVE consortium is developing the full wireless system from C-
band to G-band, including a transmission hub (schematic in Fig. 36.2) and terminals
at D-band and a transmitter and receiver at G-band [3]. It is enabled by novel
traveling wave tubes (TWTs) to provide about 10–12 watt saturated power at D-band
and 1–3 watt saturated power at G-band [2] (see Chap. 27 for details on TWTs). The
TWTs are in fabrication phase.

A transmission hub generates D-band sectors that can use up to 7.5 GHz of
bandwidth to deliver up to 30 Gb/s at 64 QAM, over 250 MHz channels. A single
sector, assuming 30-degree aperture angle and 600 m radius, could provide up
to 300 Gb/s/km2 area capacity. Terminals at D-band are arbitrarily allocated over
the sector to flexibly receive the number of channels to satisfy the related traffic
requirements. The D-band transmission hubs will be deployed to cover a wide
area connected by a mesh network of G-band PtP links up to 600 m long with up
30 Gb/sec at QSPK.
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Fig. 36.1 ULTRAWAVE concept

Fig. 36.2 Schematic of the D-band transmission hub [3]

The D-band MMIC chipset includes InP DHBT high-power (19 dBm) and
medium-power amplifiers (better than 10 dBm), a GaAs low-noise amplifier (about
5 dB noise figure), and a GaAs 4x multiplier, upconverter, and downconverter FET
mixers. The D-band LNA has 5 dB noise figure measured. The D-band MMIC
chipset is used for both the transmission hub and the terminals with benefit for the
final cost of the system. Local oscillator rejection filter, low-gain horn antennas for
the transmission hub, and high-gain lens antennas for terminals were also designed,
fabricated, and tested.

The transmission hub (Fig. 36.2) radio includes a transmitter and a receiver
at D-band allocated on a single motherboard. It uses two levels of transposition
between the transmitted signal at D-band and the modem at C-band (3–6 GHz) to
ensure good image rejection capability and use a single synthesizer. One level is
a conversion with local oscillator (LO) frequency at W-band (92–94.5 GHz) and
a second with LO at Q-band (46–47.3 GHz). A Ka-band synthesizer at 11.6 GHz
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provides a high-stability LO signal multiplied by 4 and 8 by a chain of dedicated
frequency multipliers. An indoor unit hosts the stack of modems.

The G-band transmitter is based on an optical signal generator with transmission
power provided by the G-band TWT, driven by an InP DHBT power amplifier,
connected to a high-gain antenna (39 dBi). The G-band receiver uses the same
antenna, a GaAs LNA (8 dB noise figure), and a downconverter to D-band.

The project will be concluded by a field test of the D-band PmP wireless system
in real environment at the University Polytechnic of Valencia, Spain.

The ULTRAWAVE system can be configured with maximum flexibility. The
number of sectors and the number of channels per sector depend on the capacity
given in the coverage area and on the capacity of the G-band links. ULTRAWAVE
aims to a breakthrough for high-capacity backhaul as affordable and alternative
solution to fiber deployments.

The ULTRAWAVE consortium includes Lancaster University (Coordinator Clau-
dio Paoloni, UK), Ferdinand Braun Institute, HF Systems Engineering GmbH,
Goethe University Frankfurt (Germany), OMMIC (France), Fibernova System,
Universitat Politecnica de Valencia (Spain), and the University of Rome Tor Vergata
(Italy). The project is funded the by European Union’s Horizon 2020 under Grant
Agreement No. 762119 (Budget: AC2.9 M) for the period September 2017–May
2021.
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Chapter 37
MILLILINK

Ingmar Kallfass

Abstract After the pioneering work in Japan on 120 GHz point-to-point links,
the MILLILINK project, in the years 2010 to 2013, was among the first larger
cooperative efforts targeting the application-oriented development of THz commu-
nication links. Based on a transmit and receive analog frontend implemented in
metamorphic HEMT technology, it saw the transmission of 64 Gbit/s wireless data
rate over a transmission distance of 850 m in a fixed wireless link operating at a
center frequency of 240 GHz.

MILLILINK, acronym for “millimeter-wave wireless links in optical communi-
cation networks,” received funding from the German Ministry of Research and
Education in the years 2010 to 2013. After the pioneering work at NTT in Japan,
which saw a point-to-point transmission of 10 Gbit/s over a distance of 5.8 km at a
carrier frequency of 120 GHz [2, 10] using InP HEMT-based transmit and receive
frontends [6], the MILLILINK project was among the first larger cooperative efforts
targeting the application-oriented development of THz fixed wireless links. Based
on initial transmission experiments at 220 GHz [3], a new chip set for an analog
transmit and receive frontend operating at a center frequency of 240 GHz was
developed [8]. The MMICs, integrating subharmonic quadrature up- and down-
converter stages with RF post- and pre-amplifiers in the transmitter and receiver,
respectively, were based on 50 nm and later also on 35 nm metamorphic HEMT
technology developed by project partner Fraunhofer Institute of Applied Solid State
Physics, with cutoff frequencies of over 500 GHz fT and over 1 THz fmax[7]. WR-3
split-block metallic waveguide packaging technology with integrated supply voltage
generation was adopted to make the MMIC performance available as user-friendly
modules for analog frontend integration on the system level. Due to the integrated
LNA stage, the receiver module provided a conversion of 3 dB without any IF
amplification within a 3 dB gain frequency range from 228 to 252 GHz, while
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its minimum noise figure was measured to approximately 9 dB. The transmitter
module could be operated with an output power of -3.6 dBm per IF channel in an IF
bandwidth from 0 to 35 GHz [9]. A local oscillator signal with 7 dBm of power at
120 GHz, provided by a frequency-multiplier, was employed to drive the quadrature
mixer stages.

The MILLILINK transmission experiments involved the generation of pseudo-
random bit sequences using wideband arbitrary waveform generators and different
complex modulation formats on the transmit side and the digitization, equalization,
and synchronization using real-time sampling oscilloscopes with sufficient band-
width on the receive side. A zero-IF approach was adopted in order to maximize the
modulation bandwidth. The receive signal quality was analyzed by offline digital
signal analysis in terms of the error vector magnitude as well as the actual bit error
rate.

When operated in conjunction with WR3 horn antennas and collimating lenses,
the 240 GHz link could be operated over a transmission distance of 40 m with data
rates of up to 96 Gbit/s using 8PSK modulation [1]. The MILLINK receiver module
was also used in conjunction with a photonic transmitter based on photonic mixing
in a UTC photodiode, where a record data rate of 100 Gbit/s with 16QAM modula-
tion could be demonstrated in an indoor 20 m link setup at the Karlsruhe Institute
of Technology [5]. Finally, in combination with 25 cm diameter Cassegrain-type
parabolic antennas provided by project partner Radiometer Physics GmbH, which
provided a gain of roughly 55 dBi at the receiver and the transmitter, the link could
be sustained with up to 64 Gbit/s data rate using QPSK modulation over a distance
of 850 m between two rooftops at the University of Stuttgart (Fig. 37.1) [4].

Fig. 37.1 The MILLILINK project saw the demonstration of a 240 GHz fixed wireless link with
64 Gbit/s data rate over a distance of 850 m. Adapted from [4]



37 MILLILINK 429

References

1. Boes, F., Messinger, T., Antes, J., Meier, D., Tessmann, A., Inam, A., & Kallfass, I. (2014).
Ultra-broadband MMIC-based wireless link at 240 GHz enabled by 64 GS/s DAC. In Proc. 39th
Int. Conf. on Infrared, Millimeter, and Terahertz Waves (IRMMW), Tuscon AZ (pp. 1–4).

2. Hirata, A., Kosugi, T., Takahashi, H., Takeuchi, J., Murata, K., Kukutsu, N., Kado, Y., Okabe,
S., Ikeda, T., Suginosita, F., Shogen, K., Nishikawa, H., Irino, A., Nakayama, T., & Sudo, N.
(2010). 5.8-km 10-Gbps data transmission over a 120-GHz-band wireless link. In 2010 IEEE
International Conference on Wireless Information Technology and Systems (ICWITS) (pp. 1–4).

3. Kallfass, I., Antes, J., Schneider, T., Kurz, F., Lopez-Diaz, D., Diebold, S., Massler, H., Leuther,
A., & Tessmann, A. (2011). All active MMIC based wireless communication at 220 GHz. IEEE
Transactions on Terahertz Science and Technology, 1(2), 477–487.

4. Kallfass, I., Boes, F., Messinger, T., Antes, J., Inam, A., Lewark, U., Tessmann, A., &
Henneberger, R. (2015). 64 Gbit/s transmission over 850 m fixed wireless link at 240 GHz carrier
frequency. Journal of Infrared Millimeter and Terahertz Waves, 36(2), 221–233.

5. Koenig, S., Lopez-Diaz, D., Antes, J., Boes, F., Henneberger, R., Leuther, A., Tessmann, A.,
Schmogrow, R., Hillerkuss, D., Palmer, R., Zwick, T., Koos, C., Freude, W., Ambacher, O.,
Leuthold, J., & Kallfass, I. (2013). Wireless sub-THz communication system with high data
rate. Nature Photonics, 7(12), 977–981.

6. Kosugi, T., Tokumitsu, M., Enoki, T., Muraguchi, M., Hirata, A., & Nagatsuma, T. (2004). 120-
GHz Tx/Rx chipset for 10-Gbit/s wireless applications using 0.1/spl mu/m-gate InP HEMTs.
Compound Semiconductor Integrated Circuit Symposium, 2004. IEEE (pp. 171–174).

7. Leuther, A., Tessmann, A., Dammann, M., Massler, H., Schlechtweg, M., & Ambacher,
O. (2013). 35 nm mHEMT Technology for THz and ultra low noise applications. In 2013
International Conference on Indium Phosphide and Related Materials (IPRM) (pp. 1–2).

8. Lopez-Diaz, D., Kallfass, I., Tessmann, A., Leuther, A., Wagner, S., Schlechtweg, M., &
Ambacher, O. (2012). A subharmonic chipset for gigabit communication around 240 GHz. In
Proc. IEEE MTT-S Int. Microwave Symposium, Montreal.

9. Lopez-Diaz, D., Tessmann, A., Leuther, A., Wagner, S., Schlechtweg, M., Ambacher, O., Kurz,
F., Koenig, S., Antes, J., Boes, F., Henneberger, R., & Kallfass, I. (2013). A 240 GHz quadrature
receiver and transmitter for data transmission up to 40 Gbit/s. in Proc. European Microwave
Week, Nuremberg (pp. 1–4).

10. Yamaguchi, R., Hirata, A., Kosugi, T., Takahashi, H., Kukutsu, N., Nagatsuma, T. (2008). 10-
Gbit/s MMIC wireless link exceeding 800 meters. In 2008 IEEE Radio and Wireless Symposium
(pp. 695–698).



Chapter 38
TERAPOD

Alan Davy

Abstract The TERAPOD project aims to investigate and demonstrate the feasibil-
ity of ultrahigh bandwidth wireless access networks operating in the Terahertz (THz)
band. The proposed TERAPOD THz communication system will be developed,
driven by end-user usage scenario requirements and will be demonstrated within
a first adopter operational setting of a Data Centre. In this chapter, we define the
full communications stack approach that is taken in TERAPOD, highlighting the
specific challenges and aimed innovations that are targeted. We then provide an
overview of the recent results that have emerged from the project. Finally, we will
provide a short overview of the future research challenges in this area.

38.1 Introduction

The TERAPOD project aims to investigate and demonstrate the feasibility of
ultrahigh bandwidth wireless access networks operating in the Terahertz (THz)
band. The project demonstrates the TERAPOD THz communication system within
a first adopter operational setting of a Data Centre and significantly progresses
innovations across the full THz communications system stack. Data centres are
an ideal target scenario for deployment of high bandwidth wireless technologies
to augment the wired network due to the ridged physical network in place, the high
bandwidth requirements and also networking issues such as spontaneous emergence
of hotspots [1]. Traditionally, wireless technologies have not been considered within
the Data Centre network due to insufficient capacity.
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Fig. 38.1 Schematic representation of the TERAPOD technology application scenario

38.2 Objectives

The TERAPOD project focused on the development of several technologies,
components, communications methods and architectures and protocols. In this
sense, the project targets a proof-of-concept in a data centre deployment, which will
be ultimately achieved using a small-scale test bed for the demonstration of at least
100 Gbps wireless communications between several stand-alone prototype nodes
to be developed and manufactured within the project, including both optoelectronic
and all-electronic interconnects at THz frequencies, in an operational environment.

Figure 38.1 provides a graphical description of the overall approach. The project
focuses on two alternative technologies for THz sources, which are Resonant
Tunnelling Diodes (RTD) and Uni-travelling Carrier Photodiodes (UTC-PD) and
a sink device based on Schottky barrier diodes (SBD).

38.3 Technical Innovations

We present a number of technical advances that have been made by TERAPOD in
order to progress towards a fully functional and integrated THz wireless system.
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38.3.1 Demonstration of Reliable, Highly Efficient
and High-Power THz RTD Sources

THz operation of RTD oscillators has been demonstrated by a few laboratories,
with fundamental oscillations up to 1.92 THz recently being demonstrated [2, 3].
The main limitation of RTD oscillators has been their low output power (in the tens
of microwatts range), but relatively high output power for some of these oscillators
is now being reported, for example, up to 1 mW at 300 GHz with large micron-sized
devices (by members of the present consortium) [4] and 0.6 mW at 620 GHz with a
two-element array by a Japanese group [5].

As part of TERAPOD, we report on high-efficiency, high-power, and low-phase-
noise resonant tunnelling diode (RTD) oscillators operating at around 30 GHz
[6]. By employing a bias stabilization network, which does not draw any direct
current (dc), the oscillators exhibit over a tenfold improvement in the dc-to-RF
conversion efficiency (of up to 14.7%) compared to conventional designs (~0.9%).
The oscillators provide a high maximum output power of around 2 dBm, and
low phase noise of −100 and −113 dBc/Hz at 100 kHz and 1 MHz offset
frequencies, respectively. The proposed approach will be invaluable for realizing
very high efficiency, low phase noise, and high-power millimetre-wave (mm-wave)
and terahertz (THz) RTD-based sources.

38.3.2 Demonstration of Power Combination of Multiple THz
Sources

Although recent demonstrations have proven the capacity of THz communication
systems for high throughput, most of the systems have not been tested within
a real application environment and are still limited by the performances of the
different components. In fact, the intrinsic high propagation loss at increasing
carrier frequencies and the low power generated at these frequencies limits the
THz wireless transmission distances to typically a few metres. To address this,
TERAPOD will innovate upon the state of the art by demonstrating that the output of
several UTC-PDs can be combined ultimately using an approach based on antenna
arrays integrated with a photonic phase distribution system, which could also allow
beam steering offering the possibility for electrical steering of receiver antenna and
automatic search of the transmitter antenna. Early results show the feasibility of
designing a photonic integrated circuit (PIC) phase distribution system for feeding
a 1×4 UTC-PD array [7].
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38.3.3 Demonstration of an Integrated THz Optical Wireless
Bridge in a Data Centre Environment

In progressing THz wireless communication technology closer towards market
uptake, near-market trials need to be carried out to determine the viability of such
technology. TERAPOD carried out the world’s first trial integration of a THz/optical
wireless bridge within a data centre. The experiment consisted of developing a Top
of Rack transmitter and Top of Rack receiver for a one-way THz/optical wireless
bridge. The transmitter was a UTC-PD and SBD receiver. Further details of the
experiment can be found here [8]. The results demonstrated that THz wireless links
could be used to augment the wired network within a Data Centre to potentially
alleviate congestion occurring due to the emergence of hotspots within the data
centre, resulting in network bottlenecks.
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Chapter 39
iBROW

Joana S. Tavares, Scott Watson, Weikang Zhang, José M. L. Figueiredo,
Horacio I. Cantu, Jue Wang, Abdullah Al-Khalidi, Anthony E. Kelly,
Edward Wasige, Henrique M. Salgado, and Luis M. Pessoa

Abstract We present highlight results of resonant tunneling diode (RTD) oscil-
lators developed in the iBROW project. Clear open eye diagrams were obtained
using 300 GHz electrically modulated oscillators at 9 Gbit /s after wireless data
transmission. One possible application for these oscillators consists of short-range
high-frequency data transmission of audio and video signals. Thus, we present the
first successful transmission of DVB-T audio/video signals through an optically
modulated RTD.

39.1 Introduction

The demand for broadband content and services in both wired and wireless
technologies has been growing at tremendous rates. We are living in an era in which
broadband Internet with high bandwidth services and applications is in continuous
evolution and demanding ever higher data rates [1]. To accommodate future data-
rate requirements, operation at higher end of the spectrum is required, namely,
above 60 GHz and up to 1 THz, since the frequency spectrum currently in use is not
expected to be suitable to accommodate the predicted future data-rate requirements,
in spite of the significant and continuous progress that has been achieved in spectrum
efficiency techniques [2, 3].
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To address this ever-growing demand, the iBROW project [4] aims at the
development of energy-efficient and compact ultra-broadband short-range wireless
communication transceiver technology, by exploiting resonant tunneling diode
(RTD) oscillators that can be integrated into both ends of the wireless link,
serving both source and detector functions. In this scenario, both downlink and
uplink communication directions are considered, using all-electronic (e-RTD) and
optoelectronic RTDs [5, 6]. The former is suitable for integration into cost-effective
wireless portable devices, and the latter consists of monolithic integration between
an RTD and a photodetector (RTD-PD) and hybrid integration with a laser diode
(LD), which will be suitable for integration into mmwave/THz femtocell base
stations connected to high-speed 40/100 Gbps fiber-optic networks.

An RTD device consists of a narrow band gap semiconductor material sand-
wiched between two thin wide band gap materials. These devices can be seamlessly
integrated with optoelectronic components (photodetector and LD), since the same
materials are used. RTDs have an intrinsic gain provided by its negative differential
conductance region, which allows for a simple and energy-efficient implementation
[7]. Another remarkable feature is the extremely high frequency operation, making
them the fastest pure solid-state electronic device operating at room temperature
with working frequencies exceeding 1 THz [8, 9].

Here, we present the highlight results of wireless transmission achieved
using e-RTDs in Sect. 39.2 and the first successful transmission of digital video
broadcasting—terrestrial (DVB-T) through an RTD-PD under optical modulation
in Sect. 39.3.

39.2 e-RTDs for Wireless Data Transmissions

This work focused on the experimental evaluation of e-RTD oscillators aiming
to achieve wireless data transmission using e-RTDs working in the W band and
J-band, specifically at 84 GHz and 300 GHz, respectively. The laboratory testbed
used to enable the demonstration of wireless data transmission based on electrically
modulated RTDs is shown schematically in Fig. 39.1.

