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Abstract—In this paper, experimental results for wireless Ter-
ahertz (THz) communications at 1.02 THz, the first absorption-
defined window above 1 THz, are presented. After briefly describ-
ing the hardware components of the experimental testbed, the
details on the communication and signal processing algorithms,
including synchronization, channel estimation and equalization,
and modulation and demodulation, are described. The perfor-
mance in terms of Bit Error Rate for single- and multi-carrier
modulations able to support tens of Gigabits-per-second over
sub-meter distances is presented and discussed, encouraging the
exploration of communication systems at true THz frequencies.

Index Terms—Terahertz communications; ultra-broadband
networking; testbed and experimental research; beyond 5G

I. INTRODUCTION

In the recent years, the way in which our society creates,
shares and consumes information has lead to unprecedented
growths in the number of wirelessly-connected mobile devices,
the total amount of data that these devices generate and the
speed at which they communicate [1]. In relation to the latter,
following the current trend, Terabit-per-second (Tbps) links
will become a reality within the next five years.

To enable Tbps links, different wireless technologies are
being considered, ranging between massive MIMO communi-
cations at millimeter-wave (mm-wave) frequencies to optical
wireless communications. In between the two ends of the
electromagnetic (EM) spectrum, the Terahertz (THz) band
(from 100 GHz to 10 THz) provides us with tens to hundreds
of GHz of consecutive bandwidth and can potentially enable
ultra-broadband wireless communication links [2].

Traditionally, the use of the THz band has been relegated
to sensing and imaging applications due to the lack of both
compact and efficient ways to generate, modulate and detect
THz signals, as well as accurate models and understanding of
the propagation of THz signals. However, major advancements
from the device and communication perspectives are finally
closing the THz gap. On the one hand, new electronic [3],
photonic [4] and plasmonic devices [5] have demonstrated
unprecedented performance in terms of operating frequency
(meeting the 1 THz mark), power (up to tens and hundreds
of mW) and modulation bandwidth (tens of GHz). On the
other hand, accurate channel models based on radiative transfer
theory have been developed for line-of-sight [6], and multi-
path propagation [7].
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In parallel to such developments, several experimental
testbeds for THz communications have been developed. For
example, experimental testbeds based on THz electronic de-
vices have been demonstrated to support multi-Gigabit-per-
second (Gbps) links over distances varying from less than a
meter to hundreds of meters at 240 GHz [8] 300 GHz [9],
625 GHz [10] and 667 GHz [11], all still under 1 THz.
Similarly, THz photonic devices have been utilized to create
several platforms for ultra-broadband communications in the
vicinity of 300 GHz [12], [13]. In all these platforms, the
frequency is under 1 THz or in the sub-THz range. In order
to study, understand and assess the feasibility of wireless
communications at frue THz frequencies, a platform able to
support wireless links above 1 THz is needed.

In this paper, the TeraNova testbed, the world’s first testbed
at 1.02 THz is described and initial experimental results
for wireless communications at true THz-band frequencies
are provided. The paper is organized as follows. In Sec. II,
we provide an overview of the hardware that integrates the
THz testbed. In Sec. III, we describe the backbone of the
platform, i.e., a software-defined physical layer in charge
of synchronization, channel estimation and equalization, and
modulation/demodulatiom. In Sec. IV, our experimental results
in terms of link budget analysis, channel frequency character-
ization, noise power and phase characterization, and bit-error-
rate (BER) for different modulation schemes, are provided and
discussed. The paper is concluded in Sec. V.

