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ABSTRACT In this paper, a heterogeneous communication system capable of delivering 5G/sub-terahertz
signal carriers over an arbitrary long fiber and separated transmission links is presented by employing direct
detection, multiplexing techniques, and advanced digital signal processing. In this experiment, the 3.5 GHz
and 28.5 GHz carrier frequencies, representing 5G links, deliver 4 Gb/s 16-QAM OFDM signals to separate
user ends over a 1-meter wireless link distance. Later, the sub-terahertz wireless communications of 4 to 10
Gb/s QPSK and 8-QAM signals with varying carrier frequencies of 125-,175- and 225 GHz, over wireless
distances (<80 cm) are presented and evaluated. The results indicate that by increasing optical power from
12 dBm to 13 dBm, the bit error rate decreases two orders of magnitude. Eventually, with the assistance
of artificial intelligence, a nonlinear equalizer (AI-NLE) prototype is introduced. The results indicate that
the AI-NLE successfully decreases the number of errors in received data by one order of magnitude. The
proposed heterogeneous system is compatible with radio-over-fiber technology, cost-effective, and easy to
deploy, making it a promising candidate for indoor terahertz communication.

INDEX TERMS Artificial intelligence, broadband communication, direct detection, heterogeneous com-

munication system, nonlinear equalizer, radio-over-fiber, terahertz communication.

I. INTRODUCTION

Terahertz (THz) frequency spectrum (100 GHz-10 THz),
located between microwave and infrared spectrum, has
attracted vast attention due to its wide range of applications,
such as imaging, spectroscopy, and astronomy. In recent
years, due to the explosive growth in mobile data, the THz
spectrum has gained industrial and academic attention exten-
sively in another area — wireless communication [1]-[3].
The advancement of wireless communications has fertilized
many new technologies, including the internet of things,
artificial intelligence, and virtual reality - creating exalted
impacts on human society [4], [5]. There is an imperative
demand for higher data-rate wireless communication systems
to extend these powerful technologies’ functionality and cov-
erage range serving exponentially growing users. Since most
frequency bands below 60 GHz are fully occupied due to
the various applications, researchers have been investigating
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higher frequency bands to alleviate intensive communication
traffic in the future [6], [7]. To this end, the THz band has
sparked much interest due to its distinct characteristics. The
THz communication network can address some critical con-
cerns compared to its counterparts in millimeter-wave and
visible light bands [6], [7].

Millimeter-wave wireless networks in the 28, 39, 60,
and 73 GHz bands can sustain several Gbps within a few
meters of coverage. However, the allotted bandwidth to
transmit data in such systems is much less than 10 GHz,
which will eventually be insufficient to support rising data
demand by many emerging applications, such as 3D gam-
ing and extended reality, inevitably pushing us to higher
frequencies which lies into THz band [8]. Moreover, THz
waves have shorter wavelengths compared to millimeter-
wave, resulting in higher link directivity. Due to the supe-
rior directionality of the THz beam, an unauthorized user
must be on the same narrow beam-width to catch mes-
sages. This will offer a platform for the provision of secure
communication [8].
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Visible light communication (VLC) is an energy-efficient,
low-cost, and non-eavesdropping method of data transmis-
sion based on mature LED technology [9]. Despite promising
features of VLC, it suffers from induced noise from ambi-
ent light sources, which can drastically decrease the system
performance [6]. Additionally, both receiver and transmitter
should be in the line of sight (LOS). In contrast to VLC
systems, non-line-of-sight (NLOS) propagation is possible
in the THz band, which can serve as a backup when LOS
is unattainable [6], [10]. Upon the mentioned reasons, many
regards the THz frequency spectrum as the next frontier in
wireless communications [10].

In a THz wireless communication system, emitter and
detector characteristics significantly impact the performance
of the wireless systems. In the transmitter part, two major
emitter categories exist in establishing the THz wireless
communication system — electronics and photonics-based
devices. Electronic-based THz emitters such as frequency
multiplier chains [11] and resonant tunneling diode oscil-
lators [12] offer high output power levels, typically in the
mW range and longer link distances. However, the drawback
is that the maximum carrier frequencies are mainly limited
to the sub-THz region, restricting the communication data
rates; also, the spectrum range tunability of electronic-based
THz emitters is limited to less than one-fifth of their central
frequency and, therefore, the available bandwidth for data
transmission, is limited [13].

THz photomixer, is one of the most promising THz active
devices for high-speed wireless communication in photonics-
based devices. They are compact, cost-effective, and capable
of operating at room temperature. Based on the different
frequencies of the two pumping laser sources, the output
frequency can be accurately tuned to choose desired beating
notes with several THz frequency tuning ranges leading to
higher carrier frequencies and thus higher data rate. [14].
Another key advantage is its potential to integrate with
already existing fiber-optic networks making this method a
promising candidate for BSG/6G communication [13].

In the receiver part, high-speed Schottky barrier diodes
(SBD), owing to their high sensitivity in the order of several
kV/W, are widely used for THz wireless communication [15],
[16]. Resonant tunneling diode (RTD) is also used in sev-
eral research works due to its low power consumption and
higher sensitivity compared to SBD. Most recently, Fermi-
level managed barrier diode (FMB), due to high sensitivity
and broadband signal detection, has also been utilized to
detect THz signals [17].