Fig. 39.1 Diagram of
laboratory demonstration
testbed using electrical link
(e-RTD)

Rx

SBD

PPG/ED

Scope

Tx

LNA

e-RTD

90 - 300 GHz
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Fig. 39.2 Picture of the experimental setup used for the laboratory demonstration testbed using
an e-RTD-based electrical link (at UGLA laboratory)

Fig. 39.3 Eye diagrams obtained with wireless transmission for an e-RTD oscillator at 84 GHz at
10 Gbit /s data rate (left) and at 300 GHz at 9 Gbit /s data rate (right)

A picture of the setup is shown in Fig. 39.2. The testbed can be described
as follows: a pulse pattern generator and error detector (PPG/ED) is used to
generate a pseudo-random binary sequence (PRBS) signal that drives directly the
e-RTD, which is polarized within the negative differential resistance (NDR) region.
Appropriate antennas are used to interface the RF signal produced by the RTD to
the wireless domain. On the receiver side, a Schottky barrier diode (SBD)-based
receiver is employed, connected to a similar antenna as used at the transmitter side,
and followed by a low noise amplifier (LNA) that interfaces the received signal to
the error detector module of the PPG/ED equipment, for bit-error-rate evaluation, or
to an oscilloscope for eye diagram observation.

The modulation of the RTD with PRBS data within the NDR leads to an
amplitude shift keying (ASK) modulation, which can be recovered using an
envelope detector, in this case an SBD receiver, whose output voltage is proportional
to the ASK modulated input signal power, therefore recovering the transmitted data
stream. As shown in Fig. 39.3 clearly open eye diagrams were obtained using the
84 GHz RTD oscillator at 10 Gbit /s data rate and using the 300 GHz RTD oscillator
at 9 Gbit /s data rate.
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39.3 RTD-PD for Wireless Data Transmissions

The DVB-T transmission setup is represented in Fig. 39.4 and can be described as
follows: a digital signal containing audio and video from the laptop HDMI port is
converted by the modulator to a standard DVB-T signal, which is amplified and then
converted to the optical domain by an LD before being injected into the RTD-PD
optical window. The driver (or gain block) at the output of the modulator was used
to amplify the signal, in order to achieve a suitable power level to ensure adequate
LD modulation.

The transmitted signals are then down-converted by the spectrum analyzer and
amplified before being demodulated by the television DVB-T tuner. A signal
generator was used in this setup to perform injection locking [10]. The RTD-PD
was biased with ∼1 V of DC bias voltage and was oscillating at ∼11 GHz.

To assess DVB-T transmission performance, we obtained the channel power in
the spectrum analyzer and used the television to assess the strength and quality
of the transmitted signals. Both audio and video are successfully presented by the
television as shown in Fig. 39.5.

39.4 Conclusion

We have described the demonstration testbed for performance evaluation of e-RTDs
and RTD-PDs for short-range high-frequency data transmission.

MacBook Pro

Digital TV Laptop
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Optical
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RF
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Bias-T
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Fig. 39.4 Experimental setup diagram for DVB-T transmission using the RTD-PD with optical
modulation. LO, local oscillator; SA, spectrum analyzer; LD, laser diode; Tx, transmitter; Rx,
receiver
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Fig. 39.5 Picture of the experimental setup used for the laboratory demonstration testbed using
an RTD-PD-based optical fiber link for DVB-T transmission (at INESC TEC laboratory)

We presented laboratory demonstrations of wireless transmission based on an e-
RTD at 300 GHz and an RTD-PD at around 10 GHz, with open eye diagrams shown
at 10 Gbit/s and 50 Mbit /s, respectively.

We achieved a successful transmission of DVB-T audio/video signals through
the RTD-PD under optical modulation, confirming the viability of using an RTD-
PD as an optical to wireless interface, a novel worldwide achievement. While this
was demonstrated using a 10 GHz RTD-PD oscillator, we expect that RTD-PDs
fabricated to operate at much higher frequencies would provide similar results.

The results presented in this work allow to conclude that the RTD oscillator
proposed in iBROW is a promising technology for the implementation of future
high data-rate wireless communication systems, in short range applications, using
the significant spectral availability in sub-THz frequencies.
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Chapter 40
120-GHz-Band Project

Akihiko Hirata

Abstract 120-GHz-band wireless link project in Japan is one of the early THz
wireless communication researches. It achieved world-first 10-Gbps data transmis-
sion and uncompressed 8K transmission over radio wave links. This chapter presents
the history and technologies of 120-GHz-band wireless link, and various field trials
using the 120-GHz-band wireless link.

40.1 Introduction

Before 2000, it was impossible to transmit over 1-Gbps wireless data transmission.
However, the demand for gigabit-class wireless link system had been increased
with the spread of 10G Ethernet and 2K videos. In order to meet these 10-Gbps-
class wireless link, 120-GHz-band wireless link that can transmit over 10-Gbps
data had been developed in Japan (Fig. 40.1). The development of high-power
photonic device and electronic devices enables the output power of over 10 dBm
at >100 GHz and over 10-Gbps wireless data transmission over a distance of 1
km had been achieved. The 120-GHz-band wireless link employed uni-travelling
carrier photodiode (UTC-PD) as photonic device, and InP high electron mobility
transistor (HEMT) as electronic device. These specifications of the wireless link
enable various kinds of field trials, such as uncompressed 8K video transmission or
web conference over 10G Ethernet.
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Fig. 40.1 History of 120-GHz-band wireless link system

40.2 120-GHz-Band Wireless Link Using Photonic
Technology

Research of 120-GHz-band wireless link started with indoor data transmission using
photonics technologies. Photonic technologies enable us to generate MMW signals
at >100 GHz with conventional photonic devices, and it is possible to modulate
MMW signals at a rate of 10 Gbps by using optical modulators. Key devices for
the 120-GHz-band wireless link are the UTC-PDs [1]. We used this small photonic
emitter for the first 1-Gbps and 10-Gbps indoor wireless data transmission in 2000
[2] and 2002 [3], respectively. In these experiments, Si lens antennas were employed
in the photonic emitter, and the output of the photonic emitter was collimated by
Teflon lenses. In 2004, we obtained the first experimental radio station license at
this band from the Ministry of Internal Affairs and Communications, Japan and
conducted the first outdoor transmission experiments over a distance of 170 m [4].
In this system, the output of a single-mode laser is modulated at a frequency of
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Fig. 40.2 Schematic diagram of transmitter using photonic technologies

62.5 GHz with an optical intensity modulator (Fig. 40.2). The modulated optical
signals are fed into a planar lightwave circuit (PLC) that integrates an arrayed
waveguide grating (AWG) and 3-dB coupler [5]. The PLC acts as an optical filter
that outputs two modes whose frequency interval is 125 GHz. The optical MMW
signal is modulated by data signals and input into the UTC-PD module. The head
of the wireless equipment only acts as an O/E convertor, which makes the headlight
and reduces its power consumption. In order to achieve outdoor data transmission
experiments, 120-GHz-band power amplifier (PA) module and low-noise amplifier
(LNA) that employed 0.1-μm-gate InP HEMT MMICs [6] were integrated in the
transmitter and receiver, respectively. In 2005, a compact photonic wireless link
was developed and the world’s first transmission of six multiplexed 2K videos was
achieved [7]. These 120-GHz-band wireless links used high-gain antennas, such as
Gaussian optic lens antennas or Cassegrain antennas.

40.3 120-GHz-Band Wireless Link Using Electronic
Technology

Since 2007, 120-GHz-band wireless signals were generated by using all-electronic
technologies based on InP HEMT MMICs. The InP HEMT MMICs have a
narrow operation bandwidth compared to photonic technologies; however, all-
electronic systems have advantages of compactness and low cost, especially when
the transceiver functions are implemented with MMICs. 0.1-μm-gate InP HEMT
MMICs was employed to generate and detect 120-GHz-band wireless signals [6].
125-GHz carrier signal was generated by multiplying 15.625-GHz CW signal,
and it was modulated with data signals. Then, a PA module amplified the output
up to 10 dBm (Fig. 40.3). In 2009, we developed a wireless equipment with an
output power of 16 dBm by using composite-channel (CC) InP HEMT MMICs
with improved breakdown voltage, and the error-free transmission of 10 Gbps
and six multiplexed channels of uncompressed HD video signals over a distance
of 5.8 km was achieved [8]. Table 40.1 shows the specifications of the photonic
and electronic links. The head is lighter for the electronic system. However, the
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Table 40.1 Comparison of specifications between UTC-PD system and InP HEMT MMIC system

UTC-PD system InP HEMT MMIC system

Center frequency 125 GHz 125 GHz
Occupied bandwidth 116.5–133.5 GHz 116.5–133.5 GHz
Output power 10 dBm 16 dBm
Modulation ASK ASK
Maximum data rate 11.096 Gbit/s 11.096 Gbit/s
Head size W250 × D300 × H160 mm W190 × D380 × H130 mm
Head weight 4.9 kg 7.3 kg
Controller size W450 × D540 × H120 mm W220 × D360 × H60 mm
Controller weight 20.1 kg 4.0 kg
Consumption power <400 W <100 W

electronic controller is much smaller than the photonic MMW generator, because in
the photonic link millimeter-wave signals are generated in the head. Moreover, the
electronic system consumes less power.

In order to improve spectral efficiency, 120-GHz-band wireless link that employs
QPSK modulation scheme had been developed. 120-GHz-band wireless link
employs a differentially coherent detection, which enables to construct a wireless
link for real-time data transmission. 170-m-long data transmission at a rate of
11-Gbit/s and 22-Gbit/s back-to-back data transmission had been reported [9].

40.4 Field Trials of 120-GHz-Band Wireless Link

120-GHz-band wireless links have been used in various field trials. In 2008, 120-
GHz-band wireless link was used for live-video transmission trials at the Beijing
Olympics. The link transmitted 1.5 Gbps of uncompressed 2K video from the
Beijing Media Center to the International Broadcast Center over a distance of 1 km.
Transmitted data was used for 24 Fuji-TV live-relay programs in Japan [10]. In
2010, 120-GHz-band wireless link was connected to 10G Ethernet and had used 2K
live-relay program in Sapporo Snow Festival in Japan.

A dual-green uncompressed 8K signal consists of 16-ch HD-SDI signals and its
data rate is approximately 24 Gbit/s [11]. In order to double the data rate of 120-
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GHz-band wireless link, the polarization multiplexing technologies were employed.
One wireless link uses vertical polarization waves, and the other uses horizontal
waves. The HD-SDI signal multiplexer/FEC encoder multiplexes 8-ch HD-SDI
signals and transmitted the multiplexed approximately 11-Gbit/s serial data signal
with forward error correction (FEC). Using the forward correction technologies,
8K signal transmission over a distance of 1.3 km had been achieved. In 2015, public
viewing of uncompressed 8K signals using two pairs of 120-GHzband wireless links
was conducted at Sapporo Snow festival [12].

The use of two links enables us to build a bidirectional wireless 10G Ethernet
link. The 120-GHz-band wireless link was used for a remote academic symposium
using 4K video. A conference hall in Kyoto was connected to the other hall in Tokyo
with a 10G Ethernet network, and a part of the network employed the 120-GHz-
band wireless link. The presentations held at each hall were shot by 4K cameras and
transmitted to the other hall. Two pairs of 120-GHz-band wireless links were used
to meet bidirectional communication over a 10G Ethernet.
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Chapter 41
300-GHz-Band InP IC Project

Hiroshi Hamada

Abstract In this chapter, two kinds of 300-GHz-band InP IC projects conducted
in NTT Device Technology Labs are described. The first project is a 300-GHz
kiosk download system. In this project, various building blocks for the system, such
as a power amplifier, ASK transmitter, and hand-sized receiver, were developed
by using the high-speed InP-HEMT technologies of NTT Corporation and Fujitsu
Limited. Real-time 20-Gb/s wireless data transmission over a link distance of 1 m
is successfully demonstrated by using these building blocks. The second project is
an over-100 Gb/s 300-GHz transceiver for the beyond-5G era. In this project, a 300-
GHz heterodyne transceiver is fabricated by using a broadband 300-GHz passive
mixer and high linearity power amplifier. The transceiver shows a maximum data
rate of 120 Gb/s using 16QAM with a link distance of 9.8 m. This is the highest data
rate among electronics-based 300-GHz transceiver in 300-GHz-band as of 2020.

41.1 300-GHz 20-Gb/s Kiosk Downloader

One of the promising applications of MMW/THz is very high-speed wireless com-
munication by using their wide bandwidth. The frequency range above 275 GHz was
not allocated for wireless communication systems as of 2019 [1]. The atmospheric
absorption is relatively low; less than 10 dB/km up to 320 GHz [2]. Therefore,
there is a possibility of realizing high-speed wireless communication systems by
using the 300-GHz band (275–320 GHz). In this chapter, the real-time 20-Gb/s 300-
GHz kiosk download system experiment is introduced. The schematic and building
blocks of the kiosk download system are shown in Fig. 41.1a. People can download
large-sized data such as DVD data by placing their mobile terminal in front
of the kiosk transmitter with high-speed 300-GHz wireless communication. The
electronics to realize such a 300-GHz system are the key technology of this system.
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Fig. 41.1 (a) Schematic of the 300-GHz KIOSK download system and TRX building blocks using
InP-HEMT technologies, and (b) BER measurement results against the link distance. (©2016
IEEE)

To implement 300-GHz monolithic microwave integrated circuits (MMICs), high-
speed InP-based high electron mobility transistors (InP-HEMTs) [3, 4] are used
for the transmitter (TX) and receiver (RX) front-end. High-speed and real-time
communication is required for the kiosk download system. The amplitude-shift
keying (ASK) transceiver (TRX) as shown in Fig. 41.1a was developed by NTT
Corporation (TX), Fujitsu Limited (RX), and NICT (link budget) in the research
and development program of Japan.

The transmitter front-end (TX-FE) is composed of individual waveguide-
module-based building blocks of a X4 frequency multiplier, LO amplifier, and
ASK transmitter (TX). The low-loss 300-GHz packaging is carried out by a ridge
coupler [5]. These building blocks are fabricated by using the in-house InP process
of NTT Corporation in which an 80-nm composite-channel InP-HEMT (fT = 300
GHz, fMAX = 700 GHz) [3] and 55-μm-thick thinned InP substrate with through-
substrate vias (TSVs) [6] are supported. The X4 frequency multiplier generates
a 295-GHz carrier signal from a 73.75 GHz continuous-wave signal. An ASK
signal is generated by modulating this 295-GHz carrier signal by the ASK TX
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MMIC shown in Fig. 41.1a [7]. An ASK modulator and power amplifier (PA) are
integrated in the ASK TX MMIC. The ASK modulator is designed by using a
travelling-wave passive switch that has low group delay dispersion (< ±3.9 ps) with
moderate insertion loss (6 dB) to obtain wide modulation bandwidth [7]. The PA is
designed to provide a large output power with the aid of an 8-way power combining
network and loss reduction using the backside DC line (BDCL) technique [7].
Common-source FET (CSF) amplifiers are used as the unit amplifier of the PA. The
measured gain and saturation output power of the PA TEG module are 14 dB and
9.5 dm at 290 GHz [7].

The receiver front-end (RX-FE) is designed to be as small as possible in
anticipation of future integration into a hand-sized mobile terminal. Therefore,
the flip-chip mounting of the 300-GHz RX MMIC and antenna-integrated small
package [8] was developed as shown in Fig. 41.1a. The RX MMIC contains a
300-GHz low noise amplifier (LNA) and detector [9]. To attain high gain and
wide bandwidth, a common-gate FET (CGF)-based amplifier was used in the LNA.
The measured gain and noise figure (NF) of the LNA are over 20 dB and 9.5 dB,
respectively.

To show the feasibility of the kiosk download system, a real-time 20-Gb/s
wireless data transmission experiment is carried out using the TX-FE and RX-FE at
the carrier frequency of 295 GHz [10, 11]. To generate 295 GHz, the X4 frequency
multiplier based on NTT’s InP-HEMT technology is used. A pulse-pattern generator
(PPG) was used to generate 20-Gb/s pseudo-random binary sequence (PRBS) data
(run length: 215 − 1). The antennas with a gain of 30 dBi and 25 dBi were attached
to the TX and RX, respectively. The bit error rate (BER) was measured with several
link distances, as shown in Fig. 41.1b. The BER is less than 10−6 up to a link
distance of 1 m. By considering the forward error correction (FEC) implementation
in the real situation, the link distance can be extended to more than 1.5 m with a
BER of 2.4 × 10−3. This is long enough for the kiosk download system.

41.2 300 GHz >100 Gb/s Wireless Transceiver for Beyond 5G

The demonstration of over-100 Gb/s wireless data transmission is described using
the improved version of the building blocks of the kiosk downloader explained
above. To support such a high data rate in the 300-GHz-band, a quadrature
amplitude modulation (QAM) scheme is effective. There are two TRX architectures
to generate a QAM signal in the 300-GHz-band: direct-conversion architecture and
heterodyne architecture. The direct-conversion architecture has many advantages
due to its simple constitution, such as low cost and small chip area. However, it is
challenging to implement it in the 300-GHz-band because the high accuracy I-Q
modulation/demodulation in the 300-GHz-band is generally difficult. On the other
hand, the I-Q modulation/demodulation is carried out in a lower IF frequency band
in the heterodyne architecture. Therefore, heterodyne architecture is often used in
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recently published 300-GHz-band TRXs [12–16] including the TRX described in
this chapter [15, 16].

The photographs and schematic of the 300-GHz heterodyne TRX [15, 16] are
shown in Fig. 41.2a. The generation and detection of the QAM signal (16QAM and
64QAM are used in this research) are carried out on the 20-GHz IF signal by the
arbitrary waveform generator (AWG) and the digital storage oscilloscope (DSO).
The frequency conversions between the IF signals and 300-GHz-band RF signals
in both TX and RX are executed by the same 300-GHz InP-HEMT passive mixers
[14, 16]. The fundamental mixer architecture is utilized in these mixers because
of their higher conversion gain (CG) and lower LO harmonics than the harmonic
mixer architecture. The 270 GHz, 5 dBm LO signals are used for both TX and
RX and are generated by an X18 frequency multiplier and the in-house PA [7].
The photograph and measured CG are shown in Fig. 41.2b. The resistive topology
is applied in the mixer; therefore, the commutative and broadband frequency-
conversion characteristics are demonstrated. The measured up-conversion gain and
3-dB bandwidth are -15 dB and 31 GHz. For the PA in the TX and LNA in the RX,
high-linearity InP-HEMT PAs [15, 16] with the BDCL technique [7] are used. In
this research, the upper side band (290 GHz) is used as the RF signal. Therefore, in
the TX, a high-pass filter (HPF) is inserted between the mixer and PA to cut out the
lower side band image signal and also LO leakage of the mixer. In the RX, an IF
amplifier with a gain of 23 dB is used after the mixer to provide a large enough IF
signal to the DSO. A lensed horn antenna with a gain of 50 dBi is used for both the
TX and RX.

