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Abstract—Exploring near-field propagation is increasingly rel-
evant for terahertz(THz)-band communications, as very large
antenna arrays (VLAA) are required to overcome the large
propagation losses. In the near field, the efficiency of conventional
far-field beamforming is reduced, while state-of-the-art near-
field beamfocusing requires perfect positioning and channel state
information to work efficiently. In this paper, first, experimental
measurements of wireless data transmission above 100 GHz in
indoor scenarios are presented to highlight the need for VLAAs
that will likely operate in the near field. Next, diffraction-free
Bessel beams are described as a promising near-field contender,
with propagation characteristics in the near field similar to those
of beamforming in the far field. Numerical results and their
interpretations highlight the impact of prospective wideband THz
communications during system implementations. It is particu-
larly observed that THz Bessel beams can be optimized for
the given environment, potentially improving the performance
characteristics of the system.

Index Terms—6G; Beamforming; Beamfocusing; Wideband

I. INTRODUCTION

The terahertz (THz) band (0.1 — 10 THz) has been widely
researched as a promising spectral resource to augment the
millimeter and microwave spectrum currently utilized in fifth-
generation (5G) networks for meeting the communication
needs of sixth-generation (6G) and beyond networks [1], [2].
The high photon energy and sub-millimeter wavelengths of
THz signals also make them ideal for imaging and sensing.

However, THz signals suffer from extremely high path
losses. On the one hand, the absorption losses, occurring at
specific absorption peaks within the THz-band, act to divide
the THz-band into multiple windows [3]. Nonetheless, each
of these transmission windows can still provide several tens
or even hundreds of GHz of contiguous bandwidth, vital for
creating the ultra-broadband links that can provide support
for the next generation of communication standards [4], [5].
On the other hand, the devastating spreading loss within these
transmission windows severely attenuates the possible commu-
nication distance. Indeed, to make THz-band communication
a viable domain, the utilization of very high gain aperture
systems is vital for efficiently radiating the signal. In this
scenario, the radiation is ideally concentrated in a very narrow,
or so-called “pencil-like” beam [6], [7]. To ensure robust
connectivity in mobile scenarios, these pencil thins beams
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should further be electronically steerable. Here, the utilization
of very high gain arrays equipped with phase shifters could
help enable the steering of these highly directional beams for
securing broadband THz-communications, even in challenging
mobile setups, up to several tens of meters [6].

However, the design of such systems, and their operation,
become extremely challenging when trying to facilitate ultra-
broadband, high-gain communications. First, the very large
aperture tremendously increases the near-field region of the
array, rendering canonical far-field based beamforming and
beamsteering solutions ineffective, and thus calling for possi-
ble alternative near-field specific wavefronts [7]-[9]. Further,
the phase shifters utilized in such implementations are, by
design, narrow-band [10]-[12]. Although true-time delay lines
can be explored as a possible solution to this problem [13],
their integration in the THz regime with very large antenna
arrays (VLAAs) is extremely complex. Thus, the wideband
nature of the prospective THz data links decreases the effi-
ciency of the generated THz beams, as we expand upon in
detail later. These two challenges, and in particular the latter
challenge, provide the main motivation for this work.

In this paper, we explore and compare the performance of
different techniques for enabling directional wideband THz
communications in the near-field. First, in Section II, we
describe the results of our measurement campaign for THz
communications, illustrating that extremely-high-gain anten-
nas or, specifically, VLAAs for mobile systems, are needed for
THz communications even in relatively short-range indoor de-
ployments. In Section III, we elaborate on the near-field zone
of such VLAAs and the different wavefronts that can generate
beams to complement or even replace canonical beamforming
in such deployments. We also explain the wideband implemen-
tation of such designs. We present our results in Section IV,
where, in particular, we observe that THz Bessel beams
outperform both beamforming and beamfocusing techniques in
near-field scenarios. We further show a simple methodology
for mitigating wideband effects with Bessel beams at THz
frequencies. We conclude our paper in Section V.

Authorized licensed use limited to: Northeastern University. Downloaded on August 05,2023 at 03:13:39 UTC from IEEE Xplore. Restrictions apply.



5 10 15 20 2
Measurement Number

\

Fig. 1: A case study at 130 GHz: a) The auditorium layout, fixed Tx
and RX moved to 24 spots marked within — the top and bottom insets
are photos of the experiment in progress, from locations as depicted
within the layout; b) SNR strength derived at respective measurement
spots; and c¢) The TeraNova Testbed utilized for the experiment.