II. TERANOVA HARDWARE OVERVIEW

The TeraNova testbed and its corresponding block diagram
are illustrated in Fig. 1. On the transmitter side, an analog
signal generator (PSG, Keysight E8257D) with very low root
mean square (RMS) jitter (21 fs) is utilized to synthesize
the Local Oscillator (LO) at a frequency between 41.67 GHz
and 43.75 GHz. A Schottky-diode-based chain of frequency
multipliers, custom designed by Virginia Diode Inc. (VDI),
is utilized to upconvert the LO to the target radio frequency
(RF) between 1 THz and 1.05 THz. A mixer based on the
same technology is utilized to mix an Intermediate Frequency
(IF) signal generated by a state-of-the-art Arbitrary Wave-
form Generator (AWG, Keysight M8196A), with an analog
bandwidth in excess of 32 GHz, a sampling frequency of up
to 93.4 Giga-samples-per-second (GSas) and 8-bit resolution.
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Fig. 1: The TeraNova testbed (top) and schematic diagram of the TeraNova transceiver hardware components (bottom).

The maximum input power at IF in the mixer is 0 dBm
and the maximum output power is -15 dBm or 30 pW. On
the receiver side, a second PSG and a frequency multiplier
chain with mixer based on the same technology is utilized to
generate the LO frequency and RF carrier, respectively, needed
to down-convert the received RF frequency to IF band. A
state-of-the-art Digital Storage Oscilloscope (DSO, Keysight
DS0Z632A) with 63.2 GHz of bandwidth and 160 GSa of
sampling frequency, is utilized to digitize, visualize and store
the received signals for further processing. The software-
defined physical layer (Sec. III) is utilized to Process the
digitized signals. Furthermore, for transmitting and receiving
the RF signal, two directional diagonal horn antennas (by VDI)
are utilized. Both antennas exhibits 26 dBi gain and 10° angle
half-power bandwidth at the 1 THz design frequency. Coaxial
(2.4 mm male to male) and RoHS (restriction of hazardous
substances) compliant cables are utilized to interconnect the
different testbed elements.

III. TERANOVA SOFTWARE-DEFINED PHYSICAL LAYER

In this section, we discuss the software-defined physical
layer for the transceiver system, summarized in Fig. 2. At the
transmitter, the data bits are organized in frames, modulated
into symbols, and fed to the AWG. At the receiver, the digitized
signals captured by the DSO are synchronized, equalized and
demodulated to recover the data bits.

A. Frame Generation

The frame is composed of three parts: the header (a 20-
bit-long predefined pseudo-random sequence), the training
sequence (up to 200 bits) and the data sequence. The header is
utilized to detect the beginning of a new frame and the training
sequence is utilized for channel estimation and equalization
purposes. The data sequence consists of 2184 user-defined bits.

B. Modulation

The generated frames are modulated according to single
carrier and multi-carrier modulation schemes. In the case of
single carrier modulation, M-ary Phase Shift Keying (M-PSK)
is utilized, given by

1,, = cos <(m]\2[1)27r> ; Q= Sin (WJ\;D2W> , (D

where, (I,,) is in-phase and (Q,,) is quadrature components
to generate the symbols.

Orthogonal frequency division multiplexing (OFDM) is uti-
lized for multi-carrier modulation. The in-phase and quadrature
components (I, + jQ.,) are modulated according to the
data bits (for each carrier of OFDM) and passed through a
serial to parallel conversion block, then fed to an IFFT block.
Furthermore, the cyclic prefix is added to mitigate the effect of
inter-symbol interference (ISI). To transmit the signal a parallel
to serial conversion block is utilized. In the case of OFDM,
frequency equalization is done by sending known I,,, + jQ,
values in regular carrier interval.

C. Pulse Shaping

A raised cosine pulse filter is utilized to modulate the
symbol and restrict the generated signals’ spectrum within the
transmission bandwidth. The pulse-shaped signal is given by

T (t) = real[p(t) (I + jQum )]V I 1rt), )

where ¢ refers to time, p is the raised cosine pulse and f;p
refers to the intermediate frequency.

D. Pre-equalization

To compensate constant frequency selective response of the
hardware components pre-equalization filter is implemented.
In our case, this arises mainly from the frequency-dependent
attenuation of the coaxial cables and connectors.
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Fig. 2: Software-defined physical layer for The TeraNova platform

The frequency response H (k) is calculated by comparing
the transmitted and received single-tone IF signal within the
system components bandwidth. The inverse of the frequency
response is used as the frequency domain coefficient of the
pre-equalization filter. The frequency response is given by

P.(k) — P, \'/?
where P, (k) is the received signal power with noise at the k;j,
frequency, Ps(k) is the transmitted signal power and P, is the
noise power for the whole observation bandwidth. Next, we
describe the receiver implementation.