The wireless data transmission experiment is conducted in an anechoic chamber
(Fig. 41.2a). The link distance (antenna-to-antenna distance) is fixed to 9.8 m in the
data transmission experiment. In this research, the signal equalization technique is
applied to the received IF signal by the DSO. In the experiment, the signal to noise
ratio (SNR) is used as the index of the communication quality, that is, the required
SNR (SNRreq), which means the SNR value where the BER is equal to 10−3, is used
as the threshold value of the success/failure of the wireless communication. The
value of the SNRreq of 16QAM and 64QAM are 16.5 dB and 22.5 dB, respectively.
In the experiment, the variable attenuator (VATT) in the TX is used to virtually
extend the link distance by decreasing the TX output power. The measured SNR
versus equivalent link distance with several baud rates for the 16QAM and 64QAM
are shown in Fig. 41.2c. For 16QAM, the data transmission was successfully
demonstrated up to 30 Gbaud (120 Gb/s). The maximum link distances where the
measured SNR is equal to the SNRreq of 16QAM for 30 Gbaud (120 Gb/s), 25
Gbaud (100 Gb/s), 20 Gbaud (80 Gb/s), and 15 Gbaud (60 Gb/s) are 10.5, 17.5, 29.5,
and 42 m, respectively. The measurement results for 64QAM are also shown in Fig.
41.2c. The wireless data transmission was conducted up to 16.7 Gbaud (100.2 Gb/s).
The maximum link distances of 16.7 Gbaud (100.2 Gb/s), 15 Gbaud (90 Gb/s), and
10 Gbaud (60 Gb/s) are 10.2, 13.7, 17.4 m, respectively.
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Fig. 41.2 (a) Schematic and photograph of the 300-GHz 120-Gb/s TRX with a link distance of
9.8 m, (b) the characteristics of the mixer and PA used in the TRX, and (c) the data transmission
results of 16QAM and 64QAM. (©2018, 2019, 2020 IEEE)
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Chapter 42
300-GHz-Band Si-CMOS Project

Akifumi Kasamatsu

Abstract A radio transmission demonstration in the 300-GHz-band using transmit-
ter and receiver employing silicon CMOS technology was carried out by a Japanese
research group in a national project supported by the Ministry of Internal Affairs
and Communications, Japan. 300-GHz-band front-end modules were fabricated
using multilayer printed circuit boards with an RF front-end integrated circuit
using Si-CMOS technology as a core device. Antennas and measuring instruments
were connected to this module, and experimental transmission demonstrations were
performed.

Multilayer printed circuit board (PCB) modules having a waveguide conversion
structure that was connected to silicon CMOS transmitter or receiver have been
developed [1, 2]. For the silicon CMOS transmitter and receiver, we used some
of the novel technologies described in Chap. 21. Fig. 42.1 shows the multilayer
structure of the glass epoxy PCB used in these radio communication modules. LO
and IF signals are input and output via grounded coplanar waveguides (GCPW)
fabricated on the same board. The GCPW are composed of the signal lines of the
L1 metal layer with 50 μm width and the GND by the surrounding L1, L2, L3, and
L4 metal layer. The signal input and output to the module were done via the V-band
coaxial connector connected to the edge of the PCB.

In the wireless transmission experiments using the module and a standard
horn antenna, we achieved a transmission rate of 20 Gb/s at a communication
distance of 10 cm using 16QAM modulation. In the case of QPSK modulation, a
communication speed of 2 Gb/s was realized at 75 cm. Fig. 42.2 shows results of
constellation and the error vector magnitude (EVM).

Next, a Cassegrain antenna was developed as a high-gain antenna for extending
the communication distance (Fig. 42.3) [3]. The diameter of a main reflection mirror
was 60 mm, and a radome made with cycloolefin polymer (COP) was attached in
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Fig. 42.1 Structure of
multilayer printed circuit
board

Fig. 42.2 Results of the
transmission experiment
using the module and a
standard horn antenna

front of the main mirror, and a sub mirror was fixed to center of the radome. A
fabricated Cassegrain antenna achieved a gain of 39 dBi.

Moreover, to realize a small wireless transmitter/receiver equipment, a small-size
power supplying control board was designed and integrated with the RF front-end
module in a compact box whose volume is 10 cm × 10 cm × 20 cm (Fig. 42.4)
[4]. A radio communication experiment of 1 m distance was carried out using the
equipment. In the condition of 6.25 Gbaud (baseband bandwidth of 3.125 GHz) and
16QAM, 25-Gb/s radio communication with BER of less than 10-4 was realized.
A multi-stream experiment was also performed with this system, and 100-Gb/s
transmission can be achieved by assist of frequency and spatial multiplexing.

Finally, an experiment of real-time video transmission was performed using the
radio communication system shown in Fig. 42.5. The experiment was carried out
using an OFDM signal composed of eight component carriers with a bandwidth of
100 MHz. It was demonstrated that stable radio communication can be realized
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Fig. 42.3 Fabricated
Cassegrain antenna

Fig. 42.4 A compact box of
the 300-GHz-band transmitter
and receiver

Fig. 42.5 Demonstration
setup of 300-GHz-band
real-time video transfer

under conditions of 16QAM and that real-time transmission of video can be
performed even in the communication distance of 10m.

This work was done by collaboration with Panasonic, Hiroshima University,
and National Institute of Information and Communications Technology, and was
financially supported by the Ministry of Internal Affairs and Communications, Japan
(JPJ000254).
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Chapter 43
Fully Electronic Generation and
Detection of THz Picosecond Pulses and
Their Applications

Babak Jamali, Sam Razavian, and Aydin Babakhani

Abstract Broadband generation and detection of THz electromagnetic waves
enable a wide range of applications including high-speed wireless communication,
material sensing, gas spectroscopy, hyper-spectral imaging, security imaging, and
radars. In this chapter, we report our recent work on a laser-free fully electronic
pulse source and detector technology that operates from 50 GHz up to 1.1 THz. The
silicon-based source utilizes a novel technique of direct digital to impulse (D2I)
radiation, in which a fast bipolar switch disconnects the DC current in a short
period of time and converts it to a picosecond THz pulse that is radiated from an
on-chip antenna. In the detector technology, which was utilized to demonstrate dual-
comb spectroscopy, the picosecond pulses with tunable repetition rates are used as
a reference frequency comb to down-convert the received millimeter-wave and THz
signals to baseband frequencies.

43.1 Silicon-Based THz Pulse Radiation

Generating narrow pulses requires switches with ultra-short transients. Switching
nonlinear devices have been used to produce ultra-short pulses in the direct digital
to impulse scheme [1]. Moreover, PIN diodes (Fig. 43.1a), which are mostly used as
RF/mm-wave switches, have been shown to be highly nonlinear in reverse recovery.
In other words, when a PIN diode is switched off, a reverse current flows through
the diode. After the charge is completely depleted from the space charge of the
diode, the reverse current sharply falls to zero. Therefore, by driving this device
with a large signal in the proper frequency range, PIN diodes can be pushed into
a highly nonlinear region for pulse generation applications [2]. The schematic of a
PIN diode-based pulse radiator is shown in Fig. 43.1b. A photograph of the chip,
which was fabricated in a 130 nm SiGe BiCMOS process, is shown in Fig. 43.1c. In
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Fig. 43.1 A silicon-based pulse radiator: (a) The structure of a PIN diode in the SiGe BiCMOS
process. (b) The schematic of the pulse radiator. (c) Micrograph of the implemented chip. (d)
Frequency-domain measurement setup. (e) Time-domain measurement setup. (f) Measured EIRP
of the radiator. (g) Measured time-domain pulses

order to characterize the chip in frequency domain and time domain, measurement
setups in Fig. 43.1d, e have been utilized respectively. The measured time-domain
waveform of the radiated pulses and its measured EIRP for frequencies up to
1.1 THz are shown in Fig. 43.1g, f.

43.2 Silicon-Based Frequency Comb Detection

Detecting picosecond pulses on a silicon-based platform demands a broadband
solution that coherently detects millimeter-wave/THz signals over a bandwidth of
larger than 100 GHz. To achieve this goal, a comb-based detection concept was
introduced, which utilized a picosecond pulse train as the reference signal for down-
converting the received signals [3]. Such picosecond pulses are generated with the
D2I technique, which produces ultra-short pulses by fast switching of a nonlinear
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Fig. 43.2 A silicon CMOS frequency comb detector: (a) The operating concept. (b) The block
diagram. (c) The implemented chip photograph. (d) Measured sensitivity of the detector. (e) The
test setup to demonstrate dual-comb sensing. (f) The detected frequency comb from the dual-comb
testing

device [1]. The frequency-domain representation of these pulses is a frequency
comb, in which the comb spacing is equal to the tunable repetition rate of the pulse.
As a result, by changing the comb spacing of the reference comb in the detector,
the received signals can be detected over the comb bandwidth with a resolution that
is only limited to the line-width of the comb tones. Such a comb-based coherent
detector can also be used to perform dual-comb sensing and spectroscopy, which is
illustrated in Fig. 43.2a. The block diagram and the chip photograph of the frequency
comb detector are shown in Fig. 43.2b, c, in which a passive MOS-based mixer is
used to down-convert the received signal by mixing it with the reference comb. The
chip is fabricated in a 65 nm Si CMOS technology and consumes 34 mW dc power.
The measured sensitivity of the detector is reported in Fig. 43.2d, and the dual-comb
sensing setup and results are reported in Fig. 43.2e, f. These results indicate that a
silicon-based frequency comb system is a viable, low-cost solution for broadband
spectroscopy and sensing applications in the mm-wave/THz regime.
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Chapter 44
RTD Transceiver Project

Masayuki Fujita , Julian Webber , and Tadao Nagatsuma

Abstract In this chapter, we review the history of terahertz (THz) communications
using a resonant tunneling diode (RTD) as a transmitter and a receiver. Then, the
key technologies to enhance the communication performance, including the circuit
and the antenna design, the coherent detection, and the integration on a photonic-
crystal platform are briefly described. As for state-of-the-art system using RTDs, the
baseband radio-over-fiber THz communication and the direct THz communication
with wireless and fiber links are presented.

44.1 Wireless Transmission

Data rate versus announcement date for RTD-based communications are categorized
by transmitter (Tx), receiver (Rx), and Tx & Rx in Fig. 44.1. RTD Tx and Schottky
barrier diode Rx with practical error-free (bit error rate (BER) <1 × 10−11) wireless
transmission increased from 1.5 Gbit/s (300-GHz carrier-frequency) in 2011 [1]
to 22 Gbit/s (490 GHz) by 2016 [12]. Meanwhile, RTD Tx-based forward error
correction (FEC)-level performance (BER <2 × 10−3) were published in [4, 12,
14] with 3 (542), 34 (297) and 28 (490) Gbit/s (GHz), respectively. Error-free RTD
Rx-based systems were reported in [2, 5–7, 10, 18] with 1.5 (300), 5.5 (300), 3.2
(290), 10 (317), 17 (297), and 27 (322) Gbit/s (GHz), respectively, while FEC-level
performances were announced in [2, 5, 6, 15, 18, 22] with 2.5 (300), 6 (300), 3.8
(290), 1 (300), 32 (322), and 34 (350) Gbit/s (GHz), respectively.

RTD Tx & Rx-based error-free experiments were reported in [3, 8, 13, 17, 20,
21, 25, 26] with 1.5 (300), 2.5 (300), 9 (330), 1.5 (300), 1.5 (350), 11 (340),
30 (350), and 13 (345) Gbit/s (GHz), respectively. 4K-video transmissions were
demonstrated in [13, 16, 17, 19, 21, 23–25]. Baseband radio-over-fiber (RoF)
transmission followed by Tx & Rx RTD over 7.5 cm (350 GHz) with high-definition
television transmission was reported in [20], and this result was increased to
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Fig. 44.1 Data rates versus publication date for RTD-based communications. Chart categorizes
Tx, Rx, and Tx & Rx results with FEC-level as well as error-free performances

10 cm and 4K transmission (340 GHz) in [21]. All wireless experiments employed
amplitude-shift keying modulation except [22] where quaternary phase-shift keying
was demonstrated and a code-division-multiple access on-off-keying transmission
was reported in [26]. The transmission distances, where reported, were under 8 cm
except for [2, 13–15, 21] where 30 (300), 10 (286), 30 (490), 20 (283), and 10 (340)
cm (GHz) distances, respectively, were achieved. RTD Tx & Rx-based FEC-level
wireless transmission were announced in [13, 20, 21, 25] with 12 (286), 11 (350),
12 (340) and 56 (350) Gbit/s (GHz), respectively.

44.2 Photonic-Crystal-Based Transmission

Systems employing an RTD Rx integrated into a photonic-crystal structure were
demonstrated with error-free transmission in [9, 11, 23, 24, 27] with 3 (330), 1.5
(332), 8 (330), 32 (350), and 12 (330) Gbit/s (GHz), respectively, while FEC-
level performances were published in [23, 24, 27] for 13 (330), 36 (350), and 15
(330) Gbit/s (GHz), respectively. RTD Tx & Rx-based error-free transmissions were
achieved in [16, 19] with 12 (340) and 10 (340) Gbit/s (GHz), respectively, while
FEC-level results were reported in [16, 19] providing 17 (340) and 12 (340) Gbit/s
(GHz), respectively.
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44.3 Coherent Detection

The sensitivity of a RTD receiver is greatly enhanced by using coherent detection.
Here, the Rx is locked to the Tx oscillation frequency. The frequency and phase
of the local oscillator are aligned with those of the detected carrier signal. Conven-
tionally, this is achieved by digital signal processor but is expensive to perform in
terms of power consumption. The sensitivity of the Rx in [25] was enhanced by
40 dB at the maximum using coherent detection, and this permitted an error-free
transmission of 30 Gbit/s.

44.4 Baseband Radio-over-Fiber with Tx-Rx RTD
Demonstrator

A baseband signal was generated by an arbitrary waveform generator and amplitude
modulated onto a laser carrier using an electro-optical modulator and amplified by
an erbium-doped fiber amplifier before being transmitted over 1 km of fiber. The
received optical signal was detected by a photodiode and then relayed over a 7.5 cm
airgap by a Tx RTD. The Rx detected signal was pre-amplified and conditioned
using a 11 Gbit/s limit amplifier [21]. The 3-dB baseband bandwidth of the RTD
circuit is about 10.3 GHz. A silicon super-hemispherical lens of diameter 12 mm
is affixed above the antenna as shown in Fig. 44.2a and improved the gain of the
Tx to about 27 dBi. The RTD with baseband circuit and bow-tie antenna are shown
in Fig. 44.2b. Error-free transmission at data rates up to 11 Gbit/s was achieved.
The performance-limiting factors were considered to be the 3-dB bandwidths of
the RTD baseband circuit and limit amplifier, as well as the signal-to-noise ration of
the RTD Rx signal. This setup was then modified to demonstrate ultrahigh definition
television transmission (3840 × 2160 pixels) at 30 frames per second which requires
an error-free throughput of at least 6 Gbit/s.

44.5 Direct THz Communication with Wireless and Fiber
Links

A THz fiber link of 1-m length together with RTD for wireless communication
operating at 0.3 THz with photonic-crystal waveguide coupler was demonstrated
in [23]. A tapered structure shown in Fig. 44.2c enhanced the coupling efficiency
(~30%) between the photonic-crystal waveguide and the THz fiber allowing com-
munications up to 10 Gbit/s [19]. Its envisaged uses can include remote sensing,
security, and medical applications. The baseband circuit, RTD, and photonic crystal
waveguide integration is shown in Fig. 44.2d.



464 M. Fujita et al.

Fig. 44.2 (a) RTD with coaxial connector side view, (b) top view and photograph showing RTD
with bow-tie antenna, and baseband matching circuit, (c) schematic of RTD chip to integrate
photonic-crystal waveguide, and (d) photograph of RTD chip and photonic-crystal waveguide

44.6 Conclusion and Future Perspectives

This chapter has charted the research on RTDs and evolution of data rates achieved
over the last decade. In 2011, a 2.5 Gbit/s system (FEC error level) with RTD Tx
and Rx was reported, and performance had increased to 56 Gbit/s by 2019. Over
the same period, error-free performance has increased from 1.5 Gbit/s to 32 Gbit/s.
A description of experiments on baseband radio-over-fiber (RoF) and THz fiber
integration were provided as two examples of systems employing an RTD.

Ongoing research is addressing the limited output power of RTD devices and
investigating the embedding of RTD in the photonic-crystal platform as well as
placement of multiple RTDs in a ring structure. The future potential will depend
partly on the cost of deployment. There is the potential for RTD devices to be
relatively low-cost devices in volume. Integration of an RTD and photodiode could
further reduce cost, power consumption, and footprint in the Rx end of an RoF link.
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Chapter 45
Photonics-Aided 300–500 GHz Wireless
Communications Beyond 100 Gbps

Xianbin Yu, Lu Zhang, Xianmin Zhang, Shi Jia, Hao Hu, Toshio Morioka,
Leif K. Oxenløwe, and Xiaodan Pang

Abstract We experimentally demonstrated a series of photonics-wireless transmis-
sions in the 300–500 GHz band at the Technical University of Denmark (DTU) and
the Zhejiang University (ZJU), with special efforts to drive the data rates beyond
100 Gbps and to extend the THz wireless reach by combining the techniques of
state-of-the-art optoelectronic THz devices, spectrally efficient modulation formats
and advanced digital signal processing.

45.1 Introduction

The proliferation of wireless connections and the emergence of bandwidth-
consuming Internet services have significantly raised the demand of ultrahigh
speed wireless communications. In this context, terahertz (THz, 0.3–10 THz)-based
communication with extremely large bandwidth available is of great interest [1].
It has been well known that the photonic approach is superior to the electronic,
particularly attributed to the development of state-of-the-art optoelectronic THz
devices and the potential of seamless convergence to optical networks. In the recent
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years, photonics-assisted THz communication has, therefore, progressed rapidly,
and a series of photonics-wireless transmission experiments with beyond 100 Gbps
data rates in the 300–500 GHz band have been successfully demonstrated at the
Technical University of Denmark (DTU) and the Zhejiang University (ZJU).

In 2016, we implemented a high-speed 400 GHz photonic wireless commu-
nication system with an aggregated data rate of up to 60 Gbps, pushing the
data rate envelope at frequencies above 300 GHz [2]. The system is flexible and
scalable with line rates by employing Nyquist QPSK signals in a 12.5-GHz UD-
WDM grid, which makes this scheme promising in bridging next-generation optical
100-GbE data rates into the wireless domain, for high data rate radio wireless
applications. Subsequently, a photonic-wireless transmission of 160 Gbps QPSK
was demonstrated by using a single THz emitter and 25 GHz-spaced 8 channels
(20 Gbps per channel) in the 300–500 GHz band [3]. In 2017, the 16-QAM
modulation was used to increase the spectral efficiency. By optimizing a spectral
arrangement scheme and a tailored DSP routine, a single-transmitter/single-receiver
THz link with a net data rate of up to 260 Gbps was successfully demonstrated
based on six-channel 12.5 Gbaud 16-QAM signals [4]. Meanwhile, a single-channel
THz wireless transmission at 106 Gbps net rate was achieved by improving the
frequency efficiency without employing any spatial/frequency division multiplexing
techniques [5].

