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Terahertz (THz)-band (0.1 THz to 10 THz) communication is envisioned as a key technology to meet the de-
mand for faster, more ubiquitous wireless communication networks. For many years, the lack of compact, fast
and efficient ways to generate, modulate, detect and demodulate THz-band signals has limited the feasibility of
such communication systems. Recently, major progress within different device technologies is finally closing the
so-called THz gap. For the time being, communication testbeds have been developed at sub-THz frequencies, i.e.,
at or near the boundary with millimeter-wave communication systems. Nonetheless, higher carrier frequencies
and their associated bandwidth are needed to meet the demand for much higher data rates. In this paper, the Ter-
aNova platform, i.e., the first integrated testbed for ultra-broadband wireless communications at true THz-band
frequencies, is presented. The system consists of a transmitter and a receiver based on Schottky-diode frequency
multiplying and mixing chains able to up & down-convert an information-bearing intermediate frequency (IF)
signal up to 40 GHz-wide between 1 and 1.05 THz, i.e., the first absorption-defined transmission window above
1 THz. Guided by the experimental characterization of the THz channel in terms of path-loss and noise, tai-
lored framing, time synchronization, channel estimation and single- and multi-carrier modulation techniques are
implemented in software and realized by a state-of-the-art arbitrary waveform generator and a digital storage os-
cilloscope at the transmitter and the receiver, respectively. Experimental results are presented herein to highlight
the opportunities and challenges to unleash the potential of the THz band.

1. Introduction quencies, are also being explored for future ultra-broadband wireless

communication systems able to support physical-layer data-rates ex-

Wireless data traffic has surged in recent years due to a change in
the way today’s society creates, shares, and consumes information. Ac-
companying this change is an increasing demand for faster, more ubig-
uitous wireless communication networks. As a result, wireless Terabit-
per-second (Tbps) links are expected to become a necessity within the
next five to ten years. Several alternatives are being considered to
meet this demand. On the one hand, the development of sophisticated
physical layer techniques (e.g., massive MIMO communications & Al-
infused signal processing) and the adoption of frequency sub-bands in
the millimeter-wave spectrum (e.g., 28 GHz & 60 GHz bands) are part
of 5G systems able to support data rates approaching 100 Gigabits-
per-second (Gbps). On the other hand, optical wireless communication
(OWC) systems, whether at infra-red, visible or even ultra-violet fre-
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ceeding 100 Gbps.

Between these regions of the electromagnetic (EM) spectrum, the
Terahertz (THz) band (from 100 GHz to 10 THz) has recently attracted
the attention of the wireless communication community [1,2]. This band
provides huge transmission bandwidths (much larger than at mm-wave
frequencies), which range from a few THz for distances below one meter
to multiple transmission windows each tens to hundreds of GHz wide for
longer distances. Nevertheless, this very large bandwidth comes at the
cost of a high propagation loss (yet still lower than at optical frequen-
cies), resulting from spreading and molecular absorption, which also
creates a unique distance dependence on the available bandwidth. All
these require the development of innovative solutions. For the time be-
ing, the majority of THz-band communication works are mainly theoret-
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ical or contain limited experimental validation (always in the sub-THz
range or under 1 THz), because of the absence of experimental platforms
for true THz communications.

The lack of compact high-power signal sources, high-speed modula-
tors & demodulators, and high-sensitivity detectors able to work at room
temperature has traditionally hampered the use of the THz band for
any application beyond sensing. However, many recent advancements
with several different device technologies are closing the so-called THz
gap [3]. In an electronic approach, the limits of standard silicon CMOS
technology [4], silicon-germanium BiCMOS technology [5] and III-V
semiconductor transistor [6] and Schottky diode [7] technologies are
being pushed to reach the 1 THz mark. In a photonics approach, uni-
traveling carrier photodiodes [8], photoconductive antennas [9], opti-
cal downconversion systems [10] and quantum cascade lasers [11] are
being investigated for THz systems. More recently, the use of nanoma-
terials such as graphene is enabling the development of plasmonic de-
vices [12]. These devices are intrinsically small, operate efficiently at
THz frequencies, and can support large modulation bandwidths. More-
over, graphene is just the first of a new generation of 2D materials, which
can be stacked to create new types of devices that leverage new physics.

Experimental testbeds for THz communications can be developed us-
ing the technologies mentioned above. These platforms should integrate
at least one transmitter and one receiver, and should ideally be able to
support multi-GHz bandwidths over THz-band carrier frequencies. Ex-
isting platforms (Section 2) still operate at carrier frequencies below 1
THz with baseband bandwidths of up to a few tens of GHz. It is expected
that, in order to enable wireless Tbps, a larger channel bandwidth and
devices fast enough to utilize it are needed. These two conditions can be
met by exploring higher-frequency windows, specifically around 1 THz
and above.