E. Noise Filtering

A Chebyshev bandpass filter based on Parks-McClellan-
algorithm is utilized to remove the out of band noise to
improve the performance.

E Frame Synchronization

To synchronize with the starting point of the captured signal
a correlator filter is utilized within the frame synchronization
block. This block correlates the received signal with the same
pseudo-random sequence utilized at the transmitter.

G. Post-equalization

To mitigate the effect of inter symbol interference (ISI),
frequency selective nature of the channel and path loss a
minimum mean square error (MMSE) based post-equalizer is
utilized. In this case, end-to-end channel model is given by,

r(n) = h(n) x s(n) +v(n), @)

where s(n) is the transmitted pilot signal to estimate the
channel, 7(n) is the received signal, v(n) are the noise samples
and h(n) are the channel coefficient. To design post-equalizing
filter, we minimize the error between transmitted training
signals and signals at output of the post-equalizer and given
by,

min||3 — Rf||? w.rt f, Q)

Where 57 = [s(n+1)s(n+2)...s(p)] is the transmitted pilot
signal vector till the pyy, instant; f7 = [f(0)f(1)... f(n)] is

the n + 1 tap post-equalizer coefficient vector; and R [(p —
n) X (n+1)] is Toeplitz matrix given by the following matrix,

r(n+1) r(n) r(n—1) r(1)
_ rin+2) r(n+1) r(n) r(2)
M) -1 rp-2) .. rp-n)

(6)
H. Demodulation

A correlator-type detector based on maximum likelihood
(ML) criterion is utilized to recover the bits, as

1<m<M

T
i = arg max ( / r(t)xm@)dt—%ime?) ™
0

where m denotes the maximum match index and m=1,2,.... M
(M is the modulation index). r represents the received symbol.
Z, denotes all possible symbols generated (see Sec. III-C).

In the case of OFDM, the cyclic prefix is removed from
the received symbol and passes through a serial to parallel
conversion block to fed them an FFT block. At the output of
the FFT block we get the corresponding complex baseband
symbols in I, + j@,, form and symbols are passed through
detection algorithm for recovery of the bits.

IV. EXPERIMENTAL SYSTEM CHARACTERIZATION AND
TESTS RESULTS

A. Link Budget Analysis

The received signal power P, in dB is given by

Pr:t = Ptz +Gtz +Gr:n +GLNA _Lspr - Labs - Lmzz _Lmisca
®)
where P, is the transmitted power, Gy, and G,, are the
transmit and receive antenna gains, respectively, Gy 4 is the
LNA gain at the receiver, Ly, refers the spreading loss, L.
stands for the absorption loss, L,,;, is the conversion loss
at receiver and L,,;s. accounts for miscellaneous losses in
cables and connectors. In Fig. 3, the estimated power and
the actual received power for a 1.02 THz link are compared.
The experimental results closely match with the theoretically
computed values, which reinforce the system design.

B. Channel Frequency Characterization

The channel frequency is characterized by mixing a constant
single tone IF of 1 GHz generated by the AWG and sweeping
the LO frequency both at the transceiver in fixed steps of
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Fig. 3: Comparison of actual received power and estimated
received power in different distance.
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5 GHz, from 1 THz to 1.05 THz. In Fig. 4, we compare
the measured channel frequency response with the analytical
model, represented in [6]. The theoretically calculated and
the experimentally measured values at 5 cm and 15 cm
are close to each other.The results demonstrate the ultra-
broadband response of the THz channel and devices, which
opens the door to ultra-broadband communication systems at
THz frequencies.

C. Noise Characterization

The main source of noise in our setup is the thermal noise
at the receiver multiplier and mixer chain, in addition to the
absorption noise introduced by water vapor molecules in the
channel. Furthermore, low-frequency noise is introduced by
the power supply and transmission chain.