As we know, THz power generated by photomixing is typically at tens of
microwatt, which consequently limited the wireless propagation distance of high-
speed THz communications. With regard to this issue, we recently placed a lot
of efforts to extend the wireless reach. In 2018, a 350 GHz 25 Gbaud 16-QAM
signal over a 2 m free space link was demonstrated, enabled by combining the
techniques of cutting-edge narrowband uni-travelling carrier photodiode (UTC-
PD), spectrally efficient modulation format and advanced digital signal processing
algorithms [6]. In 2019, a 400 GHz wireless transmission of 131.21 Gbps net rate
over 10.7-m wireless was demonstrated by employing 16-QAM-OFDM modulation
and nonlinear DSP flow [7], and most recently, a 26.8 m wireless transmission of
120.97 Gbps was successfully achieved at the 350 GHz band without using any
THz amplifiers, by combining the techniques of probabilistic shaping, Cassegrain
antennas and advanced digital signal processing techniques [8].
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45.2 Photonics-Aided THz Wireless Demonstrations at DTU
and ZJU

Carrier Line rate Best THz

frequency (single/multi Modulation BER power

(GHz) channel) Distance Format (offline) (dBm) Year References

400 60 Gbps
(4-ch)

0.5 m Nyquist
QPSK

8.5e-4 −17 2016 [2]

300–500 160 Gbps
(8-ch)

0.5 m QPSK 4.7e-4 −21 2016 [3]

300–500 300 Gbps
(6-ch)

0.5 m 16-QAM 1.8e-3 −21 2017 [4]

400 128 Gbps
(single-ch)

0.5 m 16-QAM 2.5e-2 −12 2017 [5]

350 100 Gbps
(single-ch)

2 m 16-QAM 3.5e-3 −12 2018 [6]

408 157.46
Gbps
(single-ch)

10.7 m 16-QAM-
OFDM

2.5e-2 −12 2019 [7]

350 120.97
Gbps
(single)

26.8 m 16-QAM-
OFDM

2.5e-2 −13 2019 [8]

45.2.1 260 Gbps Photonic-Wireless Transmission in the THz
Band

In this work, the 16-QAM modulation format was used to increase the spectral
efficiency, and an optimal frequency-band-allocation scheme was applied by group-
ing multichannel in pairs instead of equal spacing to reduce the number of guard
bands. In addition, a tailored DSP routine with pre- and post-equalization was
employed to accurately reconstruct the channel response. Three configurations were
demonstrated with 2, 4 and 6 channels, modulated with 20, 16 and 12.5 Gbaud
16-QAM signals, respectively. In the 6-ch configuration, 3 channels at 391 GHz,
408 GHz and 442 GHz achieved BER performance below the 7%-OH hard-decision
forward error correction (HD-FEC) threshold, and the other 3 channels below the
20%-OH hard-decision forward error correction (SD-FEC), resulting in a high post-
FEC error-free net bit rate of 260 Gbps over 0.5 m (Fig. 45.1).
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Fig. 45.1 (a) Experimental setup of the 300–500 GHz link. (b) Optical spectra of generated optical
frequency comb, and multichannel signals with local oscillator (LO). (c) Structure of the DSP
routine at the receiver

45.2.2 106 Gbps Single-Channel Bit Rate at 400 GHz

In this work, a single-channel THz photonic-wireless transmission system at the
400 GHz band was experimentally demonstrated based on a single pair of THz
emitter and receiver without using any multiplexing techniques. The capacity of
over 100 Gbps within a single channel was implemented by combining coherent
photonic generation of a pure THz tone, 16-QAM modulation format, and a tailored
DSP routine with pre- and post-equalization. By accurately reconstructing the
frequency response, up to 32 Gbaud 16-QAM signals over 0.5 m wireless within
a single broadband THz channel was successfully demonstrated in the experiment,
resulting in a pre-FEC line rate of 128 Gbps and post-FEC error-free bit rate of up
to 106 Gbps (Fig. 45.2).

45.2.3 26.8 M 350 GHz Wireless Transmission of Beyond 100
Gbps

In this work, 350 GHz photonic wireless transmission of 100.8 Gbps net rate over
26.8 m wireless was experimentally demonstrated without using any THz ampli-
fiers. In the implementation, the probabilistic shaping orthogonal frequency division
multiplexing techniques were used. In addition, a pair of high-gain Cassegrain
antennas were employed to improve the link budget, and a Schottky mixer-based
down-converter was used to improve the receiver sensitivity. After 26.8 m wireless
transmission, the BER reaches the SD-FEC threshold of 2.7e-2 at 13 dBm incident
optical power, resulting in a pre-FEC line rate of 120.97 Gbps and a net rate of 100.8
Gbps (Fig. 45.3).



45 Photonics-Aided 300–500 GHz Wireless Communications Beyond 100 Gbps 471

Fig. 45.2 Experimental setup of the single-channel photonic-wireless link in the 400 GHz band.
Insets: optical spectra of generated optical frequency comb (up-left) and combined modulated
signal and LO (down-left), and the DSP routine structure at the receiver (up-middle) and a picture
of the actual setup (down-middle)

Fig. 45.3 (a) Experimental setup of THz wireless transmission system. (b) The picture of THz
wireless link

References

1. Federici, J., & Moeller, L. (2010). Review of terahertz and subterahertz wireless communica-
tions. Journal of Applied Physics, 107(11).

2. Yu, X., Asif, R., Piels, M., Zibar, D., Galili, M., Morioka, T., Zhang, X., Jepsen, P. U., &
Oxenløwe, L. K. (2016, November). 400 GHz wireless transmission of 60 Gbps Nyquist-
QPSK signals using UTC-PD and heterodyne mixer. IEEE Transactions on THz Science and
Technology, 6(6), 765–770.

3. Yu, X., Jia, S., Hu, H., Galili, M., Morioka, T., Jepsen, P. U., & Oxenløwe, L. K. (2016). 160
Gbit/s photonics wireless transmission in the 300-500 GHz band. APL Photonics, 1, 081301.



472 X. Yu et al.

4. Pang, X., Jia, S., Ozolins, O., Yu, X., Hu, H., Marcon, L., Guan, P., Da Ros, F., Popov, S.,
Jacobsen, G., Galili, M., Morioka, T., Zibar, D., & Oxenløwe, L. K. 260 Gbit/s photonic-wireless
link in the THz band, IPC 2016, Postdeadline paper, October 2016, Hawaii, USA.

5. Jia, S., Pang, X., Ozolins, O., Yu, X., Hu, H., Marcon, L., Guan, P., Ros, F. D., Popov, S.,
Jacobsen, G., Galili, M., Morioka, T., Zibar, D., & Oxenlowe, L. K. (2018, January). 0.4 THz
photonic-wireless link with 106 Gbit/s single channel bitrate. Journal of Lightwave Technology,
36(2), 610–616.

6. Liu, K., Jia, S., Wang, S., Pang, X., Li, W., Zheng, S., Chi, H., Jin, X., Zhang, X., & Yu, X. (2018,
June). 100 Gbit/s THz photonic wireless transmission in the 350 GHz band with extended reach.
IEEE Photonics Technology Letters, 30(11), 1064–1067.

7. Jia, S., Lo, M.-C., Zhang, L., Ozolins, O., Udalcovs, A., Kong, D., Pang, X., Yu, X., Xiao, S.,
Popov, S., Chen, J., Carpintero, G., Morioka, T., Hu, H., & Oxenløwe, L. K. Integrated dual-
DFB Laser for 408 GHz carrier generation enabling 131 Gbit/s wireless transmission over 10.7
meters. 2019 Optical Fiber Communication Conference (OFC 2019), Paper Th1C.2, California,
2019 March 3–7.

8. Lu, Z., Wang, S., Li, W., Jia, S., Zhang, L., Qiao, M., Pang, X., Idrees, N., Saqlain, M., Gao, X.,
Cao, X., Lin, C., Wu, Q., & Yu, X. 26.8 m 350 GHz wireless transmission of beyond 100 Gbit/s
supported by THz photonics, ACP 2019, Postdeadline paper, Paper M4D.6, 2–5 November 2019,
Chengdu, China.



Chapter 46
Ultra-Broadband Networking Systems
Testbed at Northeastern University

Josep Miquel Jornet, Priyangshu Sen, and Viduneth Ariyarathna

Abstract Unleashing the potential of THz communications requires the develop-
ment of nontraditional signal processing, communication, and networking solutions.
The ultra-broadband networking systems testbed at Northeastern University is a
programmable software-defined radio testbed spanning the 120–140 GHz, 200–
240 GHz, and 1–1.05 THz bands, with baseband bandwidths ranging from 2 GHz
to 32 GHz, which enables the validation of innovative solutions for THz networks.

46.1 Platform Specifications

The testbed, shown in Fig. 46.1, is integrated by two nodes (namely, a transmitter
and a receiver) with RF front-ends at 120–140 GHz, 200–240 GHz, and 1–1.05 THz,
making it the first THz communication testbed able to operate above 1 THz or true
THz frequencies [1].

46.1.1 Terahertz Front-Ends

The front-ends consist of frequency-multiplying chains based on Schottky diode
technology, utilized to up-convert independent local oscillators (LOs) generated by
two Keysight PSG E8257 (up to 50 GHz). Sub-harmonic mixers based on the same
technology are then used to modulate the THz carrier signals with the information
signal in baseband (BB) or at an intermediate frequency (IF). The front-ends at
120–140 GHz and 1–1.05 THz are custom designed by Virginia Diodes Inc (VDI),
and their output power is of 13 dBm (20 mW) and −15 dBm (30 μW), respectively.
The front-end at 200–240 GHz has been jointly developed with the NASA Jet
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Signal Generators

THz Up Converter

NI 2 GHz SDR

NI 2 GHz SDR
THz Down Converter 

AWG 2x32 GHz

DSO 63 GHz

Fig. 46.1 Ultra-broadband networking systems testbed at Northeastern University

Propulsion Laboratory (JPL) and leverages NASA’s patented multiplier technology
based on on-chip power combining [2, 3]. The measured output power is a world-
record-setting 23 dBm (200 mW). Directional horn antennas at the aforementioned
frequencies with gains ranging from 25 to 55 dBi are available to the team.

46.1.2 Signal Processing Engines

The information-bearing signal at BB or IF can be generated at the transmitter and
processed at the receiver following two different strategies, namely, an offline signal
processing system based on an arbitrary waveform generator (AWG) and a digital
storage oscilloscope (DSO), or a real-time signal processing platform based on state-
of-the-art software-defined radios.

In the offline engine [4], a Keysight AWG M8196A with a baseband bandwidth of
32 GHz per channel (two channels) and a sampling rate of up to 92 Giga-Samples-
per-second (GSas) with 8-bit resolution is utilized at the transmitter to generate the
signals to be up-converted. Reciprocally, at the receiver, a Keysight DSO Z632A
with a baseband bandwidth of 63 GHz and a sampling rate of up to 160 GSas
is utilized to capture the received down-converted signals. To orchestrate the
two, tailored framing, time synchronization, channel estimation with equalization,
and single- and multi-carrier modulation techniques are implemented in software.
MATLAB is utilized at both ends, which drastically simplifies the design of the
different signal processing blocks and ensures a rapid transition from numerical
analysis to experimental testing.

In the real-time engine, the National Instruments (NI) mmWave software-
defined radio (SDR) platform with 2 GHz bandwidth is utilized as the starting
point to design, implement, and test new physical and link layer solutions for THz
communication networks. While the bandwidth of this platform is lower than that
of the AWG/DSO setup, the NI platform allows the testing of new techniques in
dynamically changing conditions. Among others, automatic gain control, automatic
frequency offset control, phase noise compensation and modulation, and coding
scheme selection for multi-GHz wide channels have been implemented at fre-
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quencies ranging from 120–140 GHz to 1–1.05 THz, both with single carrier and
multi-carrier modulations.

46.2 Experimental Results

With the current platform, we have been able to obtain different results along three
main categories:

• Propagation and Channel Modeling: We have conducted extensive ultra-
broadband channel measurements at the different frequencies available in the
testbed and over distances ranging from tens of centimeters at 1–1.05 THz [4]
to beyond 1 km at 200–240 GHz [5]. This is possible thanks to the fact that
synchronization is achieved over the air by processing of the IF signal, i.e.,
without any shared clock between the transmitter and the receiver. For example,
in Fig. 46.2a, the channel frequency response for the 1–1.05 THz channel is
shown for two different distances.

• Physical Layer Design: Tailored to the hardware response and channel behavior,
we have implemented time, frequency, and phase synchronization algorithms;
ultra-broadband channel estimation and equalization techniques; and single-
and multi-carrier modulations (from BPSK to OFDM), at bit rates as high as
30 Gigabits-per-second (Gbps) and with bit error rates (BER) as low as 10−4. The
utilization of a software-defined engine enables the testing of nonconventional
signal processing blocks able to compensate for the nonlinearities of frequency-
multiplying chains. For example, in Fig. 46.2b, the constellation at 10 m for a 16
PSK transmission at 4 Gbps is shown. The measured BER was under 10−4.

• Link Layer Design: Beyond channel modeling and physical layer design,
enabled by the real-time signal processing engine, new networking solutions
including medium access control (MAC) protocols [6] and neighbor discovery
strategies [7] are being tested.

46.3 Conclusion

For many years, THz experimental research has been focused on characterizing the
THz channel as well as testing and demonstrating new THz devices, usually imple-
menting traditional communication techniques. Moving forward, nontraditional
communication and networking solutions tailored to the capabilities of THz devices
and the peculiarities of the THz channel that can be found in the related literature
need to be experimentally tested and refined. The softwarized experimental platform
presented in this chapter enables such research. It is our aim to not only utilize,
maintain, and enhance the current platform but also to open the platform to the
broader wireless communication research community.
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Fig. 46.2 Experimental results obtained with the ultra-broadband networking systems testbed at
Northeastern University. (a) Channnel response at 1–1.05 THz.. (b) Constellation of a 16-PSK at
200–240 GHz over 10 m.
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Chapter 47
Photonics-Based Projects at IEMN

Guillaume Ducournau , Jean-François Lampin, and Mohammed Zaknoune

Abstract The photonic technologies have enabled the generation of THz with the
photomixing technique, which is essentially a down-conversion from optical domain
to the THz. Working in pulse-mode or in continuous-wave, this approach relies
on an efficient optical to THz converter. Such device can be a photoconductor or
an ultra-fast photodiode. At 1.55 μm, the uni-travelling carrier photodiode (UTC-
PD) has been proven to be efficient and scalable to reach the THz frequencies. We
report here some examples of THz communication systems enabled by InGaAs/InP
UTC-emitter, in the range 200–600 GHz. Among them, first-generation (2010–
2015) passive THz hotspots based on bias-free UTC-PD at 200 GHz, broadband
transmission at 400 GHz and first tests conducted in the 600 GHz band are
described. The second generation (2016–2020) used a high-efficiency UTC-PD for
100 Gbit/s in the 300 GHz band leveraging on GaAs technology in the receiver part.

47.1 Passive THz Hot Spots Based on Bias-Free UTC-PD
Coupled to Broadband Antenna

UTC-PD relies on InGaAs/InP heterostructure grown on InP substrate that can be
engineered to enable the operation of the photodiode without any electrical bias.
This is of particular importance for the seamless integration of future THz links fed
by optical fibre networks. In that case, the THz hot spot can be only driven by the
sole optical network. Moreover, transverse electromagnetic (TEM)-Horn antenna
[1] enabled to reach frequencies between 200 and 600 GHz without any dispersion,
which is very appealing for communication applications with high baud rates.

The use of this UTC-PD+antenna has been applied in [2] for passive 200 GHz
emitter with real-time Gbit/s (BER <10−9) over 2 m. In this system, the UTC-PD
was fed by optical signals only. Leveraging the broadband TEM antenna, ultra-
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Fig. 47.1 (a) 300 GHz continuous-wave output power of the RCE UTC-PD [5, 8] (© 2020 IEEE,
reproduced with permission). (b) 16QAM-100 Gbit/s constellation of back-to-back /15 m THz
link. All details of the system can be found in [8] (© 2020 IEEE, reproduced with permission). (c)
16QAM-100 Gbit/s for a short range (50 cm) using a GaAs Schottky-based receiver (BER = 10−4)
[7] © 2018 IEEE, reproduced with permission. (d) SEM view of the RCE UTC-PD chip fabricated
at the IEMN [5]. (© 2017 IEEE, reproduced with permission)

wideband amplitude modulations were also investigated at 400 GHz: in [3] and up to
46 Gbit/s signals were transmitted over 2 m using a mixer-based detection. Last, the
same transmitter was used in [4] to reach the 600 GHz band. In that case, HDTV data
(1.5 Gbit/s) were transmitted with real-time performances (no signal processing, no
latency time in the THz system) thanks to the combination of waveguide-based sub-
harmonic mixer combined to envelop detection at mixer output. The combination
of a mixer+envelop detection enabled to reach a very good sensitivity (mixer-based
detection) and the simplicity of envelop detection. The envelop detector is appealing
to avoid the phase-locking between the THz transmitter and receiver. However,
as residual IF carrier frequency at mixer output is not very high compared to the
baud rate, custom design of the envelop detector had to be done to enable efficient
detection of fast baud-rates modulated on IF.
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47.2 100 Gbit/s Links Using High-Efficiency UTC-PDs

In the THz communications perspective, the power performance of any emitter is
a key parameter, as well as the linearity of the whole transmission system. One
advantage of the photonics approach is the good linearity of the photodiode when the
device is operated below saturation region. As THz power increases with impinging
1.55 μm optical power, the optical to THz efficiency has to be optimized to limit the
required optical pumping power to reach decent THz power at photomixer output.

In this perspective, resonant cavity enhanced (RCE) UTC-photodiodes were
developed at the IEMN to improve the overall efficiency of the photomixer. This
approach enabled to generate close to mW level at 300 GHz [5], with a high
efficiency. Such photomixers, combining high output power with a good linearity
response, were successfully used to generate up to 100 Gbit/s signals in the 300 GHz
band, in the perspective of the IEEE 802.15.3d [6].

This was achieved using both waveguide-integrated sub-harmonic mixers [7]
for short-range links. Recently, the combination with active receiver structures
including 300 GHz LNAs enabled to reach 100 Gbit/s with a better system margin,
and communication distances up to 15 m were demonstrated [8] in the framework
of a transnational program between France and Germany (Fig. 47.1b).

References

1. Beck, A., et al. (2008, October 23). High-efficiency uni-travelling-carrier photomixer at 1.55
μm and spectroscopy application up to 1.4 THz. Electronics Letters, 44(22), 1320–1321.