II. INDOOR THZ LINKS: A MEASUREMENT CAMPAIGN
A. Measurement Scenario and Hardware

To objectively demonstrate the need for VLAAs for THz
communications, we conducted an experimental measurement
campaign in an indoor scenario relevant to future wireless
networks operating above 100 GHz. A large auditorium (275-
seat capacity, as in Fig. 1(a)) in the Interdisciplinary Sciences
and Engineering Complex (ISEC) at Northeastern University
was selected for the measurements. A typical scenario in
this setting would be, for example, where a presenter (TX)
broadcasts high data feeds to the users in the audience (RX),
i.e., to their tablets or XR devices [14]. In such a setting,
it is extremely important to characterize the SNR at the RX
in unfavorable positions. These unfavorable positions exhibit
truncated signal strength from greater path loss due to longer
link distances, the poor relative orientation between the TX
and RX, or both.

We utilize the TeraNova testbed [15] to generate, radiate,
receive, and process a 10-GHz-wide BPSK-modulated signal
at 130 GHz carrier frequency. We first fix the TX location
near the presenter podium, directly towards the audience. The
front-end utilized a power of 0.02W and 21dB gain. We
exploit a 38dB gain front-end at the RX, which is placed
on a pod stand with complete degrees of freedom to achieve
any orientation. Twenty-four measurement spots, as marked in
Fig. 1(a), are considered. Measurements 1-20 benchmark sig-
nal strength at unfavorable distances, whereas Measurements
21-24 benchmark signal strength at unfavorable orientations.
Finally, Measurement O is specifically recorded as a reference
point to highlight the SNR at a 3m line-of-sight (LoS)
configuration, where the spreading losses are reduced.

B. Key Results and Observations

The measured raw data samples are then combined and
processed during the post-processing phase to produce in-
formative performance indicators for each of the measured
locations. The average SNR experienced in each of the mea-
surement locations is illustrated in Fig. 1(b). The obtained
results highlight the potential limitations in systems without

VLAA:s. Particularly, even in the presence of 21 dB + 38dB
~ 60 dB gain from TX and RX antennas, the resulting average
SNR stays in-between 0 dB and 5 dB for all the measurements
from 1 to 24. While it is theoretically possible to perform
data exchange with the SNR of 5dB, the resulting spectral
efficiency will not exceed log,(1 + SNR) ~ 2bit/s/Hz.
Hence, a 10-GHz-wide sub-THz band will feature no more
than 20 Gbit/s capacity, which is very far from the desired
performance indicators for THz systems [16], [17], not even
accounting for the overheads of the physical and link layers.

In addition, the transmission scheme that we have con-
sidered in our campaign is BPSK; higher-order modulations
require a greater threshold SNR to guarantee the same BER
performance. Considering these constraints, and the afore-
mentioned measurements, it becomes clear that the use of
VLAAs in typical indoor settings is critical at frequencies
above 100 GHz. The design of these VLAAs can be simplified
significantly through the utilization of intelligent reflecting
surfaces (IRSs), especially since the instantaneous bandwidth
of VLAAs is usually on the order of 1/7, where 7 is the
propagation delay across the array aperture [18].

III. WIDEBAND NEAR-FIELD THZ COMMUNICATIONS

A. The Superposition Principle and the Array Gain

Each element of an array radiates an EM signal. The
superposition of these signals then describes the amplitude of
the EM signal as generated by an array aperture. For an array
in the xy plane, centered at Z = 0, the resultant radiation can
be manipulated through the application of a set of time delays
across the elements of the array, to have coherent addition at
the receiver. Due to the extreme complexity of true time delay
lines, the time delay t is often approximated through a phase
delay 6¢ = kcdt, where k is the wavevector and c is the speed
of EM waves. Clearly, when the phases of individual elements
coherently add up towards the receiver, the beam energy is
concentrated in a smaller region. The question that arises is,
how do we find the required distribution of phases?