In this paper, we introduce the TeraNova platform, the first in-
tegrated testbed for ultra-broadband wireless communications at true
THz-band frequencies. In a nutshell, the TeraNova hardware (Section 3)
consists of: a state-of-the-art arbitrary waveform generator (AWG) able
to generate baseband signals with an analog bandwidth up to 32 GHz per
channel; a Schottky-diode-based THz signal source and mixer capable
of up-converting a tunable 40.8 GHz to 43.75 GHz local oscillator (LO)
signal anywhere between 0.98 and 1.05 THz; directional THz anten-
nas; a Schottky-diode-based broadband THz receiver capable of down-
converting the received signals; and a state-of-the-art high-performance
digital storage oscilloscope (DSO), with 63 GHz analog bandwidth.

Guided by the first experimental characterization of the 1 THz chan-
nel reported in this work, in terms of both path-loss as well as amplitude
and phase noise, we design and implement a tailored physical layer in
software at the AWG and DSO. This incorporates framing, time syn-
chronization, channel estimation and single and multi-carrier modula-
tion and demodulation functionalities (Section 4) and, given the nature
of the AWG/DSO, entails offline signal processing. Experimental results
are provided (Section 5) to illustrate the behavior of the wireless channel
at 1 THz and the performance of different modulation schemes. Finally,
we discuss (Section 6) the challenges that need to be overcome in order
to unleash the potential of the THz band, particularly on how to increase
the communication distance and data-rates and expand the range of ap-
plications from on-chip, short-range device-to-device communications
and wireless personal network areas, to local area networks, small net-
works, wireless backhaul and beyond.

2. Existing Terahertz communications testbeds

Several groundbreaking experimental testbeds for THz-band com-
munications have been developed within the last decade. Here we
focus on THz platforms (not mm-wave or OWC) that support the
transmission of actual data, and exclude systems aimed at sensing
applications or channel characterization only. In the seminal work
in [13], a sub-harmonic mixer based on Schottky diodes was utilized
to up-convert a 10 GHz baseband signal to 300 GHz by using a chain
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of frequency multipliers. An analog video was transmitted over a
distance of 20 m, down-converted by a similar setup and decoded by an
analog TV card. An improved platform was utilized in [14] to transmit
standard high-definition digital video over a distance of 50 m. In these
two experiments, standard analog/digital video signals were generated,
transmitted, received and processed. In [15], an experimental testbed
able to operate at 625 GHz was reported. A chain of frequency multi-
pliers based on Schottky diodes was utilized to directly up-convert the
modulated baseband signal. A zero-bias Schottky diode operating in
direct detection mode was used as a broadband receiver. Data transmis-
sion at 2.5Gbps was achieved when utilizing non-return-to-zero on-off
keying modulation.

In [16], an InP-based frequency doubler, mixer, and amplifier were
utilized to create a wireless link at 220 GHz. Data rates up to 10 Gbps at
2 m and 25 Gbps at 0.5 m were shown. In [17], the same authors uti-
lized a revised platform based on the same technology to transmit over a
distance of 10 m with data rate up to 25 Gbps at 220 GHz. In [18], a pho-
todiode emitter and a Schottky diode detector were used to experimen-
tally create a link at 300 GHz able to support 24 Gbps. In [19], a system
composed of a high-power photonic transmitter and a MMIC-based re-
ceiver at 237.5 GHz with 35 GHz bandwidth was used to create a stable
100 Gbps rate over 20 m. More recently, the goal has been to increase
the communication distance, generally by leveraging very-high-gain di-
rectional antennas (above 50 dB) at 240 GHz [20] and 667 GHz [21].
Other relevant works include [22], where a 4-channel MIMO at 300 GHz
is demonstrated, or [23], where commercial silicon photonics technol-
ogy is utilized to demonstrate a 56 Gbps link at 300 GHz.

A comparative summary of these works is provided in Table 1. In all
the aforementioned systems, the carrier frequency is well below 1 THz.
In addition, their focus is on demonstrating the hardware capabilities,
while implementing none or only standardized solutions for the phys-
ical layer, including framing, synchronization, channel estimation and
equalization, and modulation/demodulation.