The IF noise at the receiver for 62.3 GHz bandwidth is
captured by the DSO (with and without the down-converter
connected). In Fig. 5, It is observable by the graph, the his-
togram of the measured noise follows a Gaussian distribution,
with approximated mean and variance given by -1.7 mv and
2.4 pw with the down-converter and -0.95 mv and 1.2 pw
without the down-converter added, respectively.

Phase noise is rapid, short-term, random fluctuation in phase
due to time domain instability, called jitter. The Single Side
Band (SSB) Phase noise (comparing with the carrier power)
of the end to end transceiver system is measured in terms of
dBc/Hz. It reduced under -100 dBc/Hz after 1 MHz mark,
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Fig. 5: Comparison of PDFs of noise amplitude (top) and SSB
phase noise for end to end transceiver system (bottom).

which is illustrated in Fig. 5 and allow us to use different
multicarrier modulation technique.

D. Data Communication

The performance of BPSK, QPSK, 8-PSK and OFDM at
1.02 THz, with modulation bandwidth of 10 GHz is experi-
mentally tested. In the case of OFDM, 20 and 80 sub-carriers
(SC) are utilized, modulated with BPSK symbols each having
500 MHz and 125 MHz bandwidth, respectively. In Table. I,
we summarize our results in terms of BER by considering
ten data frames (2,184-bit-long). It is observable that the BER
increases for OFDM with the increase in the number of sub-
carriers. Moreover, the performance of OFDM is unsatisfactory
comaper to phase modulation. This is because of the peak-to-
avg-power-ratio (PAPR) of OFDM is high and increases with
the number of sub-carriers utilized, which reduce the detection
capability of the low power component of the received signal.
These results encourage the use of phase modulations for the
current technology available.

In Fig. 6, the constellation diagram for BPSK, QPSK and 8-
PSK modulation (13 cm distance) before and after equalization
is plotted. Before equalization, the constellations are wide
scattered than after equalization, which increases the BER.
Moreover, equalization corrects the phase of the modulation.

In the Table II, BER with the decreasing number of pilot
bits is illustrated for 8-PSK modulation (at 13 cm distance).
The error rate increases as the number of pilot bits decreases.
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Modulation ?C‘r‘;tfmce E‘&L(Gbps) SNR(dB) | BER
BPSK 5 35 112 0

BPSK 9 35 8.1 0

BPSK 13 5 5.5 1.3x 101
QPSK 5 10 1.5 0

QPSK 9 10 8.2 45 x 1077
QPSK 13 10 5.7 5.5 x 10~%
8-PSK 5 15 11 9.1 x 10~°
8-PSK 9 15 7.8 4.6 x 1073
8-PSK 13 15 5.2 2.7 x 1072
OFDM 5 9.875 (80 SC) | 17 9.1x 10~ %
OFDM 9 9.875 (80 SC) | 12.8 2.6 x 10~ 2
OFDM 5 9.5 (20 SC) 16.8 82x 10~ 1%
OFDM 9 9.5 (20 SC) 13 1.8 x 102

TABLE I: BER for different modulation schemes at 1.02 THz.

Fig. 6: Comparison of constellation diagram before and after
equalization from left to right respectively, for BPSK (top),
QPSK (middle) and 8-PSK (bottom) modulation.

No. of pilot bits | BER

201 2.7 x 1072
151 2.9 x 1072
101 3.0 x 102
51 4.3 x 1072
15 0.1

TABLE II: BER with different number of pilot bits utilized
for post-equalization, in case of 8-PSK received at 13 cm.

V. CONCLUSION

In this paper, we present the TeraNova testbed and software-
defined backbone for ultra-broadband communication in fre-
quency above 1 THz. This testbed will be the gateway to
multi-Gbps as well as Tbps communication and long distance
THz communication. The frequency characterization and noise
statics of the channel have provided us with the in-site to
use different modulation technique and power requirements
for the successful communication. This setup opens up new
avenues of research on ultra-high-speed data communication,
signal processing and networking.
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