B. Wideband Considerations

Regardless of the methodology utilized to find the phases,
these must then be actually applied across the array elements.
For such a setup, a codebook C(®) is utilized. Since the
codebook involves phase delays that are a function of the
wavevector, we can expect:

C(®) = f(k), (1)
where k is the wavevector. In a wideband system, the band-
width of the system B = [fmin, fmaz), centered around a

design frequency fy. Thus, the codebook is found as a function
of this central design wavevector kg:

C(®) = f(ko), 2)

that is then unchanged across the range of the frequencies. The
equivalent codebooks C(®)y, that are then effectively applied
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to the other frequencies of this wideband system depend on
both the wavevector k as well as the “central codebook” C(®):

C(®)x = f(k,C(P)). 3

C. Beamforming — The Plane Wave Approximation

The simplest methodology for finding the required phase
distribution for coherent addition is to assume that the receiver
is infinitely away from the array. In such a setup, an array
in the x-y plane radiates a plane wave specified by spherical
coordinates (0, ¢, p) [19]. Then, the required phases are stored
in a codebook, C(®), given as [7]:

C(®) = —ko(dsin (Ax cos ¢ + Aysin ¢)), 4

with d as the separation between the elements. Setting Ax
or Ay to 1 signifies a progression in the z or y direction,
respectively. From (3), we observe:

C(®)r = —ak(dsin(Ax cos ¢ + Aysin¢)), ®)

where o = ko /k. a changes across the bandwidth, indicating
that while the value of the phase delay remains the same across
the bandwidth, its effect doesn’t. The “wideband" effect serves
to produce a squint, or a slight deviation, in the resultant
direction of beamsteering. Notably, for broadside radiation
(06 = 0), the phases all equate to zero, and there is no
discernable wideband effect.

The plane-wave approximation of beamforming is applica-
ble when the receiver is in the far field of the array. However,
when VLAAs are required, the length of the array can quickly
cross even hundreds of wavelengths in size, or reach a few
centimeters at THz frequencies. In a VLAA with a side length
L, the applicable far-field distance, or the boundary of the
near-field and the far-field, Dy, is found as [7]:

2

)\ )
Thus, the requirement of a massive gain, due to the very high
path losses at these (sub) THz frequencies, is what constitutes
the very large near-field zone. A link budget shows that arrays
with gains of up to 60-70dB may be required for very high
data rates [20], [21], where the applicable far-field boundary
will quickly cross most limits of envisioned applications of
THz communications [21].

Dy =2 (©6)

D. Operation in the Near field

Identifying the likely region of operation as the near field,
we observe that we must adapt the operation of the array, and
the determination of the codebook C(®), through a different
technique.

1) Beamfocusing: The simplest solution is to revisit the
phenomenon of beamforming, and observe that the plane wave
approximation is in fact a spherical equivalent in the near-
field [9]. As shown in Fig. 2(b), a lens-like operation, wherein
the focal point F' is equal to the distance of the receiver from
the array, is desired. Here, C'(®) is of the form [7]:

C(®) = k(VF? + (2% +y?) — F), ©)

that serves to strip off the phases acquired from the different
path length r; of each path from an element of the array to
the focal point. Equivalently,

C(®) = etikori, ®)

providing an exact conjugate of the individual path distance
from each element to the RX, with the convergence at a
specific spot. Ultimately, however, such a technique is quite
susceptible to any micro/macro mobility and needs constantly
updating channel state information (CSI) as the radiation is
concentrated in a focal spot. For a wideband system, we derive
C(®P) as in (3):

C(®), = etIhori, )

where « = ko/k. Thus, in the case of beamfocusing, we will
observe a beam-splitting effect dependent on the percentage
deviation from the carrier frequency, as the equivalent com-
pensation of path difference, ar;, changes with the frequency.

2) Bessel Beams — A more appealing solution?: The ap-
plication of phases that serve to mimic plane waves traveling
inwards on a cone produces a beam, that has a non-diffracting
intensity that can be illustrated through the Bessel func-
tion [22]. Such Bessel beams, wherein a beam characterized
by a non-diffracting central spot along the central axis of the
so-defined cone, with concentric rings around it, are set up
in the near-field of the array, and propagate to a maximum
distance Z,,4z, given by [23]:

Zmam = L ’
2tan(0)

where L is the side length and 6 is the angle of the cone. The
required codebook C(®) is then found as:

C(P) = kov/22 + y2sin(0), (11)

where 6 describes the angle of the realized cone. The resultant
beam profile is shown in Fig. 2(e), wherein a beam character-
ized by a non-diffracting central spot along the central axis of
the so-defined cone, with concentric rings around it, is set up.
For the wideband system, we have:

C(®)r = kv x? + y%(asin(h)),

where « = ko /k as before. Thus, in the case of Bessel beams,
the wideband effect changes the angle of the cone, thereby
altering the propagation range of the Bessel. More importantly,
we observe that as the cone angle becomes reduced, we get a
longer propagation and as the cone angle sharpens, we get a
reduced propagation distance.