In this paper, we report a state-of-the-art platform to guide the devel-
opment of communication solutions tailored to the capabilities of THz
devices and the peculiarities of the THz channel. Many have been the
challenges that we had to overcome. With the commercially accessi-
ble technology, a maximum of -15 dBm (30 uW) of transmitter power
is available, which restricts ultra-broadband communication to line of
sight (LoS) propagation over up to 20-cm-long distances. Furthermore,
highly directional antennas are utilized to acquire the required signal
power. At the receiver, due to the unavailability of low noise ampli-
fiers (LNAs) at THz frequencies, a low noise mixer is utilized as the
first element after the receiver antenna to retain the noise figure (NF)
in a considerable range. However, an ultra-broadband LNA is utilized
at the IF stage to amplify the signal for proper acquisition of the wave-
form. In addition, a tailored software-based physical layer is designed
to solve the issues affecting ultra-broadband signals including distortion
due to the non-flat hardware frequency response and high noise power.
A pre-equalizating filter is utilized at the transmitter to compensate for
the hardware deterministic frequency-selective response, which reduces
the noise power enhancement at the receiver side. To synchronize the
starting point of the signal at a low SNR regime, an engineered maxi-
mum merit factor (MF) sequence is utilized. To restrict the noise power,
we use a band-pass noise filter at the receiver. Also, we take advan-
tage of oversampling gain, which is incorporated with the correlator-
type detector. Moreover, to restrict the phase noise within the limit, the
frame transmission duration is restricted. Besides, the low peak to aver-
age power ratio (PAPR) modulation schemes are suggested for THz band
communications. The full details are provided in the next sections.

3. TeraNova hardware overview and specifications
The block diagram of the TeraNova testbed is illustrated in Fig. 1.

On the transmitter side, a high-performance analog signal generator
(PSG) is utilized to synthesize the LO. A Schottky-diode-based chain of
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Table 1

Comparison of the existing experimental testbeds for THz communications.
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Reference Carrier frequency Distance BW/ Data rate Channel estimation/ Frame structure Data Year

Equalization/

Synchronization
[13] 300 GHz 22 m 10 GHz | - Analog filtering Analog Video Analog video signal 2008
[14] 300 GHz 50 m 8 MHz | - DVB protocol DVB DVB signal 2010
[15] 625 GHz Few meters 5 GHz | 2.5 Gbps NA NA NRZ signal 2011
[16] 220 GHz 50 cm 50 GHz/25 Gbps NA NA Bit pattern generator 2011
[16] 220 GHz 2 m 50 GHz | 10 Gbps DVB protocol DVB DVB signal 2011
[17] 220 GHz 10 m 40 GHz | 25 Gbps NA NA User-defined 2012
[18] 300 GHz 50 cm 35 GHz | 24 Gbps NA NA User-defined 2012
[19] 237.5 GHz 20 m 35 GHz / 100 Gbps  NA NA User-defined 2013
[20] 240 GHz 850 m 40 GHz | 64 Gbps NA NA User-defined 2015
[21] 666 GHz 590 m - /9.5 Gbps NA Header + Payload User-defined 2017
[22] 300 GHz 50 cm - | 56 Gbps NA NA User-defined 2017
[23] 300 GHz 5m -/ 16 Gbps NA NA User-defined 2019
This work 1025 GHz 16 cm 30 GHz | 30 Gbps ML estimation Header + Pilots + User-defined 2020
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Fig. 1. The Teranova testbed (top); schematic diagram of the TeraNova hardware components (middle); and diagram of the physical layer design and implementation

for transceiver system (bottom).
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frequency multipliers is utilized to up-convert the LO to the target radio
frequency (RF) between 0.98 THz and 1.05 THz. The RF frequency is
mixed with the intermediate frequency (IF) signal by means of a broad-
band mixer based on the same technology. The IF signal is generated
by means of a state-of-the-art AWG by utilizing the physical layer de-
scribed in Section 4. On the receiver side, a second PSG and frequency
multiplier chain and mixer are utilized to generate the LO frequency
and RF carrier, needed to down-convert the received RF frequency to IF
band. A state-of-the-art DSO is utilized to digitize and store the received
signals for further processing. Processing of the digitized signals is done
by the physical layer described in Section 4. Next, we describe the main
system blocks at the transmitter and the receiver.

3.1. Transmitter

The first element at the transmitter side is an analog signal genera-
tor (Keysight E8257D), which can create very stable sinusoidal signals
between 250 kHz and 50 GHz with low root mean square (RMS) jitter
(21fs). In our case, the PSG is set between 40.8 GHz and 43.75 GHz.