2. Ducournau, G., et al. (2010, September 16). Optically power supplied Gbit/s wireless hotspot
using 1.55 μm THz photomixer and heterodyne detection at 200 GHz. Electronics Letters,
46(19), 1349–1351.

3. Ducournau, G., et al. (2014, May). Ultrawide-bandwidth single-channel 0.4-THz wireless link
combining broadband quasi-optic photomixer and coherent detection. IEEE Transactions on
Terahertz Science and Technology, 4(3), 328–337.

4. Ducournau, G., et al. (2014, February 27). High-definition television transmission at 600 GHz
combining THz photonics hotspot and high-sensitivity heterodyne receiver. Electronics Letters,
50(5), 413–415.

5. Latzel, P., et al. (2017, November). Generation of mW level in the 300-GHz band using
resonant-cavity-enhanced Unitraveling carrier photodiodes. IEEE Trans. on Terahertz Science
and Technology, 7(6), 800–807.

6. IEEE Standard for High Data Rate Wireless Multi-Media Networks–Amendment 2: 100 Gb/s
Wireless Switched Point-to-Point Physical Layer. In IEEE Std 802.15.3d-2017 (Amendment to
IEEE Std 802.15.3-2016 as amended by IEEE Std 802.15.3e-2017), vol., no., pp. 1–55, Oct. 18
2017.

7. Chinni, V. K. et al. Indoor 100 Gbit/s THz data link in the 300 GHz band using fast photodiodes.
In 2018 25th International Conference on Telecommunications (ICT), St. Malo, 2018, pp. 288–
290, https://doi.org/10.1109/ICT.2018.8464945.

8. Dan, I., et al. (2020, May). A 300-GHz wireless link employing a photonic transmitter and
an active electronic receiver with a transmission bandwidth of 54 GHz. IEEE Transactions on
Terahertz Science and Technology, 10(3), 271–281.

http://dx.doi.org/10.1109/ICT.2018.8464945


Chapter 48
Wireless THz Transmission Using
a Kramers-Kronig Receiver

Wolfgang Freude, Christoph Füllner, Tobias Harter, Christian Koos,
and Sebastian Randel

Abstract We discuss a wireless transmission experiment over 110 m using
16 QAM signalling for a net data rate of 115 Gbit/s. The carrier has a frequency of
0.3 THz. It is generated and modulated by photonic techniques. To allow Kramers-
Kronig reception of mQAM data, a continuous-wave signal is transmitted at one
edge of the signal spectrum. The receiver is a simple Schottky barrier diode. Its
output current is digitally processed to recover both modulated quantities, amplitude
and phase.

48.1 Introduction

High-speed wireless communication links must be technically simple and spectrally
efficient. With carrier frequencies near 0.3 THz, the transmission of large data rates
beyond 100 Gbit/s is possible. Atmospheric loss stays below 30 dB/km is even
under adverse weather conditions. Distances of more than 100 m can be bridged,
limited by the transmitter (Tx) power, by the receiver (Rx) sensitivity, and by
the directivities of the antennae. Simple Schottky barrier diode (SBD) receivers
reduce the hardware complexity. However, such an Rx detects amplitudes only,
e.g., an m-level pulse amplitude modulation (mPAM, m = 2, 3, . . . , M), and
receives r = log2m bit per symbol. If more advanced modulation formats like m-
state quadrature amplitude modulation (mQAM) are employed, a “local” oscillator
(LO) has to be transmitted along with the data, or it has to be added at the receiver.
This LO helps shifting the received THz spectrum to a more convenient frequency
range, and it acts as a reference for the demodulation of the phase information.
For a single-ended receiver, the LO has to be spectrally separated from the data by a
guard band to avoid signal-signal beat interference (SSBI). The spectral efficiency is
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therefore poor. A so-called Kramers-Kronig receiver as described in the next section
overcomes the limitations imposed by reception with a single amplitude detector.

48.2 The Kramers-Kronig Receiver

The Kramers-Kronig (KK) receiver [1–4] relies on digital signal processing (DSP)
and restores the transmitted phase information by evaluating the received intensity.
A typical transmission setup is shown in Fig. 48.1. Two independent data signals
delivered by an arbitrary waveform generator (AWG) drive an in-phase/quadrature
(IQ) modulator that modulates an optical carrier (frequency f0 = 193.4865 THz,
vacuum wavelength λ0 = 1.55 µm) independently by amplitude

∣
∣U d(t)

∣
∣ and

phase ϕd(t). The complex data U d(t) = ∣∣U d(t)
∣∣ exp

(
jϕd(t)

)
result in an

mQAM formatted modulator output signal ud(t) = �
{
U d(t) exp

(
j2πf0 t

)}
. This

real signal is combined with two continuous-wave (CW) carriers at frequencies
f1 = (193.4895 . . . 193.5045) THz and f2 = 193.20 THz. The carriers at f0 and f2
are provided by tunable laser sources with linewidths <100 kHz. The source f1 has
a linewidth < 0.1 kHz. Polarization controllers (not shown) align the polarization
of the three sources. The signal spectrum near f0 and the CW carrier f1 (see Fig.
48.1 inset 1 ) are down-converted to the THz range by photomixing with the
CW carrier having a frequency f2. The photomixer is a high-speed uni-travelling-
carrier photodiode with a responsivity of 0.28 mA/mW operating in the H-band
(0.220 . . . 0.325) THz. Its total optical input power is (10 . . . 14) dBm. The center
frequency of the THz signal spectrum is fTHz, c = f0 − f2 = 0.2865 THz. We
transmit pulses with raised-cosine spectrum (roll-off factor β = 0.1). The bandwidth
B = (6, 12, 17, 23, 28, 34, 36) GHz is slightly larger than required by the symbol rate
Rd = (5, 10, 15, 20, 25, 30, 33) GBd. At the upper edge of the THz signal spectrum,
the CW carrier fTHz = f1 − f2 = f THz, c + B/2 ≈ 0.3 THz is positioned, which has
a real amplitude U0 and acts as a remotely supplied LO for KK reception. The LO
frequency fTHz is offset from the THz center frequency fTHz, c by a spectral distance
B/2. With respect to this LO, the resulting spectrum is a single-sideband spectrum
(see Fig. 48.1 inset 1 ). The link attenuation for a free-space distance of 110 m is
17dB. This propagation loss is compensated by a low-noise H-band THz amplifier
with 25dB gain.

The amplified received THz voltage uTHz(t)=�
{
U(t) exp

(
j2πfTHzt

)}
(power

PTHz) is rectified by the SBD having a responsivity of 2 V/mW. The SBD

output bandwidth is 40 GHz. Its output current i(t)= g
(∣∣U(t)

∣∣
)

is recorded and

subsequently evaluated by digital signal processing. We express the (instanta-
neous) inverse rectifier function g−1(i) = ∑N

n=0 ani
n by a power series in i for

0 ≤ i/mA ≤ 1.2. If the coefficients an are known after a calibration, the THz voltage
amplitude

∣
∣U R

∣
∣ = g−1(i) can be reconstructed from the measured current i. For

calibrating the SBD including possible saturation effects of the THz amplifier, we
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Fig. 48.1 Wireless transmission and reception of mQAM data generated with an IQ modu-
lator, which is driven by an arbitrary waveform generator (AWG). Spectra near frequencies
f0 = 193.4865 THz, f1 = f2 + fTHz (fTHz ≈ 0.3 THz), and f2 = 193.20 THz are photomixed

in a uni-travelling-carrier photodiode (UTC-PD); see inset 1 (RBW = 180 MHz). The UTC
transmitter (Tx) connects to a horn antenna (HA), and the emitted THz beam is focused with
a polytetrafluoroethylene (PTFE) lens on the receiver (Rx) in a distance of 110 m. Here, a
second PTFE lens collects the THz radiation and directs it to another horn antenna. After THz
amplification, a Schottky barrier diode (SBD) mixes the THz signal spectrum with a remotely
supplied THz local oscillator fTHz positioned at the upper edge of the spectrum. The SBD outputs
a rectified current i(t) which is recorded by a real-time oscilloscope with 80 GHz bandwidth
and demodulated using digital processing (DSP). From a calibration step, the THz amplitude

|UR| ∝ √
PTHz can be inferred from the SBD current i; see inset 2 . (© 2020 SNPG [4])

apply a sequence of QPSK test signals with low symbol rate, vary the received
THz amplitude

∣
∣U
∣
∣, and measure the resulting current i. The carrier at f1 remains

switched off so that its amplitude is U0 = 0. The coefficients an are determined
by a least-squares fit (see Fig. 48.1 inset 2 ) (“actual characteristic”). Only in the
low-current region 0 < i/mA ≤ 0.3 the rectifier function g follows a square law so

that Rr
1g i Ui Ua (“square law”, constant a); otherwise, rRU U

holds. Because a0 �= 0, even a very small measured current results in a lower-
limiting value of the estimated THz amplitude; this prevents large uncertainties in
the phase retrieval. The next section discusses details.

48.3 Generalized Kramers-Kronig Processing

The received THz voltage uTHz(t) can be interpreted as the sum of the real parts
of a single-sideband signal U s(t) exp

(
j2πfTHzt

)
and of U0 exp ( j2π fTHzt). For a

single-sideband spectrum, U s(t) = U d(t) exp
(−jπB t

)
must be an analytic signal

where the imaginary part � {U s(t)
} = H

{
� {U s(t)

}}
equals the Hilbert transform

of the real part. The detection process delivers an output
∣
∣U(t)

∣
∣ = g−1

(
i(t)
)

with
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U(t) = U0 + U s(t) = ∣∣U(t)
∣∣ exp

(
j�(t)

)
. We want to retrieve the phase of U(t)

and eventually the amplitude and the phase of the data U d(t).

We define an auxiliary quantity s(t) = ln
(∣∣U(t)/U0

∣∣ exp
(

j�(t)
))

, which

in the form s(t) = ln
(∣
∣1 + Us(t)/U0

∣
∣
)

+ j�(t) is recognized as an ana-

lytic signal [5] as long as U(t) is minimum phase, i.e., if
∣∣U s(t)

∣∣ /U0 < 1.
This is true with high probability if the carrier-to-signal power ratio CSPR =
10log10

(
U2

0 / 〈 ∣∣Us(t)
∣∣2 〉
)

is large enough. Because of the nonlinearity of the

logarithm, the bandwidth of s(t) is larger than that of the data signal U d(t). Real
and imaginary parts of s(t) are related by the Hilbert transform expressed by a

Cauchy principal value
(P) integral π �(t)=P∫ +∞

−∞ ln
(∣∣U (τ) /U0

∣∣
)
/ (t − τ) dτ .

Consequently, the phase �(t) of U(t) may be inferred from its magnitude
∣∣U(t)

∣∣ =∣
∣∣U0 + U d(t) exp

(−jπB t
)∣∣∣, which, however, must not be too small; otherwise,

large errors could result due to the singularity of ln
(∣∣U(t)/U0

∣∣
)

at
∣∣U(t)

∣∣ = 0.

Now the complex data signal U d(t) can be recovered from the measured
amplitude

∣∣U(t)
∣∣
m and from the phase information that is retrieved by the Hilbert

transform (subscript H), U d(t) =
(∣∣U(t)

∣∣
m exp

(
j�(t)

)
H − U0

)
exp
(+jπB t

)
.

We experiment [4] with the modulation formats QPSK, 16 QAM, and 32 QAM,
and the results for 16 QAM are shown in Fig. 48.2. The green curves marked

“w/o KK”
result from single-ended heterodyne reception without a guard band. The

blue curves marked “conv. KK” represent results from the conventional Kramers-
Kronig (KK) processing [1, 2] as is common in optical communications, assuming
an ideal power detection law i(t) ∝ ∣∣U(t)

∣∣2. The red curves marked “gen. KK”
illustrate the effect of an accurate description i(t) = g

(∣∣U(t)
∣∣
)

of the rectifying

SBD in a generalized KK receiver [4].
Figure 48.2a shows [4] the influence of the carrier-to-signal power ratio on the

bit error ratio (BER). The sum of carrier and average signal power is kept constant,
so that the SBD input power is always PTHz = 370 μ W.

If the CSPR is too small, then the SSBI influence increases for heterodyne
reception, and for KK processing is the probability of phase slips becomes larger; in
both cases, the BER increases.If CSPR increases, then the signal power decreases,
making the receiver noise more prominent and leading again to an increase in
BER. The optimum is near CSPR = 7dB, and therefore this value is chosen in
Fig. 48.2b, c.

For 16QAM signalling over a practically relevant distance of 110 m, the BER as
a function of the symbol rate is shown [4] in Fig. 48.2b for an SBD input power
of PTHz = 340 μ W. The horizontal broken lines mark the BER threshold and the
overhead percentage for two different forward error corrections (FEC). We see that
the BER increases in all cases, but generalized KK processing is always significantly
better. The curves converge for large symbol rates, where receiver noise becomes
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Fig. 48.2 Experimental results. Curves “w/o KK” indicate heterodyne reception, where SSBI

increases the BER, while “conv. KK” stands for KK reception assuming i ∝ |U|2. The label
“gen. KK” represents the generalized case, where the measured SBD characteristic is considered.
(a) Bit error ratio (BER) as a function of the optical carrier-to-signal power ratio (CSPR) for a
symbol rate 33 GBd at a constant SBD input power PTHz = 370 μ W. (b) BER vs. symbol rate,
optimum CSPR = 7 dB at an SBD input THz power PTHz = 340 μ W after transmission over
110 m. For generalized KK reception, the BER stays below the 15% FEC limit, leading to a record
(net) data rate 115 Gbit/s. Inset: constellation for a symbol rate 33 GBd. (c) BER vs. PTHz for a
symbol rate 15 GBd and a CSPR = 7 dB after transmission over 110 m. (© 2020 SNPG [4])

more pronounced. At a symbol rate of 33GBd, the BER is still below the 15 % FEC
limit, leading to a record-high net data rate of 115Gbit/s. When displaying [4] the
BER as a function of the SBD input power PTHz for a symbol rate of 15GBd (Fig.
48.2c), the advantage of generalized KK processing becomes obvious.
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and if x(t) is an analytic signal and its spectrum x̆(f ) therefore causal, then s̆(f ) is also causal,
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Chapter 49
50 Gbps Demonstration
with 300-GHz-Band Photonics-Based
Link at ETRI

Kyung Hyun Park, Seung-Hyun Cho, Sang-Rok Moon, Eui Su Lee,
Jun-Hwan Shin, Dong Woo Park, and Il-Min Lee

Abstract Based on photonics-based terahertz (THz) technologies, we are aiming
to develop the key technologies for the next generation of telecommunication:
THz communications. As the first step of such, we are currently conducting a 5-
year project to develop the technologies for a photonics-based 100 Gigabits per
seconds (Gbps) wireless THz link. Last year, as a preliminary result for the first
year of the project, we have demonstrated a 50 Gbps signal transmission using
our photonics-based THz emitter with silicon lens (Moon SR, et al., 50 Gb/s
QPSK signal transmission using photonic-based THz signal emitter with silicon
lens. Proceedings of MTSA 2019, Mo-POS-22, 2019; Lee ES, et al., J Lightwave
Technol 36(2):274–283, 2017; Lee ES, et al., J Lightwave Technol 38(16):4237–
4243, 2020). Recently, we are developing the entire core device modules for the
THz short-range wireless transmissions including the GaAs mixer. In this chapter,
we will briefly introduce the goal and perspectives of our research in ETRI and
recent experimental achievements.

Recently, thanks to the rapid development in the performances of the key com-
ponents, terahertz (THz) technologies in the fields of imaging, spectroscopy, and
communications are about to escape from their laboratory-level demonstrations and
bloom in the practical applications [1, 2]. With the launch of 5G (fifth-generation)
commercial services and the natural growing interests to the B5G (beyond 5G)
technology, photonics-based THz technologies gain intensive research since their
advantageous features such as the capability in providing broadband and high
speed of 1Tbps, transparency in connections with the fiber-optic networks, and
competitiveness in their price and size [3]. In Electronics and Telecommunications
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Fig. 49.1 Terahertz components of ETRI, (a) dual-mode laser (DML) module, (b) schematic of
(DML) chip, (c) spectrum of DML, (d) UTC-PD hermetic module, (e) schematic of UTC-PD
chip, (f) broadband characteristics of a UTC-PD, (g) Schottky barrier diode (SBD) module, (h)
schematic of SBD chip, and (i) spectral response of an SBD, (j) WR3.4 subharmonic mixer module,
(k) schematic of GaAs-based mixer chip, and (l) DSB (double-sideband) conversion loss of a mixer

Research Institute (ETRI), we are developing the key components for the THz
communications: small but broadband-tunable dual-mode beating light sources,
broadband antenna integrated UTC-PD (uni-traveling-carrier photodiode) as the
broadband THz emitter, and broadband Schottky barrier diode (SBD) as detectors,
for example. In addition to this, a GaAs-based subharmonic mixer (SHM) for phase
extraction, which is essential for terahertz signal transmission, was developed and
applied to the THz wireless link. We present some pictures of our module that are
developed for the imaging and spectroscopic applications in Fig. 49.1.

For the applications of developed modules to the broadband THz wireless
communications, we are developing 25 Gbps modulating beating source, GaAs
SBD-based subharmonic mixer, comb laser for the coherent communications, and
arrayed UTC-PD for the beam forming. We have a 5-year plan for developing the
technologies for coherent THz communications including the short-distance M2M
(machine to machine), M2H (machine to human), and kiosk communications and
ultrashort-reach THz interconnections. Last year, as a preliminary result for the first
year of the project, we have demonstrated a 50 Gbps signal transmission using our
photonics-based THz emitter with silicon lens [1–3].