(10)

(12)

IV. NUMERICAL RESULTS

In this section, we present our results that validate and
elaborate on the discussions in the previous sections. We
consider an array that can provide up to 70dB of gain,
which can support THz-band communications for larger link
distances. A 300 GHz design frequency (A = 1mm, and a
bandwidth of 20%, or 60 GHz is considered with a planar
array. To accurately capture the broadband effect, we restrict
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the mobility of the receiver along the broadside, either towards
or further from the array. In the case of more complex
propagation scenarios, the impact of the environment would
also play a key factor in the efficiency of each wavefront.

A. Comparison of the Radiation Efficiency

Figure 3 presents the quantitative performance of the differ-
ent modes of array operation, namely beamforming (Fig. 3(a)),
beamfocusing (Fig. 3(b)) and Bessel beams (Fig. 3(c)), at the
limits of the bandwidth. The radiation efficiency is an often
neglected parameter that directly contributes to the derived
SNR by capturing how efficiently the desired wavefront has
been generated [21]. Due to the massive far-field distance,
beamforming is crippled. The focusing point of beamfocusing
is arbitrarily chosen to coincide with the maximum efficacy of
Bessel beams (13.5m). We observe that although both these
operating regimes can sustain the maximum efficiency at this
optimal point, beamfocusing has significantly less tolerance
to micro-mobility; any movement near or further to the array
considerably drops the radiating efficiency. In the case of
Bessel beams, the efficiency is considerably maintained.

Intensity

Fy>F

2 Sx& ";k<F
o0

d) N2

Intensity

e)

Fig. 2: a) An antenna array can be utilized to create different near-
field solutions such as b) beamfocusing and c) Bessel beams. The
wideband ramifications of the system affect the operation of these
different wavefronts in different ways. The intensity and phase of the
beamprofile in the longitudinal (cross-sectional) plane are shown in
d) and e) for beamfocusing and Bessel beams, respectively.
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focusing; c) Bessel beams.

B. Improved Wideband System Design in the Near Field

Further, we observe from Fig. 3 that across the bandwidth
considered (only dependent as a percentage of the carrier
frequency), beamfocusing is split into several focal spots. On
the other hand, the utilization of a Bessel beam serves to
provide a certain resilience to the wideband effect, since a
change in the frequency only changes the cone angle, and thus
the maximum distance of propagation of the resultant Bessel.

We further illustrate this effect in Fig. 4. We fix the link
distance to 13.5m, which was the optimal focal point for a
300 GHz carrier. It is observed in Fig. 4(a), that when the
system is designed at f, beamfocusing has a significant drop
in efficiency across the bandwidth. Bessel beams are resilient
with a reduced drop. The drop is more pronounced for the
portion of the bandwidth that is below the design frequency,
as the range of the Bessel is decreased in those instances.
Although beamforming does not face any losses due to the
fact that the phase is set as zero, the absolute value of the
efficiency is too low to be considered an apt design.
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Hence, we observe that the use of Bessel beams and
a simple sanity check helps counter the wideband effects
significantly — when the system is designed for the lowest
frequency comprising the system bandwidth, nearly the same
performance can be expected across the entire bandwidth, as
in Fig. 4(b). This is an important practical insight, exclusive to
Bessel beams: designing the system with the lowest frequency
in mind allows concentrating most of the energy near the target
receiver. The observed effect is another advantage of using
Bessel beams for THz communications in the near field.

V. CONCLUSIONS

The very high path losses at (sub) THz frequencies make
the near-field region a likely scenario for future wireless
communication scenarios. The manifestations of near-field,
wideband, and mobile system implementation make canonical
beamforming and beamfocusing unattractive solutions. Bessel
beams, designed at the lower end of the wideband system,
can significantly mitigate the problems of accurately providing
the improved radiation gain that is necessary for sustaining
reliable, ultra-high data rate links at such frequencies.
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