To up-convert the LO to true THz frequencies, a frequency multi-
plier, mixer and amplifier chain (MixAMC), based on Schottky-diode
technology and custom-designed by Virginia Diode Inc. (VDI), is used.
The frequency chain consists of four multipliers (three frequency dou-
blers and one frequency tripler, total multiplication factor x 24) and is
used to generate a carrier signal anywhere between 0.98 THz and 1.05
THz. This supports the testing of THz communication systems on the
first absorption-defined transmission window above 1 THz, i.e., from
1.0 THz to 1.05 THz, which is the focus of our study, but also allows the
characterization of the absorption line at 980 GHz. Following the Mix-
AMC, a sub-harmonic frequency mixer is used to modulate the carrier
signal with the information-bearing IF signal. The mixer is able to oper-
ate with broadband signals between 100 kHz and 40 GHz and exhibits a
double sideband conversion loss of less than 15 dB. The maximum input
power at IF is 0 dBm and the maximum output power is -15 dBm or 30
uW.

To generate an ultra-broadband (tens of GHz wide) information-
carrying IF signal, a state-of-the-art AWG (Keysight M8196A) with high
bandwidth baseband signal processing capabilities is utilized. The AWG
incorporates four Digital-Analog-Converters (DACs), with an analog
bandwidth in excess of 32 GHz, a sampling frequency of up to 93.4 Giga-
samples-per-second (GSaps) and 8-bit point resolution. Besides conven-
tional pre-defined waveforms, the AWG is utilized in our case to gen-
erate any user-defined signal with up to 512 kSa. The maximum out-
put power of the device is 10 dBm for the single end output and 13
dBm for the differential output. Any mathematically-defined waveform
represented by a series of discrete points can be generated with high
precision.

3.2. Receiver

At the receiver side, an identical setup (LO +MixAMC) is utilized to
generate a THz carrier signal, which in this case is mixed with the re-
ceived RF signal to recover the IF signal. Here, the required LO signal is
generated by analog signal generator (Keysight E8257D), which is iden-
tical but separate than transmitter section. Down-converter is Schottky-
diode-based frequency multiplier, mixer and amplifier (MixAMC) from
Virginia Diode Inc. Similar to up-converter it has four multipliers (3 fre-
quency doublers and 1 frequency tripler) chain, which is responsible for
the down-conversion 1 THz RF signal to the baseband signal. The down-
converter has double sideband conversion loss of 15 dB and incorporates
a low noise amplifier (LNA) with 10 dB gain. Due to the challenges in
designing an LNA with low NF at higher frequencies and, consequently,
the unavailability of an LNA in our frequency range of interest, an LNA
is utilized only at the IF stage (DC-40 GHz) to amplify the received signal
power. The intention is to use the full DSO by maintaining the received
signal amplitude above the DSO sensitivity (i.e., >1 mv). Moreover, to

Computer Networks 179 (2020) 107370

maintain the NF in a tolerable range, a low noise mixer is utilized as the
first element after the receiver antenna.

A DSO (Keysight DSOZ632A) is utilized for real-time signal acqui-
sition, observation and storage. The DSO capable of capturing ultra-
broadband signals with up to 63 GHz, enabled by an Analog-to-Digital
Converter (ADC) with a sampling frequency of 160 GSaps, with 8-bit
resolution, and capacity for up to 100 Mpts. The system has low RMS
jitter of 170 fs and low RMS noise floor of 1 mV to 63 mV.

3.3. Other elements

Two directional diagonal horn antennas are used to radiate and de-
tect the RF signal. Each antenna exhibits a gain of 26 dBi and 10° angle
3 dB bandwidth at the design frequency of 1 THz. The antenna and the
mixer are connected by means of a rectangular waveguide (WR-1.0).

To interconnect the different testbed elements, 2.4 mm coaxial cables
are used. The losses of these cables at the LO and IF frequencies are non-
negligible, ranging from 2.5 dB/m at 6 GHz to 8 dB/m at 40 GHz. VSWR
rating of the connectors is approximately 1.2:1, thus introduce another
0.36 dB of insertion loss. Given the low power and high channel losses,
every loss directly impacts system performance. This fact motivates the
need to develop integrated on-chip THz systems.

4. TeraNova physical layer design and implementation

In this section, we discuss the physical layer for the transmitter and
the receiver (Fig. 1). At the transmitter, the user-provided data bits are
structured in frames, modulated into symbols and shaped into digital
signals to be fed to the AWG. At the receiver, the digitized signals cap-
tured by the DSO are synchronized, equalized and demodulated to re-
cover the data bits. MATLAB is utilized at both ends, which drastically
simplifies the design of the different signal processing blocks and ensures
arapid transition from numerical analysis to experimental testing. While
we describe the reference design currently implemented in the platform,
any of the blocks can be easily replaced to support the testing of new
functionalities, making the TeraNova a true testbed for THz communi-
cations. We divide the physical layer components into transmitter and
receiver side blocks to describe their detailed functionality.