Experimental demonstration of photonics-based THz wireless link with 50 Gbps
QPSK (quadrature phase shift keying) signaling in the 0.3 THz band: The experi-
mental setup for THz wireless link with 50 Gbps QPSK signal based on photonics
is shown in Fig. 49.2a. Two free-running lasers are employed to generate 0.3 THz-
band beating signal. The laser diode (LD)-1 is operated with CW (continuous
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Fig. 49.2 Experimental setup and measured transmission performances of THz wireless link with
50Gbps QPSK signal based on photonics, (a) experimental setup, (b) detailed DSP configuration,
(c) measured BER depending on the sub-THz frequency, (d) measured QPSK constellation
at different center frequency, (e) measured BER for BTB configuration and over free-space
transmission of 1 and 2 m at 300-GHz carrier frequency

wavelength) mode as an optical local oscillator (LO). The output of LD-2 is
externally modulated with 50 Gbps QPSK signal by using optical IQ modulator.
Two kinds of light are combined with 50:50 coupler and then amplified by erbium-
doped fiber amplifier (EDFA). The wavelength difference between two laser diodes
is adjusted to examine the frequency-dependent transmission characteristics. The
output from EDFA is injected into the uni-traveling-carrier photodiode (UTC-
PD) as a photo-mixer for generating THz wave. The THz wave is transmitted
from the lens-type broadband antenna with UTC-PD to subharmonic mixer with
horn antenna. Three lenses (2 for Tx, 1 for Rx) are used to compensate free-
space path loss. The transmission distance of free space is approximately ~2 m.
The received QPSK signal is frequency-downconverted by subharmonic mixer and
then sampled with real-time oscilloscope. Finally, sampled signal is demodulated
using offline digital signal processor (DSP), of which the detailed configuration
is also shown in Fig. 49.2b. The measured BER as a function of THz-band
frequency and constellations in back-to-back configuration are illustrated in Figs.
49.2c and 49.2d, respectively. There is no significant BER variations in measured
THz frequency region which is determined by the specification of antenna with
integrated waveguide feed (WR 3.4 and 2.8). We are able to obtain similar QPSK
constellations at different THz frequency. As shown in these figures, 50 Gbps
QPSK signal is successfully transmitted at 240 ~ 380-GHz band. We measure BER
curves as a function of photocurrent with free-space transmission at 300-GHz carrier
frequency. We observe slight BER degradations caused by free-space transmission
of sub-THz wave, which is depicted in Fig. 49.2e. As a result, we demonstrate the
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THz wireless link with 50 Gbps QPSK signal over a free-space distance of 2 m in
the 0.3 THz band. In the near term, it should be necessary to improve the link budget
in the THz band for successful commercialization of the THz wireless delivery
system based on photonics. There would be two ways to increase the link budget.
Firstly, it is essential to develop photo-mixer with higher-output power. Secondly,
we need to have cost-effective THz amplifiers with larger bandwidth and gain for
THz transceiver front-end. For long-term research goals, it is required to develop
the technologies for THz beam forming/steering, photonic integrated circuits, and
real-time DSP. We strongly hope that THz wireless link based on photonics for
short-range wireless services such as indoor data showering and kiosk downloading
will be realized in the near future.
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Chapter 50
Brown University Test Bed

Daniel M. Mittleman

Abstract This chapter describes a THz link test bed that has been implemented at
Brown University at frequencies from 100 GHz to 400 GHz, in particular to examine
non-line-of-sight (NLOS) path conditions. This test bed has also been used the first
studies of link security in the THz range.

50.1 THz Link Test Bed

In this chapter, we describe one of the recent experiments that have been performed
at Brown University using a THz data link test bed [1]. The test bed can be
used to generate a continuous wave (CW) signal at any one of four discrete
frequencies: 100, 200, 300, and 400 GHz. The source is based on a frequency
multiplier chain (Virginia Diodes), which up-converts a modulated baseband signal
to the desired output frequency and radiates using a horn antenna, with vertical
polarization. We can use a pulse pattern generator to produce a pseudorandom
bit pattern for modulating this carrier wave at 1 Gb/s via on-off keying (OOK)
modulation. Detection relies on a zero-bias Schottky diode, also coupled to a horn
antenna. The Schottky signal is amplified to drive a bit error rate (BER) tester
(Anritsu MP1764A) for real-time signal analysis. To improve the overall gain of
the two antenna subsystems, we use transmissive (Teflon) lenses in front of the horn
antennas (f = 7.5 cm). The half-power beam widths range from 10◦ to 13◦, and the
output power ranges from 9 dBm to 24 dBm, depending on carrier frequency.

We note that a directive antenna with a small HPBW can lead to the suppression
of unintended multipath components, because multipath signals from outside of the
maximum gain direction of the antenna are attenuated by the antenna radiation
pattern. Even so, outdoor measurements can still reveal the effects of multipath
interference if the range is large enough [1].
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Fig. 50.1 (a) A photo of the experimental configuration for measurement of data transmission
via a specular NLOS path, using a reflection from a conventional painted cinderblock wall,
(b) a conformal metal foil which eliminates penetration of the THz wave into the material but
approximately preserves the surface roughness, and (c) a smooth metal plate. (d) Measured bit
error rate vs. transmitter power, for a 1-Gbps data stream at 300 GHz

50.2 Specular Non-line-of-Sight Links

One of the important questions in the implementation of THz wireless systems
involves the possible use of non-line-of-sight (NLOS) links. In some circles,
a conventional wisdom has persisted that the use of such links is impractical
because of the prohibitively large power penalty due to absorption and scattering
of the electromagnetic wave when it encounters a nonmetallic surface. To test this
assumption, we have employed the test bed to test a data link which incorporates
a specular reflection from an ordinary painted cinderblock wall. Figure 50.1a
illustrates the Tx and Rx subassemblies, with plastic lenses, directing a beam toward
a spot on the wall. The distance from the Tx/Rx antenna to the wall is both 1 m
(d1 = d2 = 1 m), and the angle of incidence is 50◦. We compare the results for
three cases: The signal was reflected (a) by the bare painted cinderblock wall, (b)
by a conformal metal foil attached on the wall, and (c) by a smooth metal plate.
In the first case, we expect the signal to be degraded both by absorption in the
cinderblock material and by diffuse random scattering from the rough surface [2,
3]. In the second case, the metal foil (which is assumed to act essentially as a
perfect metal) eliminates absorption losses in the underlying cinderblock surface.
However, the scattering losses remain since the thin foil conforms to the rough shape
of the cinderblock surface. In the third case, both scattering and absorption losses
are eliminated.

Our observations (e.g., Fig. 50.1d) indicate that, at all frequencies, the effect of
scattering from the rough surface (i.e., the difference between the black and red
curves) is significantly smaller than the effect of absorption (the difference between
the red and blue curves). These data provide strong evidence that, contrary to most
conventional wisdom, specular NLOS paths can realistically be used in indoor THz
links even up to at least 400 GHz, with only moderate and manageable losses [1].

This test bed has been used for a variety of other measurements, including the
first studies of link security in the THz range [4] and a demonstration of links with
low BER using nonspecular NLOS scattering (i.e., diffusive scattering) [3].
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Chapter 51
Research at New Jersey Institute
of Technology (NJIT)/Nokia Bell Labs

John Federici and Lothar Moeller

Abstract This chapter describes a laboratory test bed which emulates various
weather conditions such as fog, dust, rain, and air turbulence. In many cases,
weather conditions can be reproducibly generated in order to compare experimental
measurements to theoretical predictions of THz channel performance. A colinear
infrared channel enables direct comparison of THz and infrared channel perfor-
mance.

51.1 Laboratory-Emulated Weather

Measurement and analysis of weather’s impact on terahertz (THz) communication
channels are challenging due to the required long observation times and the diffi-
culty in obtaining reoccurrence of similar atmospheric conditions for comparison
of independent measurements. For example, changing humidity levels slightly
before and during falling snow present challenges in experimentally separating
the effect of THz attenuation due to humidity from attenuation due to snow-
aggregated airborne particulates [1]. Using this motivation, the NJIT/Bell Labs
research group has opted to develop or adapt weather emulating chambers into a
controlled laboratory environment [2–10]. In many cases, the weather conditions
(e.g., rain drop size distribution) can be reproducibly generated in order to compare
experimental measurements to theoretical predictions.

Weather chambers for fog, dust, rain, and air turbulence are developed. Fog is
generated in a 62-cm-length chamber by dripping liquid nitrogen into a cup filled
with hot water (temperature about ~80 ◦C) which is placed inside the fog chamber
[7]. The fog density, controlled by the amounts of liquid nitrogen spilled into the
cup, can be fluctuating over a large visibility range limited from a few centimeters
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to several hundreds of meters. The fog droplets exhibit an average diameter of
approximately 8 μm.

Bentonite powder, a mixture of clay formed from volcanic ash decomposition
and largely composed of montmorillonite and beidellite, is used to produce dust
particles with an average diameter of 8.6 μm. A known total mass of dust particles
is injected at a high speed into a 30-cm diameter cylindrical dust chamber from its
top plate [6]. Air flows into the chamber with constant volume speed through the
holes from the bottom plate to keep the dust particles suspended in the air.

The rain chamber [4, 10] has a top plate machined with 3264 holes and 31-
gauge needles epoxied into each hole. Pressurizing the chamber above the plate
with air generates raindrops by forcing distilled water release through the needles.
The raindrop size follows approximately a Gaussian distribution with an average
diameter of 1.9 mm and a variance of 0.08 mm2. The chamber rain rate is
proportional to the pressure applied to the water reservoir and controllably varied
from 0 to 500 mm/h by changing the air pressure in the chamber.

While the previously described chambers introduce various particulates into the
air that attenuate and produce scintillations of the propagating beams, one can
isolate the contribution of scintillations to signal degradation by only introducing
air turbulence into the weather chamber. The turbulence chamber [5] consists of
an enclosed chamber in which air is blown in through two holes in the top of the
chamber using industrial heat guns. The air temperature and airspeed launched into
the chamber are adjusted independently.

51.2 Channel Performance by Weather Impact

51.2.1 Co-propagating THz and Free-Space Infrared Link Test
Bed

The communication test bed [5–8, 10] (Fig. 51.1) has a data rate of 2.5 Gbit/s at
a carrier frequency of 625 GHz. A duobinary modulation technique, which enables
signaling at high data rate with relatively compact spectrum, is utilized in the system
to drive a THz source, which is based on a frequency multiplier chain with about
1 mW output power when operating in a CW mode. The THz beam propagates
through a distance of ~3 m with a beam diameter of 20 mm and is then collected
by a THz receiver horn similar to the transmitter antenna. The detected THz power
from a Schottky diode is amplified and filtered by a quasi-Gaussian low-pass filter.
The electrical power is split into a high-speed scope, a bit error rate tester (BERT),
and a 2.5-Gbit/s NRZ clock recovery circuit that synchronizes the measurement
equipment. At the amplifier output, RF powers of about −14 dBm for a BER around
10−9 are typical for 213–1 PRBS pseudorandom bit sequences.

The 1.5-micron-infrared (IR) transmitter is driven by the same 2.5 Gb/s data
pattern as the THz source and outputs a beam with a diameter similar to that of the
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Fig. 51.1 Schematic diagram of the THz and IR wireless communication test bed [5–8, 10]

THz link. The co-propagating beams enable direct comparison of the degradations
observed in two competing wireless solutions since they pass through the same
weather conditions. The purpose of the multiple IR detectors with varying effective
apertures is to detect the presence of scintillations in the IR channel. If scintillations
were present, power fluctuations would increase as the effect detector aperture size
is decreased.

51.2.2 Fog

While THz links suffer significantly more attenuation through humid air compared
to free-space optical (FSO) IR links, the polar opposite is true with atmospheric
fog. By co-propagating THz and IR wireless links through a fog chamber with a
minimum visibility of a few centimeters [7], the attenuation of the IR light is so
high (>40 dB) that it is essentially blocked by the fog, while the THz signal exhibits
only a minor but measurable decrease (~0.6 dB attenuation) in power. Even “small”
amounts of fog are sufficient to block the IR beam and prevent BER measurements
of the IR signal, while the THz channel experiences only a relatively small increase
in the BER.

51.2.3 Dust

As with fog, attenuation of THz waves due to dust is much smaller than the
attenuation for FSO propagation [6]. This difference is a consequence of Mie
scattering and the relatively small size of the airborne particles relative to the THz
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Fig. 51.2 Log (BER) of THz link (solid) and IR link (dash) in rain chamber as functions of time.
Rain starts at a rate of 213 mm/h at ~20 s and stops at ~80 s [10]

wavelength. Attenuation of the IR beam is ~4.5 dB for dust particle densities of
4 × 109 m−3 compared to an attenuation of 0.045 dB in the THz range. The
attenuation varies significantly with changing concentrations: larger concentration
leads to higher attenuation and larger BER. Dust particles at these concentration
levels have little impact on the THz signal compared to the IR signal across the
limited propagation length.

51.2.4 Rain

Using the rain chamber, co-propagating THz and free-space optical links are sent
through the same weather conditions [10]. At a rain rate of 213 mm/h, the THz link
suffers a little bit higher attenuation (~0.1 dB) compared to the IR link, which is due
to the slightly larger extinction cross-section of rain drops at THz frequencies. A
typical evolution of the resulting BERs in the THz and IR links due to rain is shown
in Fig. 51.2. After 80-second recording time, the rain stops, and the transmitted
THz and IR signal powers approach their original level. For both channels, a strong
correlation between their attenuation and their time-averaged (integration time 1 s)
BER (Fig. 51.2) is observed. The slightly larger BER in the IR is attributed to
slightly different receiver sensitivity curves in the THz and IR. The same amount
of attenuation increases the BER of the THz channel less than the BER of the IR
signal [10].

51.2.5 Air Turbulence and Scintillations

Scintillation effects are readily observable in free-space IR channels in the presence
of fog, dust, and rain [6, 7, 10]. The key to detecting scintillations in the IR channel
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is to split the transmitted IR beam into three different detectors with three different
effective aperture sizes. The effect of scintillations in the THz band is orders of
magnitude smaller than in the IR band. In fog, dust, and rain, the reduction of
THz link performance can be explained based purely on the additional attenuation
in the beam path due to the particulates; scintillation effects in the THz band
are negligible compared to the effects of attenuation [6, 7, 10]. By using the air
turbulence chamber [5], the strong attenuation effects from particulates are removed
enabling the observation of scintillation effects due to dominant real refractive index
fluctuations in both the IR and THz channel. For the IR channel, a strong correlation
between its attenuation and the recorded BER is clearly visible. The recorded BERs
for the THz link verify that air turbulence has little impact on the THz compared to
the IR channel. Scintillation effects in the experimental setup are mainly caused by
temperature fluctuations which fit to a fundamental assumption made for outdoor
scintillation models for the IR.
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Chapter 52
Standards for THz Communications

Thomas Kürner , Vitaly Petrov, and Iwao Hosako

Abstract In 2017, IEEE Std. 802.15.3d-2017 has been completed as the first
wireless standard operating at the frequency 252 GHz to 321 GHz. This standard
offers switched point-to-point connectivity with data rates of 100 Gbit/s and beyond.
Application scenarios include short-range intra-device communication, kiosk down-
loading, wireless links in data centers, and wireless backhauling/fronthauling. This
chapter describes the requirements for the target applications and usage scenarios
and provides a summary of the specifics of the physical and medium access layers
of IEEE Std. 802.15.3d-2017 including the results from the performance evaluation
done during the standardization process.

52.1 Introduction

Up to now, standards for THz communication have been considered in IEEE 802
only. This may change in the near future with the development of 6G wireless
systems, where THz communication is one of the candidates and is seen as a key
enabler for applications demanding user data rates of several tens of Gbit/s [1, 2].

Already in 2008, IEEE 802.15 started activities towards a wireless standard
operating at 300 GHz and beyond by chartering the terahertz interest group (IEEE
802.15 IG THz) with the goal to explore the feasibility of carrier frequencies at 300
GHz and beyond for wireless communications. These activities in conjunction with
various hardware demonstrations available at that time showing the principle feasi-
bility of wireless communications at 300 GHz lead to the creation of a study group
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(IEEE 802.15 SG 100G) with the scope of determining the validity on 100 Gbit/s
over beam switchable point-to-point links in July 2013 [3]. Although transmission
technology for 300 GHz has been considered to be mature enough for developing
a standard, the more complex tasks of device discovery, beam forming, and beam
tracking were still in their infancy limiting THz communications to applications
with known and fixed locations of the antennas at both ends of the link. Even with
these limitations, a couple of interesting potential applications requiring ultrahigh
data rates have been identified: wireless links in data centers, wireless intra-device
communication, kiosk downloading, and wireless backhauling/fronthauling [4].

In March 2014, IEEE 802 formed the task group IEEE P802.15.3d to amend
IEEE Std. 802.15.3 [5] with the definition a wireless switched point-to-point
physical operating at a nominal PHY data rate of 100 Gbit/s with fallbacks to lower
data rates as needed operating in the bands from 252 GHz to 325 GHz at ranges as
short as a few centimeters and up to several 100 m [6]. The amendment was finalized
in October 2017 and published as IEEE Std. 802.15.3d-2017 [7]. The development
of this amendment significantly benefitted from the parallel development of IEEE
Std. 802.15.3e-2017 [8] targeting high-rate close-proximity communication links
at 60 GHz, which already introduced the concept of pairnet supporting point-to-
point communications connecting only two devices with reducing the problem
of interference and “fighting for access” [9]. Hence, IEEE Std. 802.15.3d-2017
inherited most of the MAC layer and the principal PHY-layer concepts from IEEE
Std. 802.15.3e-2017.

52.2 Applications and Usage Scenarios

During the development of the standard, four (point-to-point) potential applications
have been defined in an application requirement document [11] (see Fig. 52.1).
These applications, usage scenarios, and requirements will be described in the
following.

52.2.1 Kiosk Downloading

Kiosk downloading is defined as a sub-use case of close-proximity point-to-point
applications and offers quick downloads of digital information to users’ handheld
devices. Examples of such information to be transferred are high-resolution videos
from content providers. With kiosk downloading, the user’s portable terminal and
the network are connected via a kiosk terminal, and the transmission range is 50
mm or less. The kiosk terminals may be deployed in public areas such as train
stations, airports, malls, convenience stores, rental video shops, libraries, and public
telephone boxes. One such scenario is described in [10], where file downloading
at toll gates in a train station shall enable an 859-MB file, which corresponds to a
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Backhauling/Fronthauling

Kiosk Downloading

Data Center

Intra-Device Communication

Fig. 52.1 Target applications for IEEE Std. 802.15.3d-2017

114-min HD video, to be downloaded within 248 ms when passing the toll gate.
This download will require a data rate of 28 Gbit/s [11]. A first demonstration of
this application at THz frequencies has been shown already in 2016 [12].

52.2.2 Intra-device Communication

During the generation of ultrahigh-definition content, for example, within a camera,
data rates might easily exceed 100 Gbit/s [10], e.g., 8K resolution at 120 Hz and
36 bits per pixel requires 143 Gbit/s of gross data rate [13]. Wireless links inside
of such devices have advantages over conventional copper-based technology by
avoiding connectors and increasing flexibility when connecting the boards. The
targeted transmission range is up to 10 cm in the air or through two layers of material
reasonably transparent to terahertz wave (5 mm thickness) [10]. In 2019, a first
demonstration of this application using a CMOS transceiver at 300 GHz has been
published [14].
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52.2.3 Wireless Links in Data Centers

Another field of application is wireless links in data centers. In those environ-
ments, network architectures are optimized w.r.t. performance measures such as
throughput, reliability, or latency taking into account the traffic dynamics during
operation. Frequently changing traffic profiles may require frequent reconfiguration
of the network architecture and the associated links. Due to the limited flexibility
of wired links, the configuration effort and the corresponding downtimes during
reconfiguration are already a burden [15]. Wireless connections with data rates
comparable to those of fiber links are viable alternative, where antennas may
be mounted on top of the racks. Typical transmission distances may be up to
several tens or meters. Within the framework of the European Horizon 2020 project
TERAPOD, the feasibility of ultrahigh bandwidth wireless data links in data centers
operating in the terahertz (THz) band has been investigated [16].