4.1. Transmitter

Initially, the frame is generated by adjoining three parts, namely,
header, training sequence and data sequence. The header (18 bits) is a
maximal merit factor (MF) sequence, which we demonstrated [24] of-
fers optimal correlation properties (high auto-correlation and low cross-
correlation) and, thus, is uniquely suited to detect the beginning of a new
frame in low signal to noise ratio (SNR) scenario. The training sequence
(up to 200 bits) contains the bits that will be used for channel estimation
and equalization purposes. The data sequence contains up to 2184 user-
defined bits. As we will discuss in Section 5, this length is determined
after taking the phase noise of the system into consideration.

The generated frames are modulated according to different single-
carrier or multi-carrier modulation schemes. For single carrier modu-
lations, M-ary Pulse Amplitude Modulation (M-PAM) and M-ary Phase
Shift Keying (M-PSK) are considered. The in-phase (I,,) and quadrature
(Q,,) components are calculated to generate each symbol x,, where
m=1,2,...,M and M is the modulation index. For M-PAM, the I, and
Q,, components are given by

I,=2m-1-M;Q,, =0, @D
and, for M-PSK, these correspond to

o (m=D_ N\ ((m=1)
Im—cos< i 27r>,Qm—sm< I 27r>. 2)

For the testing of multi-carrier modulations, orthogonal frequency
division multiplexing (OFDM) is implemented. In this case, the gener-
ated in-phase and quadrature components (1,, + jO,,) for each carrier
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are passed through a serial-to-parallel conversion block, then fed to an
IFFT block. A cyclic prefix is added to increase the robustness against
inter symbol interference (ISI). For transmission, the time domain sym-
bols are passed through a parallel-to-serial converter. Equalization is
done by sending known I,, + jQ,, values in regular carrier intervals.

The modulated symbols are passed through a root raised cosine pulse
filter, which helps to restrict the generated signals’ spectrum within the
transmission bandwidth and, at the receiver, eases the noise filtering
process. Under the assumption of additive Gaussian noise at the receiver,
the resulting signal x,, is given by

X)) = Re{p(t)(I,, + jQ,,) exp (j27 fizt) }, 3)

where t refers to time, p is the raised cosine pulse and fi refers to the
intermediate frequency.

Finally, pre-equalization, also often referred to as pre-distortion, is
implemented to compensate for the hardware deterministic frequency-
selective response. In our case, this arises mainly from the frequency-
dependent attenuation of the coaxial cables and connectors. The mea-
sured frequency response of each component is estimated as,

P(k)—P,\'?
Py(k) ) '

where P, is the received signal power with noise at the k, frequency, P
refers to the transmitted signal power and P, is noise power for whole
observation bandwidth. The inverse of H is then used to pre-distort the
signals to be transmitted. As the pre-equalization is implemented in the
transmitter side, it does not provide any noise enhancement at the re-
ceiver side.

H(k) = ( “

4.2. Receiver

At the receiver side, a Parks-McClellan designed Chebyshev bandpass
filter, and a low pass filter are utilized to eliminate the out of band
noise for M-PSK and M-PAM, respectively. This improves the SNR by
reducing the out of the band electromagnetic interference and noise at
the different stages of the receiver.

The frame synchronization block is utilized to detect the starting
point of the captured signal. This block correlates the received signal
with the same 18-bit-long maximal MF sequence utilized at the trans-
mitter.

A minimum mean square error (MMSE) linear filter equalizer is uti-
lized to mitigate the effect of the frequency selective nature of the chan-
nel and path loss. The filter coefficient vector f for post-equalization is
obtained by minimizing the error between the transmitted training sym-
bols, 3, and the symbols of the output of the equalizer, i.e., Rf, where R
is the Toeplitz matrix with the received training symbols. The channel
model is given by

r(n) = h(n) * s(n) + v(n), )

where s is the transmitted pilot signal to estimate the channel, r stands
for the received signal, v are the noise samples and h is the channel
coefficient. Therefore, the optimization function w.r.t. f is formulated
as,

min||$ — Rf||%, (6)

where §7 = [s(n 4+ 1)s(n + 2) ... s(p)] is the transmitted pilot signal vector
till p,;, instant, FT =[£©)f() ... f(n)] stands for the n + 1 tap equalizer
coefficient vector, and R((p — n) X (n + 1)) is given by,

r(n+1) r(n) rn—1) ... r(1)
R = r(n + 2) r(n + 1) r(:n) r(:2) ’ @
r(p) rp=1) r(p=2) r(p—n)

By solving the minimization Eq. (6), we obtain the post-equalizer filter
coefficient as,

f=®R'RRTs. (8)
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The equalized signal waveform is passed through a correlator-type
detector and the maximum likelihood (ML) criterion is utilized to re-
cover the bits. In this case, every possible symbol is correlated with
the received symbol and the maximum match gives the decision for the
detection of bits. This is an optimal detector provided that the receiver
experiences additive Gaussian noise, which is discussed Section 5.3. The
ML correlator detection process is illustrated as,

T
i = arg max(/ F(t).x,,(t) dt — %||xm||2> 9)
0

1<m<M
where, 7 is the maximum match with a particular symbol and used for
bit detection. Furthermore, m = 1,2, ..., M, and M denotes the modula-
tion index. r(t) refers to the received symbol. Besides, the oversampling
gain [25,26] incorporated in the maximum likelihood (ML) correlator-
type detector assists in improving the effective SNR.

In the case of OFDM, the cyclic prefix is removed from the received
data and then passed through a serial to parallel conversion block. The
output is fed to an FFT block to recover the corresponding complex base-
band symbols in I,, + jO,, form. The complex baseband symbols are
passed through the detection algorithm.

5. Experimental system characterization and tests results
5.1. Link budget analysis

We first theoretically calculate and experimentally validate the link
budget for the system, by taking into account the loss introduced by
every element. In particular, the received signal power P, in dB is given
by,

P,.=P . +G,+G +Gys—L L,—L

- Lmisc’ (10)

where Py, is the transmitted signal power, G, and G,, are the transmit
and receive antenna gains, respectively, G;y, refers to the gain of the
LNA at the receiver, Ly, denotes the loss due to spreading, L, stands
for the absorption loss, L, is the conversion loss at receiver and L.
accounts for miscellaneous losses in cables and connectors.

In Fig. 2, the power estimated by utilizing the testbed specifications
and the channel model introduced in [27] and the actual received power
for a 1.025 THz link are shown. The experimental results closely match
the theoretically computed values, which supports our system design
and guide us to set the physical layer. Namely, the combination of a
very low transmission power (-15 dBm) with the high channel losses
leads to very short transmission distances even when utilizing direc-
tional antennas (26 dB) simultaneously at the transmitter and the re-
ceiver. Challenges in synchronization motivate the use of maximal MF
sequences as the frame header.

spread — abs mixer

5.2. Channel frequency characterization

Next, we characterize the THz channel in the vicinity of the first
absorption-defined window above 1 THz. The channel frequency char-
acterization is done by generating a constant single tone IF of 500 MHz
with the AWG at the transmitter and sweeping the LO frequency at the
transmitter and the receiver in fixed steps of 5 GHz, from 1 THz to 1.05
THz. By simultaneously changing the two LOs, we are able to separate
the impact of the up & down converters and mixers at the transmitter
and the receiver from the actual channel response.

In Fig. 3, we illustrate the measured channel frequency response and
compare it to the analytical model first presented in [27]. The numer-
ically predicted and the experimentally measured values at 8 cm and
16 cm are shown. The theoretical channel prediction closely follows the
experimentally measured channel response. On the one hand, the results
demonstrate the ultra-broadband response of the channel and the THz
front-ends, which opens the door to ultra-broadband communication
systems. On the other hand, the power fluctuations within the band (up
to 5 dB in some cases) emphasize the need for robust channel estimation
and equalization schemes, able to operate with multi-GHz bandwidths.
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Fig. 2. Comparison between the actual received power
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5.3. Noise characterization

Noise characterization is an essential step to determine the detection
algorithm and required signal processing. The thermal noise in the re-
ceiving chain and the absorption noise introduced by water molecules
within the channel are the main sources of noise in the TeraNova sys-
tem. Furthermore, the power supply and the transmission chain intro-
duce low-frequency noise which further impacts the received signals.

The IF noise at the receiver is captured with the DSO. In Fig. 4, the
histogram of the measured noise samples is shown. The noise follows a
Gaussian distribution, with approximated mean and variance given by
—1.7 mV and 2.4 uW, respectively. Therefore, the N value is 3.8 x 1017
W/Hz for our receiver end. The Gaussian statistics of the noise amplitude
justify the implementation of an ML detector at the demodulator.

Another noise type affecting frequency-multiplied systems is phase
noise or rapid, short-term, random fluctuations in phase due to time-
domain instability of the oscillator. Phase noise is measured against the
carrier frequency component, by comparing the carrier power with the
power of phase leakage for 1Hz bandwidth at the different phase offset
from the carrier frequency. The process gives us the single side band
(SSB) phase noise in terms of dBc/Hz (Fig. 4). In the TeraNova platform,
the very high stability of the PSG generating the LO results in a very low
phase noise at RF of -100 dBc/Hz at 1 MHz, despite the large chain of
frequency multipliers. Nevertheless, the phase noise limits the maximum
length of the frame. More specifically, given that most of the energy
for phase noise is confined within 1 MHz frequency offset, the frame
duration should be no longer than 1 ps for the channel estimation and
equalization to properly operate. In our system, we select 500 ns as the



P. Sen, D.A. Pados and S.N. Batalama et al.

Computer Networks 179 (2020) 107370

Fig. 4. Noise in the TeraNova testbed: a) PDF of the amplitude
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approximate maximum duration for our frame, which determines the
maximum number of bits per frame presented in Section 4.2.