52.2.4 Wireless Backhauling and Fronthauling

Data traffic densities of several Tbit/s/km2 are already predicted for 5G networks in
the near future [17] requiring adequate solutions for backhauling and/or fronthauling
with data rates of at least several tens of Gbit/s. Since fiber is not available at
every base station, THz communication is a possible option for wireless backhaul-
ing/fronthauling. Transmission range is limited by weather conditions like rain, fog,
clouds, and atmospheric attenuation. The typical transmission distances of 300 GHz
may be up to several hundred meters. Already in 2015, the feasibility has been
demonstrated at 240 GHz [18].

52.2.5 Impact of the Applications of MAC Requirements

The point-to-point nature of the considered applications and usage scenarios with
static or quasi-static transmitters and receivers at known locations are properties
all these applications and usage scenarios have in common. In combination with
either the very short distance (intra-device communication and kiosk downloading)
or the extremely narrow beams in case of deployments with larger distances
between the communication nodes (wireless links in data centers and wireless
backhauling/fronthauling), these properties have been a key enabler to inherit the
MAC from IEEE Std. 802.15.3e-2017 [8] with a lower implementation complexity
when compared to the IEEE 802.11 family standards [9]. These standards, in
particular IEEE Std. 802.11ad-2014 [19] and IEEE P802.11ay [20], primarily target
mobile point-to-multipoint wireless communications at 60 GHz with lower rates
particularly. Although there is some overlap with applications and usage scenarios
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targeted by IEEE Std. 802.15.3d-2017, the latter not only has advantages in terms
of reduced signaling (more applicable to inherently point-to-point connectivity) but
also has the potential to achieve even higher data rates due to the much higher
bandwidths available at 300 GHz.

52.3 MAC Layer

In contrast to the existing and prospective solutions for Wireless Local Area
Networks (WLANs), e.g., IEEE Std. 802.11-2016 and IEEE P802.11ay, IEEE
Std. 802.15.3d-2017 targets exclusively point-to-point connectivity between two
nodes. Therefore, to facilitate the on-time development and the unification between
the standards, many of the MAC layer features in IEEE Std. 802.15.3d-2017 are
inherited from IEEE Std. 802.13.3e-2017 [8]. The described standard particularly
utilizes the concept of a “pairnet,” connecting two nodes:

• Pairnet coordinator (PRC)
• Pairnet device (PRDEV)

The high-level illustration for the MAC-layer signaling is presented in Fig. 52.2.
There are two main stages of the communication process: (i) pairnet setup period
(PSP) and (ii) pairnet-associated period (PAP). The PSP begins when PRC creates
the pairnet and begins periodically sending beacon frames. When PRDEV appears
in the PRC proximity and is willing to join the pairnet, it processes the received
beacon to get the number and durations of the access slots. Then, PRDEV uses one
of the defined access slots to transmit the association request. Once the association
request is successfully received and processed by PRC, it stops sending periodic
beacons and transmits the association response, thus ending the PSP.

Once the association response is successfully received and processed, the second
communication period, PAP, starts. This period is dedicated to the bidirectional data
exchange between the PRC and the PRDEV. During PAP, both nodes can transmit
data frames and/or acknowledgments, confirming the successful reception of the
previous data frame.

PAP may be terminated in two ways. First, when one of the nodes (either PRC
or PRDEV) decides to terminate the connection, it sends the disassociation request.
Second, the connection is terminated when PRC does not receive any data from
PRDEV within a defined time-out (e.g., when PRDEV has left the PRC coverage
area). In both cases, PRC finishes PAP and starts a new PSP period by sending a new
beacon frame. In the event that PRDEV would like to keep the connection active but
has no data to send, it can transmit the probe request that restarts the PRC time-out
timer.
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Fig. 52.2 MAC layer
signaling utilized in IEEE
Std. 802.15.3d-2017 [9] (©
2020 IEEE, reproduced with
permission)

52.4 PHY Layer

52.4.1 Channels

The IEEE Std. 802.15.3d-2017 is designed to operate in the frequencies between
252.72 GHz and 321.84 GHz. Altogether, there are 69 channels available with the
channel bandwidth ranging from 2.16 GHz up to 32 x 2.16 GHz = 69.12 GHz
(see Fig. 52.3). The smallest bandwidth correspond to the one utilized in IEEE Std.
802.11-2016, while the larger ones target the data rates beyond the capabilities of
the state-of-the-art solutions for 60 GHz frequencies. Channel number 41 around
290 GHz with the bandwidth of 2 x 2.16 GHz = 4.32 GHz is defined as a default
channel for IEEE Std. 802.15.3d-2017.
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Fig. 52.3 Channels utilized in IEEE Std. 802.15.3d-2017 [9] (© 2020 IEEE, reproduced with
permission)

52.4.2 Frame Structure

The IEEE Std. 802.15.3d-2017 PHY layer has two modes: (i) THz on-off keying
mode (THz-OOK) and (ii) THz single-carrier mode (THz-SC). The later of these
two modes, THz-SC, is designed to achieve the highest possible data rates, while
the former one, THz-OOK, targets lower-complexity implementations, at cost of a
reduced data rate.

The IEEE Std. 802.15.3d-2017 frame length ranges from 2048 bytes to ~2MB,
not including the PHY-layer preamble or the base header. The format description
is presented in Fig. 52.4. The first element is the physical preamble that facilitates
synchronization, frame detection, and channel estimation. Two options for the PHY
preamble are supported. The longer one is transmitted during PSP in order to
increase the robustness of the frame detection and decoding, while the shorter one
is used during PAP in order to reduce the overheads for the data exchange. During
PSP, the overheads are less crucial as only seldom service frames (e.g., beacons) are
transmitted.

The next item in the frame is the PHY-layer header that details the chosen
bandwidth, the selected modulation and coding scheme (MCS), and other service



510 T. Kürner et al.

Fig. 52.4 Frame structure utilized in IEEE Std. 802.15.3d-2017 (based on [9])

parameters. The PHY-layer header also contains the 22-bit-long frame length field.
The PHY-layer header is followed by the MAC-layer header as detailed in [5]. The
header check sequence (HCS, particularly the CRC-16 cyclic redundancy check)
is further inserted to protect both MAC- and PHY-layer headers. For the sake of
robustness, the set of PHY-layer header, MAC-layer header, and HCS is encoded to
concatenated code words of an Extended Hamming (EH) code. In order to get the
appropriate size of the data block, header stuff bits may be added. The last field in
the frame is the payload carrying the actual data.

52.4.3 Modulation and Coding

The modulation and coding schemes utilized for IEEE Std. 802.15.3d-2017 PHY-
layer modes (THz-SC and THz-OOK) are illustrated in Fig. 52.5. The simpler
THz-OOK supports one pulse-based low-complexity modulation scheme: on-off
keying. With this scheme, the logical “one” in the data is represented as a pulse,
while the logical “zero” is represented as silence. In contrast to the simpler
THz-OOK, the more sophisticated THz-SC supports six modulations, including
four-phase shift modulations (BPSK, QPSK, 8-PSK, and 8-APSK), as well as
two quadrature amplitude modulations (16 QAM and 64 QAM). The first two
modulations (BPSK and QPSK) are mandatory for the THz-SC, while the other
four modulations are optional.

Forward error correction (FEC) for the THz-SC contains low-density parity-
check (LDPC) codes: (i) 14/15 LDPC (1440,1344) and (ii) 11/15 LDPC
(1440,1056). The first code is used to achieve the highest data rates, while the
second one trades off some performance for reliability. For THz-OOK, only a
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Fig. 52.5 PHY modes, modulation, and FEC schemes defined in IEEE Std. 802.15.3d-2017 [21]

single coding scheme – (240,224) Reed-Solomon (RS) code – is mandatory. The
benefit of this scheme is its ability for the low-complexity decoding without the
need for soft decision information. The described LDPC codes are optional for the
THz-OOK.

52.5 Performance Evaluation

Here, a summary of the results from the performance evaluation done during the
standardization process is provided [22].

52.5.1 Data Rate

We particularly focus on Fig. 52.6, illustrating the maximum PHY-layer data
rates with the IEEE Std. 802.15.3d-2017 as a function of the THz PHY-layer
mode, modulation scheme, and channel bandwidth. We assume a point-to-point
connectivity with perfect beam alignment and high signal-to-noise ratio (SNR).
Particularly, the SNR is high enough to maintain negligible error rate; hence, the
communication link is assumed to be perfectly robust.

In the considered setup, the achievable data rates depend not on the channel
conditions, but primarily on the limitations of the MCSs and signaling applied in
IEEE Std. 802.15.3d-2017. For the THz-OOK, both RS and LDPC codes are applied
(14/15 LDPC). For the THz-SC, only the high-rate 14/15 LDPC coding is used, as
it provides the highest results in the considered setup.
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Fig. 52.6 Data rates with
IEEE 802.15.3d-2017

As observed from Fig. 52.6, the achievable data rates with the THz-SC vary
from 1.4 Gbit/s with 2.16 GHz bandwidth and BPSK up to 285 Gbit/s with 69.12
GHz bandwidth and 64 QAM. The lower-complexity THz-OOK features similar
performance for the smallest 2.16 GHz bandwidth. At the same time, the data
rate with largest 69.12 GHz bandwidth is limited to only 52.5 Gbit/s, which is
approximately 18% of what can be achieved with THz-SC in the same channel.

52.5.2 Communication Range

Complementing the data rate study in Fig. 52.6, Table 52.1 presents the simulation
results illustrating the communication range achievable with IEEE Std. 802.15.3d-
2017 in different use cases [22]. Bold values in Table 52.1 present the conditions,
where the achievable data rate is higher than 100 Gbit/s. As can be observed from
this table, the communication range is inversely proportional to the selected channel
bandwidth, decreasing, for example (backhaul), from 327 m for 2.16 GHz up to only
58 m for 69.12 GHz. At the same time, the observed values of the communication
range correspond to the envisioned distances for the given use cases: particularly,
only the cm-scale range is envisioned for the wireless intra-device connectivity with
IEEE Std. 802.15.3d-2017.

Summarizing the chapter, IEEE Std. 802.15.3d-2017 can support the PHY-layer
data rates considerably higher than 100 Gbit/s for the desired distances between the
communicating nodes, thus notably exceeding the 5G requirements. The further
development of the ideas, concepts, and solutions presented in the IEEE Std.
802.15.3d-2017 will contribute to the appearance of THz communications and also
lay the foundation for the prospective 6G wireless systems.
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Table 52.1 Communication range with IEEE Std. 802.15.3d-2017

Channel bandwidth [GHz] Communication range [m]
Backhauling/Fronthauling Data center Kiosk downloading Intra-device

2.16 327 58 3 0.16
4.32 231 41 2.12 0.12
8.64 163 29 1.5 0.08
12.96 133 24 1.22 0.07
17.28 116 21 1.06 0.06
25.92 94 17 0.87 0.05
51.84 67 12 0.61 0.03
69.12 58 10 0.53 0.03
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Chapter 53
Spectrum for THz Communications

Michael J. Marcus and Thomas Kürner

Abstract This chapter describes the framework for the use of spectrum by THz
communications, which has to rely on the possibility to share the spectrum with
passive service such as Earth Exploration-Satellite Service (EESS) and radio
astronomy (RA). First, an introduction of the structure of the international and
national policies is given taking into account spectrum beyond 50 GHz. The
methods and procedures for sharing studies with passive services are described.
This includes both the studies, which have been performed during the preparation of
World Radiocommunication Conference (WRC) 2019 and novel concepts for future
enhanced sharing studies. The chapter concludes with the details of the spectrum
regulation for frequencies beyond 252 GHz based on the results of WRC 2019.

53.1 Introduction

The global availability for spectrum is a prerequisite for the future deployment of
THz communication systems. The worldwide use of spectrum is regulated using
a set of international and national spectrum policies, for which the International
Telecommunications Union Radio Regulations (RR) [2] are the base document.
The specific rules for the use of those frequencies are defined for bands under
275 GHz in specific allocations for various radio services and are influenced by
a large degree by the terms of RR 5.340. For bands above 275 GHz there are
presently no specific allocations but there are applicable provisions in RR 5.565
and RR 5.564A. These footnotes provide conditions for the various levels of
protection of passive services such as Earth Exploration-Satellite Service (EESS
[passive]) and radio astronomy service (RAS) from harmful interference by active
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services, such as THz communications operated in the same bands. In the bands
covered by RR5.340, at present “all emissions are prohibited”. EESS perform
spaceborne measurements of the molecular absorption lines in the THz band for
meteorology, climatology, and atmospheric chemistry. EESS antennas are generally
on low Earth orbit (LEO) satellites and either point tangentially (“limb sensing”)
on the satellite orbit or downward toward the Earth’s surface. Relevant frequencies
are multiple bands between 100 and 3000 GHz, some of which have several tens
of GHz bandwidth, while others are only a few GHz [3–5]. The RAS rely on
the reception of electromagnetic (EM) waves over the entire THz range from 275
to 3000 GHz to study EM radiation from molecular gas clouds, remote stars, or
galaxies. In contrast to the EESS, RAS activities are primarily ground-based, and the
antennas are facing upward at positive elevation angles. Thus, while RAS antennas
do not get interference in their high-gain main beam from terrestrial sources,
they can get interference from satellite sources or through antenna sidelobes. At
THz frequencies, RAS systems lose sensitivity at low altitudes, and in humid
environments due to atmospheric absorption of the signals, they seek to receive.
Thus, most, but not all, RAS sites, with THz capability, are sited in high-arid
locations, e.g., Northern Chile, for maximum performance. THz RAS sites are
generally rare in urbanized areas.

A closer look at these bands reveals that almost all bands above 275 GHz are in
potential use by either EESS or RAS. Hence, any use of spectrum beyond 275 GHz
for THz communications with bandwidths of up to several tens of GHz as in [6]
is possible only if the spectrum is shared with at least one of the abovementioned
passive services [7]. Intensive sharing studies have been performed as part of the
preparation of the World Radiocommunication Conference (WRC) 2019 resulting
in the identification of frequency bands for use by fixed service (FS) and land mobile
service (LMS).

This chapter describes the framework for the use of spectrum by THz commu-
nication and is organized as follows: Section 57.2 introduces the structure of the
international and national spectrum policies. Methods and procedures for sharing
studies with passive services at 275–450 GHz are described in Section 57.3. The
final Section 57.4 contains the details of the spectrum regulation based on the results
of WRC 2019.

53.2 Structure of International and National Spectrum
Policies

The beginning of spectrum regulation at the national and international levels was
greatly influenced by the sinking of the steamship Titanic in 1912. While ITU
traces its origins back to 1865, its early decades focused on European telegraph
issues. The potential role of early radiotechnology in enhancing maritime safety
was obvious in the missed opportunities that contributed to the large death toll
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in the Titanic disaster. From the earliest days of spectrum, regulation frequency
scarcity was an issue. In those days, the maximum practically usable frequency was
rather low, and modulations were not as efficient as today’s. The frequencies in
early use had long propagation ranges, and little or no directionality was possible in
antennas of the era. Thus, early regulations paid attention to what types of radio use
were permitted, what technologies were deemed efficient enough, and what steps
were needed to prevent harmful interference between users. This is a tradition of
prescriptive regulation which was developed where new technologies would have
to run the regulatory gauntlet to come into general use.

While international and national spectrum regulations have undergone significant
deregulation in the past century, remnants of the early regulatory regime linger along
with many earlier frequency allocations which decide what applications are allowed
in each band.

The ITU Radio Regulations are treaty obligations of the 193 countries that are
members unless they specifically exempt themselves from a provision by taking
a “reservation” on it. Article 4.4 of the Radio Regulations (RR 4.4) provides an
exemption from following the prescribed use of each band if the nonstandard usage
does not actually cause harmful interference to a properly authorized radio system
of another country compliant with ITU RR or if the other affected countries agree
with the nonstandard usage. However, many ITU members never use terms of RR
4.4 provision and question this interpretation although the language is quite clear.

In general, a given band of spectrum has more than one radio service allocations,
some of which may be “primary” and some of which may be “secondary.” In
general, a secondary allocation’s use may not cause interference to a primary allo-
cation’s use although footnotes to the allocation table can modify the relationship of
different uses in each band. Administrations (in ITU usage, “administration” means
the national spectrum regulator of a member country) may decide to implement all
the ITU RR allocations for a given band or may decide to use only some of them
within its jurisdiction.

While the allocation of purely passive bands in the mmWave area goes back to
the 1979 ITU World Administrative Radio Conference where “all emissions” were
prohibited in 51.4–54.25 GHz, 58.2–59 GHz, 64–65 GHz, 86–92 GHz, 105–116
GHz, and 216–231 GHz, the current basic prohibitions in RR footnote 5.340 were
adopted at the 1997 World Radio Conference although they have since been updated
a little. The current bands in 50–275 GHz that are subject to an “all emissions are
prohibited restriction” are given in Table 53.1.

At WRC-2000, many of the bands above 100 GHz were added to RR.5.340,
and Resolution 731 was adopted calling for studies of the feasibility of sharing
in 71–275 GHz between the passive services and various types of active services.
The resolution called for studies in both the passive bands listed in RR5.340 and
other passive bands that have co-primary passive allocations with intersatellite
communications. To date, ITU-R has not completed studies on the feasibility of
sharing passive spectrum in 71–275 GHz as requested in Res. 731 although the
Conference Preparatory Meeting for WRC-2000 concluded:
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Table 53.1 List of
prohibited bands between 50
GHz and 252 GHz

Prohibited bands above 50 GHz in RR 5.340 (GHz)

50.2–50.4
52.6–54.25
86–92
100–102
109.5–111.8
114.25–116
148.5–151.5
164–167
182–185
190–191.8
200–209
226–231.5
250–252

Table 53.2 Impact of RR footnote 5.340, exclusively passive allocations in different spectrum
regions

Band Frequency (GHz) Number of passive blocks Fraction of band passive

UHF 0.3–3 2 1%
SHF 3–30 3 2%
EHF 30–300 15 15%

ITU-R studies indicate that sharing between EESS (Passive) and the fixed service
is generally feasible in bands of high atmospheric absorption, Sharing in many
bands may require constraints on the fixed service in order to protect spaceborne
sensors.[8]

There are no formal allocations at present above 275 GHz, so there are no bands
there with such total restrictions now. RR footnote 5.565 “identifies bands for use
by administrations for passive service applications” but also states “The use of the
range 275-1000 GHz by the passive services does not preclude use of this range
by active services. Administrations wishing to make frequencies in the 275-1000
GHz range available for active service applications are urged to take all practicable
steps to protect these passive services from harmful interference until the date when
the Table of Frequency Allocations is established in the above-mentioned 275-1000
GHz frequency range.” As is discussed in Section 57.4, RR footnote 5.564A also
“identifies” bands in 275–450 GHz for land mobile and fixed service applications.