5.4. Data communication

Based on the experimental hardware and channel characterization,
the performance of tailored BPAM, 4PAM, BPSK, QPSK and OFDM mod-
ulations at 1 THz, with different modulation bandwidths ranging from
5 GHz to 30 GHz, are experimentally tested. In the case of OFDM, 10
BPSK-modulated subcarriers with 1 GHz bandwidth each are utilized.
In Table 2, we summarize our results in terms of number of bit errors
for different testbed parameter values, and transmission of fixed-length
2,184 bit packets. Five data frames are considered to estimate the BER.
Due to the limitation on the transmitted power, amplitude modulations
and, in general, high order modulations, exhibit relatively high BER
when the distance increases beyond a few centimeters. In addition, in

the case of MPAM, the low-frequency noise is the primary component
for the increased bit error. Moreover, the low received power and the
frequency-selective response of the end-to-end system combined with
the impact of phase noise produce high BER for modulation techniques
with a high PAPR, such as OFDM. To mitigate the PAPR by reducing
the number of sub carriers, higher sub-carrier bandwidth is utilized for
OFDM. In our case, such relatively large bandwidth (1 GHz) does not
lessen the ISI performance severely, as the channel is relatively flat
within such bandwidth. Moreover, These results motivate the use of
phase modulations.

In Fig. 5, the constellation diagram for BPSK and QPSK modulation
(16 cm distance with 10 GHz bandwidth) after and before equalization
is plotted. Before equalization, the constellations are wide scattered than
after equalization, which increases the bit error probability. Therefore,
a robust equalization technique is required for THz band communica-
tion. It is due to the frequency selective end to end channel and ultra-
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Table 2
Measured BER for different modulation schemes.

Modulation ~ Distance (cm) ~ BW(GHz) / Bit rate(Gbps) ~ SNR (dB)  BER

BPSK 6 10/ 5 10 0

BPSK 8 10/5 8.5 0

BPSK 12 10/ 5 6 9.1 x 107
BPSK 16 10/ 5 3.5 24 x 107
BPSK 6 20/ 10 4 1.8 x 107
BPSK 6 30/ 15 1.8 25 x 1072
QPSK 6 10/ 10 10 0

QPSK 8 10/ 10 8.5 9.1 x 107
QPSK 12 10/ 10 6 9.1 x 107
QPSK 16 10/ 10 3.5 16 x 107
QPSK 6 20 /20 4 12 x 107
QPSK 6 30 /30 1.8 87 x 107
BPAM 6 5/5 15.5 0

BPAM 8 5/5 143 18 x 107
BPAM 12 5/5 13 52 x 107
BPAM 16 5/5 8 1.0 x 1072
4-PAM 6 5/10 12.3 3.7 x 107
4-PAM 8 5/10 10 51 x 107
OFDM 6 10/9 16 73 x 107
OFDM 8 10/9 13,5 1.0 x 107
OFDM 12 10/9 8 56 x 107
OFDM 16 10/9 3 0.11

(b) QPSK

Fig. 5. Comparison of the constellation diagram before (left) and after (right) equalization.
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broadband nature of the THz band communication. Furthermore, it can
help to combat the ISI and multi-path scenario.

6. Next steps

There are several bottlenecks at the physical layer that need to be
overcome to unleash the potential of the THz band. The main challenge
is posed by the combination of a limited transmission power of THz
transmitters with the high path loss of the THz channel. It is relevant
to note that, contrary to the popular believe, absorption is not the main
problem, even at frequencies above 1 THz. For example, as shown in
Fig. 3, at least 50 GHz of consecutive bandwidth is available in our sys-
tem, and this is in fact limited by the response of the mixers and not
of the channel itself. The main contributor to the high path loss is the
spreading loss, resulting from the very small effective area of THz anten-
nas. Increasing the effective area intrinsically leads to more directional
antennas. While the antennas in the current testbed have only 26 dBi
gain, lens or dish antennas with higher gains could be utilized. The
main challenge in that case is that, due to the very small wavelength
of THz signals (e.g., 300 um at 1 THz), any surface imperfections on
the antenna drastically affect its gain. Moreover, while fixed directional
antennas can be utilized in static deployments, e.g., backhaul applica-
tions, dynamic antenna systems will be needed for mobile applications.
Increasing the communication distance thus requires the development
of higher-power THz sources, which is an already ongoing task by sev-
eral groups (for example, the NASA Jet Propulsion Laboratory (JPL) has
demonstrated sources with 1 mW at 1 THz [28]) as well as designing
(active) antenna arrays able to dynamically beamform, potentially based
on new materials and new physics (e.g., graphene plasmonics [29,30]).
Currently, no antenna array at 1 THz has been experimentally demon-
strated.

Beyond device technology, there are multiple signal processing and
communication challenges that need attention. As mentioned before, the
very low received signal strength at the receiver makes time and sym-
bol synchronization very challenging. In addition, the highly frequency
selective nature of the THz channel requires robust channel estimation
and equalization algorithms able to efficiently operate over multi-GHz of
consecutive bandwidth in real-time, even within a transmission window
and in the case of line-of-sight propagation. For this, techniques inher-
ited from compressed sensing and machine learning (ML) can be uti-
lized. In particular, an ensemble of different artificial Deep Neural Net-
works (DNN) can be designed and trained to reduce the computational
cost associated with critical steps such as channel estimation, channel
equalization of the ultra-broadband communication and/or dense an-
tenna arrays [31-33]. Moreover, efficient phase noise estimation and
compensation algorithms are needed to mitigate the effect of phase noise
introduced by the frequency multiplying chains. Those solutions might
be enabled by ML too [34]. The fully software-implemented physical
layer in the presented platform enables the rapid testing of new physi-
cal layer solutions using this testbed.

All the aspects mentioned above have a direct impact on the received
signal power and shape and, ultimately, on the BER. In the current phys-
ical layer implementation, we have not incorporated any form of error
correction coding technique, because we are interested in understand-
ing the fundamental performance limits. Nevertheless, channel coding
can easily be incorporated in software. For the time being, there has
been limited research on error correction codes for ultra-broadband THz
communications. Among others, low-weight ration codes have been pro-
posed as a way to minimize the impact of multi-user interference and
noise at THz frequencies [35], able to outperform conventional Forward
Error Correction as well as Automatic Repeat Request strategies [36].
Ultimately, the TeraNova testbed enables the experimental design and
testing of new approaches to error control in ultra-broadband networks.

Another major challenge (shared with any high-speed digital com-
munication system) is posed by the sampling rate of DACs and ADCs.
With state-of-the-art devices able to support approximately 100 GSaps,
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the usable bandwidth per carrier is limited to less than 50 GHz. There
are two main paths to overcome this bottleneck. On the one hand, multi-
band systems, integrated by parallel channels digitally modulated in-
dividually and then jointly multiplexed in the analog domain, can be
utilized. This, in turn, introduces multiple challenges including carrier
synchronization and multiplexing of broadband signals. On the other
hand, some of the required functionalities, such as synchronization and
channel estimation, can be fully implemented in the analog domain,
e.g., by leveraging the state of the art in neuromorphic computing.

Last but not least, we would like to discuss the compactness of the
system design. The modular nature of the TeraNova testbed, both in
terms of hardware and software, is beneficial for the examination, ad-
vancement and expeditious development of the different building blocks
of a THz communications link. For example, any frequency multiplier
or amplifier in the system can quickly be replaced with a newer de-
sign, without the need for a new transceiver. However, this has a direct
impact on the system size, as each block needs its own power manage-
ment and cooling systems. A much compact system could be created by
integrating all the blocks (multipliers, amplifiers) in the same chip, but
that would require to build an entirely new integrated circuit every time
there was an update in an individual block. Similarly, the current sys-
tem based on Matlab and the AWG/DSO setup ensures a quick transition
between fundamental communications and signal processing research
and experimental validation. However, the size of the AWG and DSO
limit the mobility of the testbed. A custom integrated circuit design im-
plementing a fixed set of communication solutions would result in the
most compact platform. As a compromise between the two, the use of
a Field Programmable Gate Array (FPGA) solution (e.g., state-of-the-art
RF Systems on Chip [37]) could be considered moving forward.

7. Conclusion

In this paper, we have introduced the TeraNova platform, the world’s
first integrated testbed specific to ultra-broadband communication net-
works above 1 THz, and reported extensive experimental results to re-
veal the opportunities and challenges of the THz band. The testbed opens
the door to experimental THz research in diverse fields, ranging from the
characterization and benchmarking of new THz communication devices
to the testing and validation of new channel models and physical layer
solutions. Moreover, networking protocols can also be tested by leverag-
ing experimental physical layer traces. Finally, 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,
including from the sharing of the collected data-sets for the results re-
ported in this manuscript in the platform website [38] to facilitating the
remote access to the platform to facilitate the test of new building blocks
or entirely new software-based solutions.
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