The impact of the passive bands in EHF, 30–300 GHz, is vastly greater than their
impact in lower-spectrum regions as shown in Table 53.2.

While there are passive bands in UHF and SHF, their impact is negligible in terms
of how they fragment the spectrum to limit maximum achievable bandwidth and in
terms of the fraction of spectrum they occupy. However, the impact in EHF is much
larger in both respects. This is shown in Table 53.3.

It can be seen that the largest contiguous band for any transmitters in 100–275
GHz region is the 32.5 GHz in 116–148.5 GHz. However, even that spectrum has



53 Spectrum for THz Communications 519

Table 53.3 Nonpassive spectrum between passive bands

Lower edge of passive band
(GHz)

Upper edge of passive band
(GHz)

Nonpassive bandwidth above
passive band (GHz)

100 102 7.5
109.5 111.8 2.45
114.25 116 32.5
148.5 151.5 12.5
164 167 15
182 185 5
190 191.8 8.2
200 209 17
226 231.5 18.5
250 252

Table 53.4 Bands in the
100–275 GHz with existing
ITU allocations for fixed and
mobile use

Band (GHz) Bandwidth (GHz

102–109.5 7.5
111.8–114.25 2.45
122.25–123 0.75
130–134 4.0
141–148.5 7.5
151.5–164 12.5
167–174.8 7.8
191.8–200 8.2
209–226 17.0
232–235 3.0
238–241 3.0
252–275 23.0

allocation problems for terrestrial transmitters as some of the allocation blocks
within it do not at present contain fixed or mobile allocations, so their use in
countries where the administration is reluctant to use the provisions of RR 4.4 is
problematical.

Table 53.4 shows the bands with existing ITU fixed and mobile allocations
in 100–275 GHz. At present, all bands above 100 GHz which have ITU fixed
allocations also have ITU mobile allocations. Administrations may implement fixed
and/or mobile services in these bands immediately as long as they implement a
framework that protects other co-primary allocations in each band which exists in
most of them. It is interesting to note that the largest contiguous bandwidth in any
of these bands is 23 GHz, and that is only at the upper band. Below 200 GHz, the
largest contiguous bandwidth now with a fixed or mobile allocation is 12.5 GHz.
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53.3 Sharing Studies with Passive Service in 275–450 GHz

RR footnote 5.565 of the Radio Regulations defines the protection of passive
services in 275–1000 GHz, while footnote 5.340 defines it at lower bands. Although
the pre-WRC 2019 regulatory provisions already allow the operation of active
services (which include THz communications) in the frequency range 275–1000
GHz, each national radio administration has to decide what are the “practical
steps” defined in [2] in order to protect the identified EESS and RAS bands. In
a worst-case scenario, this could lead to different decisions in different countries.
On the other hand, the use of ultra-large bandwidths of several tens of GHz
for THz communications is only possible when spectrum can be shared between
THz communications and the passive service. A first investigation on potential
interference scenarios between THz communications and passive services has
been performed by Priebe et. al [3] (see also Figure 53.1), concluding that with
multiple interference stations in the field of reception of the satellite, an interference
margin may become necessary without mitigation countermeasures like highly
directive antennas. In order to enable the simultaneous use of spectrum by both
THz communications and passive services, detailed interference studies between
active transmission systems and passive services must be provided. From the THz
communication systems’ point of view, the main aim is to identify and demonstrate
means for interference-free coexistence, so that the entire THz range can potentially
be used for data transmission without limitations [3].

Fig. 53.1 Possible interference scenarios. (a) Nomadic device, rural environment. (b) Nomadic
device, urban environment. (c) Directional link, reflection at object. (d) Directional link, sidelobe.
(e) Airborne THz system. (f) Limb scanning [3]. (© 2012 IEEE, reproduced with permission)
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In the following, two approaches for the corresponding sharing studies are
briefly described. In Subsection 57.3.2, the general framework and approach for
the sharing studies carried out during the preparation of WRC 2019 are described,
and exemplary results for a sharing study between FS and EESS performed by the
EU-Japan Horizon 2020 project ThoR [9] are provided. Section 57.3.2 provides an
alternative approach for future sharing studies.

53.3.1 Sharing Studies in Preparation of WRC 2019

The World Radiocommunication Conference (WRC) 2015 had invited ITU-R to
perform “Studies towards an identification for use by administrations for land-
mobile and fixed services applications operating in the frequency range 275–450
GHz” [11], with the goal to define more detailed rules at the World Radiocommu-
nication Conference (WRC) 2019 under its AI (agenda item) 1.15. The focus of
these sharing studies has been on EESS [9, 12, 13], since earlier studies taking into
account the operational characteristics of the passive services [3, 14] came to the
conclusion that potential interference to EESS is more critical compared to RAS,
where the ground-based large antennas are typically located in very remote area,
pointing up the sky. This has been confirmed in [15], where the main conclusion
is that sharing between radio astronomy and active services in the range 275–3,000
GHz is possible if atmospheric characteristics as a function of height above sea level,
as well as transmitter antenna directivity, are taken into account. Especially for FS
separation, distances and/or avoidance angles between RAS stations and FS stations
should be considered depending on the deployment environment of FS stations [16].
The sharing studies between EEES on one side and FS and LMS on the other side
have been based on the technical characteristics of these systems [13, 17, 18].

In the following, the method and the results of a sharing study for FS an EEES
carried out within the Horizon 2020-EU-Japan project ThoR are briefly sketched [9,
10]. The study is based on the technical characteristics described in [13, 17] and
uses a Monte Carlo simulation approach: A number of links are randomly deployed
for several sets of defined densities of FS links in an area of the size of the field of
view (FOV) for the EEES (see Fig. 53.2).

The position of the satellite has been calculated based on its nadir angle and its
altitude further assuming an azimuth of 0◦ relative to the middle of the FOV. The
path loss between the middle of the FOV and satellite is calculated based on ITU-R
recommendation ITU-R P.525 [19] and ITU-R P.676 [20] taking into account the
slant path length and the angle of elevation.

The investigations revealed that the conical-type EEES ICI system is the most
critical one wrt interference. Simulation results for these systems are presented in
Fig. 53.3 for various ink densities and elevation angles of the FS links. It is shown
that in the frequency bands 296 to 306 GHz, 313 to 319 GHz, and 333 to 354 for
some of the link densities and elevation angles, the allowed limit of interference is
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Fig. 53.2 Illustration of an
EESS satellite’s field of view
(FOV) with several fronthaul
and/or backhaul links in sight
[6, 7]

Fig. 53.3 Maximum simulated interference power densities to an ICI-type system for elevation
angles between -20◦ and +20◦ (left) and -65◦ to +65◦ (right) for systems for several link densities
in links per square kilometer (color) and the maximum interference level to the EESS [9, 10]

exceeded. The conclusions from this study are that in those two frequency bands – in
contrast to all other frequency bands investigated – unconditional sharing between
FS and EEES is not possible.

A similar conclusion taking into account also sharing between LMS and EEES
has been drawn in most of the studies documented in [18], where in the bands
275–296 GHz, 306–313 GHz, 320–330 GHz, and 356–450 GHz only, no specific
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conditions to protect EESS are necessary, for systems operating within the parame-
ters given in the referenced ITU-R reports [13, 16, 17]. Specific conditions such as
power limits, shielding requirements, elevation angle restrictions, etc. have not been
investigated in [9, 18]. This is something left open for future studies potentially
enabling sharing with EESS in the remaining frequency bands between 275 and 450
GHz.

WRC-19 updated the terms of Resolution 731 [20] which requests ITU-R studies
of spectrum sharing above 71 GHz. The terms of this request to ITU-R include the
following provisions:

– Continue studies to determine if and under what conditions sharing is possible
between active and passive services in the frequency bands above 71 GHz, such
as, but not limited to, 100–102 GHz, 116–122.25 GHz, 148.5–151.5 GHz, 174.8–
191.8 GHz, 226–231.5 GHz, and 235–238 GHz.

– Conduct studies to determine the specific conditions to be applied to the land
mobile and fixed service applications to ensure the protection of EESS (passive)
applications in the frequency bands 296–306 GHz, 313–318 GHz, and 333–356
GHz.

– Develop recommendations specifying sharing criteria for those frequency bands
where sharing is feasible.

Thus, these deliberations in ITU-R WP1A will be the major ongoing interna-
tional forum to review these protection issues.

Regulatory actions by the FCC in the USA and Ofcom in the UK show the
introduction of new techniques to limit unintended emissions from reaching passive
satellites. The FCC decision in March 2019 [22] authorized unlicensed use of 116–
123 GHz, 174.8–182 GHz, 185–190 GHz, and 244–246 GHz. While none of these
bands are subject to the restrictions of 5.340, there are allocation issues. 116–122.25
GHz, 174.8–182 GHz, and 185–190 GHz have no terrestrial allocations and co-
primary allocations for EESS and Space Research (passive) as well as intersatellite.
While the later two services have no real interference risk, the EESS does. 116–123
GHz is also adjacent to the 114.25–116 band with an RR 5.340 restriction. 244–246
GHz is part of a larger band with only Radio Astronomy and Radiolocation (Radar)
allocations along with a secondary amateur radio allocation. The FCC decision
limits the interference potential by allowing only terrestrial use and restricting the
transmission EIRP to 40 dBm unless a high-gain antenna is used. It then allows
fixed point-to-point transmitters whose “the average power of any emission shall
not exceed 82 dBm and shall be reduced by 2 dB for every dB that the antenna
gain is less than 51 dBi.” The effect of these provision is to allow an increase of
EIRP from 43 dBm to 82 dBm if it is achieved by using high-gain antennas (>51
dBi) which focus the power on the destination antenna and thus reduce incidental
satellite illumination.

The Ofcom (UK) decision of October 2020 [23] takes a similar approach with
some interesting differences. It will license the terrestrial use of three bands in the
100–200 GHz range, 116–122 GHz, 174.8–182 GHz, and 185–190 GHz – using
three of the four FCC authorized bands. Ofcom authorizes 55 dBm EIRP in these
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bands for indoor use. For outdoor use, the same 55 dBm limit applies, but there are
also a main beam maximum elevation angle limit of 20◦ and a maximum antenna
relative gain limit for sidelobes relative to the main beam gain. Ofcom requires
power reductions for bandwidth less than 100 MHz but states that such narrow
bandwidths are unlikely in practice in these EHF bands as these would serve little
practical function. Thus, Ofcom has chosen to regulate more directly than FCC the
incidental illumination of the sky which is the main threat to EESS. It is puzzling
why the net maximum EIRP for FCC is 82 dBm and for Ofcom is 55 dBm.

As was shown in Table 53.1c, there are bands in 100–275 GHz with both
ITU mobile and fixed co-primary allocations that could be used by administration
immediately for licensed uses and possibly for unlicensed uses. Most of these
have co-primary allocations in other services where there is some expectation
of protection. In some cases, e.g., 174.5–174.8 GHz, the co-primary service is
just intersatellite links where there is little concern of interference, but in others,
e.g., 209–217 GHz, radio astronomy is co-primary which will require interservice
coordination in a very small number of locations in populated areas.

Pending progress in studies on WRC Resolution 731 and changes to ITU Radio
Regulations, which is unlikely before 2027 at the earliest, the existing allocations
and RR 5.340 will place serious limitations on available contiguous bandwidth
below 275 GHz.

53.3.2 Alternative Approach for Future Studies

New studies in ITU-R on the sharing questions in Res. 731 will likely address
alternative approaches to sharing. The WRC-19 studies used to consider sharing
above 275 GHz had an implicit assumption that terrestrial fixed service antennas
would be scaled from the parabolic dish antennas commonly used in much lower
bands and the link density requirements would be estimated from link densities
at lower bands. This meant that sharing compatibility would be judged on whether
existing technology and usage could be extrapolated to a much higher band. But Res.
731 is clearer than WRC AI 1.15 was on the goal at hand – it is to determine whether
any sharing is possible in passive bands above 71 GHz not just whether existing
usage can be moved up a few octaves. Thus, it is likely that Res. 731 studies will not
presume the deployments and antenna technologies of lower bands but will study
what combination of parameters for fixed service such as data rate, communication
distance, antenna sidelobe levels, link density, and maximum elevation angles are
compatible with interference-free sharing with EESS. While all finite size antennas
must have sidelobes, in terrestrial fixed/EESS sharing scenarios, the main threat for
interference is from high-elevation angle sidelobes from the fixed transmitter. The
AI 1.15 studies assumed antennas with sidelobe levels in the -20 to -25 dBi range
typical of production parabolic antennas in lower bands. This is not a physical limit
and is exceeded in both radio astronomy antennas and military radar antennas where
sidelobe suppression is vital.
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Dynamic approaches might also be considered. Two basic possibilities exist.
A grid network use in THz bands would be more robust due in the fast of
weather-related propagation impairments where information could be rerouted over
a different path in the grid. If the EESS satellite orbit was known, the choice of
routing path could also be based on an estimate of the illumination of the satellite
from different link paths.

Finally, a variant of MIMO antennas might be considered (see also chapter 18).
MIMO antennas evolved from early technology for jam-resistant antennas that used
multiple elements with phase and amplitude weights to null out interference from an
undesired direction. MIMO antennas also use multiple elements, but the amplitudes
and phases are computed to maximize received signal. But it is possible to change
the control algorithms of such an antenna to achieve two goals: minimizing the
EIRP in the direction where the satellite is on its path across the sky and optimizing
received power at the receiver. They will require more antenna elements than a
single purpose MIMO antenna but if that enables the use of broader bands of
spectrum it may be practical.

53.4 Radio Regulations After WRC 2019

When considering the situation for THz communications in the RR, possible future
communication use in the 100–275 GHz bands should be considered along with the
frequency bands between 275 and 450 GHz as well as the frequency bands 252–
275 GHz. These bands are used by IEEE Std. 802.15.3d-2017 and have already an
allocation for FS and LMS on a co-primary basis [2]. In its final acts of WRC 2019,
[19] has identified the bands 275 to 296 GHz, 306 to 313 GHz, 318 to 333 GHz,
and 356 to 450 GHz. Together with the already allocated spectrum between 252
and 275 GHz totally, 160 GHz of spectrum with contiguous bandwidths of 44, 7,
15, and 94 GHz are available for THz communications providing a sound basis for
the deployment of THz communication systems. All details and the bands and the
conditions for their use by THz communications are provided in Table 53.5. Due to
its atmospheric conditions, the band 252 to 296 GHz is favorable for fixed outdoor
links with its requirements to several hundred meter link distances, whereas the
other three bands can be also used, for example, for short-range indoor applications,
e.g., wireless links in data centers [6].
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Table 53.5 Overview of identified spectrum for THz communications above 252 GHz [5]

Frequency in GHz Status in the radio regulations [2]

252–275 Allocation for land mobile and fixed service on a co-primary
basis

275–296 Identification for use for the implementation of land mobile
and fixed service according to FN 5.564A. No specific
conditions are necessary to protect Earth Exploration-Satellite
Service (passive) applications

306–313
318–333
356–450
296–306 May only be used by fixed and land mobile service

applications when specific conditions to ensure the protection
of Earth Exploration-Satellite Service (passive) applications
are determined in accordance with Resolution 731
(Rev.WRC-19) [20]

313–318
318–356
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Chapter 54
Outlook on Standardization
and Regulation

Thomas Kürner

Abstract This chapter provides a brief outlook on future tasks and activities in
standardization and regulation. This includes a discussion on the activities of the
IEEE 802.15 Standing Committee THz, perspectives for standardization in 3GPP
and ETSI, and potential regulatory activities toward the WRC 2023 and WRC 2027.

A first wireless standard for 300 GHz has been published [1], and 137 GHz of
spectrum beyond 275 GHz has been identified at the World Radiocommunication
Conference (WRC) 2019 [2], as described in more details in earlier sections of
this book (see Chaps. 52 and 53). Even so, at the time this book is written,
standardization and regulatory activities for THz communications are still at the
very early stages.

At IEEE 802.15, the Standing Committee on THz is monitoring the development
of THz communication in order to initiate projects for the development of further
amendments of IEEE Std. 802.15.3d-2017 or even develop completely new stan-
dards. Amendments to include all the newly identified spectrum at WRC 2019 up
to a carrier frequency of 450 GHz will be of interest; the high-frequency portion of
this range is not covered by the current standard. New projects could also consider
the progress made in forward error correction as described in Chap. 30 of this book.
Of specific interest for new projects will be standards covering applications with at
least one end of the link being mobile, as described in Chap. 1 of this book. This
will specifically require methods for [3]:

– Initial access and device discovery, where the devices can efficiently find each
other with pencil beams

– Beam tracking and beam forming, where a prerequisite is the design of electron-
ically steerable THz antennas
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– Efficient and low-complexity methods for interference mitigation and handling
multiple access

These concerns define current important research questions, which need to be
resolved before any standardization activity can begin. These methods are already
subject to ongoing research (see, for example, [4, 5] and Chap. 31 of this book).
Once these methods are mature enough to initiate a standard, THz frequencies might
be also of interest for an advanced WLAN (Wireless Local Area Network) standard
in IEEE 802.11.

Based on the landscape of ongoing projects on beyond 5G (B5G) as presented in
Part X of this book and some discussion surrounding 6G, where THz communica-
tion is a candidate for at least one of its components [6], THz communications may
also be part of the definition of B5G and 6G at 3GPP (3rd Generation Partnership
Project) [7, 8]. The European Telecommunications Standards Institute (ETSI) is
already considering frequencies well beyond 100 GHz for fixed point-to-point
applications in the W-band (92–114.5 GHz) [9]. Further ideas for the use of THz
frequencies have already emerged by combining communication, localization, and
sensing [10] and may significantly enlarge the scope of potential applications.

Based on the outcome of WRC 2019, regulatory activities with respect to THz
communications are twofold [11]:

– In the frequency range 275 to 450 GHz, 38 GHz of spectrum may only be used
by THz communications when specific conditions to ensure the protection of
Earth Exploration-Satellite Service (passive) applications have been determined,
in accordance with Resolution 731 (Rev.WRC-19). With this resolution, ITU-R
is invited to conduct studies to determine the specific conditions to be applied to
the land mobile and fixed service applications to ensure the protection of Earth
Exploration-Satellite Service (passive) applications in the frequency bands 296–
306 GHz, 313–318 GHz, and 333–356 GHz. This might be potentially discussed
at WRC 2023 (see also Chap. 53 of this book).

– A potential agenda item at WRC 2027 relating to the identification of spectrum
for radio location applications in the range 275–700 GHz were already identified
at WRC 2019. This will require sharing studies with THz communications as the
incumbent application.

At the time the book is written, the development of THz communications is at
the dawn of intense standardization and regulation activities. This may keep the THz
community busy for at least a decade.
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