Thanks to advancements in generating and detecting
THz radiation technology, several research groups have
already established and reported THz communication setup.
A. Morales et al., reported 100 Mbps data rate over carrier
frequencies 80-, 120-, 160 GHz in 25 cm link distance
by utilizing PIN-Photodiode (PIN-PD) photomixer as emit-
ter and photoconductive antenna as coherent detector [18].
K. Liu et al., with the assistance of a uni-traveling-carrier
photodiode (UTC-PD) emitter on the transmitter side and
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coherent detection by a Schottky mixer and local oscilla-
tor (LO) on the reception side, reported 100 Gbps data rate
with 350 GHz carrier frequency over 2-meter link distance
[15]. S. Diebold et al., reported a 9 Gbps data rate (286 GHz
carrier frequency) over 10 cm link distance by using two
RTDs as a THz emitter and a THz detector and employing
a direct detection scheme [19]. J. Webber et al., by using
UTC-PD emitter and RTD detector, transmitted 28 Gbps data
rate over 3 cm link distance per channel when the carrier
frequency is set to 335 GHz [20]. T. Nagatsuma et al., demon-
strate a 12.5 Gbps data rate over 40 cm link distance when the
carrier frequency is 300 GHz. In the proof-of-concept exper-
iment, the authors used two UTC-PDs and FMB as emitter,
LO, and detector, respectively, to do coherent detection [21].
Although the coherent detection performance is significantly
better and detected power is tens of dB higher than direct
detection [20], it considerably increases the complexity and
cost of the system, which is undesirable in the following
communication era, 6G, where the connectivity density is one
order of magnitude higher than the connectivity density of
5G [2]. In recent years, besides system architecture designs,
data-driven-based techniques (e.g., machine learning) com-
bined with advanced DSP methods have also been employed
to improve the performance of sub-THz and THz communi-
cation systems. W. Zhou et al., designed a complex-valued
neural network (CVNN) equalizer to recover 140 GHz PAM-
4 signals directly from received noised data. employing a
coherent detection scheme in conjugation with the proposed
post equalizer significantly decreased the BER in the commu-
nication system [22]. In another research paper, to overcome
the linear and nonlinear impairments of the RoF-OFDM
system, C. Wang et al., designed a time-frequency domain
equalizer (TFDE) based on the two-dimension convolution
(Conv2D) neural network (NN). The authors successfully
delivered 16Gbuad 16QAM signal over 54.6 m wireless dis-
tance [23].

However, most of the state-of-the-art THz communication
systems are costly, bulky, and not easy to use. To address these
issues, we propose a prototype of a heterogeneous commu-
nication system that is highly compatible with the existing
optical communication infra-structures to reduce additional
costs while keeping the data rate sufficient for the indoor
communication scheme. Here, we presented a fiber over wire-
less network combining a sub-THz communication system
capable of covering 100 GHz spectral ranges from 125 GHz
to 225 GHz with 3.5 GHz and 28.5 GHz wireless communica-
tion systems. The wavelength-division multiplexing (WDM)
and THz photomixing techniques used in this heterogeneous
fiber over a wireless network extensively reduce the con-
struction and maintenance costs. Such design can simultane-
ously deliver numerous channels to single or different base
stations, including 4G, 5G, and 6G channels. Moreover, this
system can provide higher-order modulation to shrink the
required bandwidth to transmit data. Using the direct detec-
tion schemes to detect higher-order modulation compared to
coherent detection will also significantly decrease the cost

65573



IEEE Access

P. Torkaman et al.: 5G/Sub-Terahertz Heterogeneous Communication Network

of the receiver side while maintaining a low required band-
width to deliver data to users. Furthermore, by the avail of
artificial intelligence, the prototype of an advanced nonlinear
equalizer is introduced to minimize inter-modulation non-
linearity caused by electronics devices, significantly improv-
ing communication performance. Altogether, thanks to the
employment of a compact PIN photomixer as the broadband
THz emitter and an FMB diode as an ultra-sensitive and
compact THz envelope detector, the proposed heterogeneous
link demonstrates excellent advantages of low cost, ease of
operation, ultra-broadband frequency tunability, and its scal-
ability nature.

Il. SYSYEM STRUCTURE

The proposed setup for the heterogeneous communication
system is depicted in Fig. 1. The setup consists of three parts:
a central office, base stations, and user ends. The transmitted
signals are generated in the central office and then combined
by an optical multiplexer. The combined signals will travel
through an arbitrary long fiber (in our case — a 15 km single-
mode fiber) and reach the small base stations. Later on,
the heterogeneous signal is demultiplexed and converted to
wireless signals at allocated frequency bands by RF/sub-THz
emitters. The small base stations provide wireless communi-
cations to multiple mobile user devices. In the last part, we
have the user end section in which detectors will detect the
received signals, and then an offline process will be assisted
to decode the data. To demonstrate this idea, a proof—of—
concept experiment is conducted to assess the heterogeneous
communication system performance and capabilities to be
employed in real-life applications such as live video stream-
ing. In this experiment, the on-off keying (OOK) format is
chosen to transmit data in the sub-THz link. A higher modula-
tion format then replaces the OOK format, and offline signal
processing (DSP) is used to boost data rate while minimizing
the nonlinear effects of devices and channels on the signal.

A. A 5G/mmWave/SUB-THz HETEROGENEOUS DATA LINK
In the proof-of-concept experiment, three distinct carrier fre-
quencies transmit data signals through the wireless channel to
user ends. A 3.5 GHz (mid-band) and a 28.5 GHz (millimeter-
wave band) carrier frequencies, carrying 1 GHz 16-QAM
OFDM data, are chosen to represent the 5G links. 3.3 to
4.2 GHz and 26.5 to 29.5 GHz frequency bands, i.e., n77
and n257, are being the most used frequency bands for 5G
communication across the world compared to the other fre-
quency bands, i.e., n258, 1260, and n261. Table 1 lists several
frequency bands for 5G communication technologies, along
with their parameters [24].

The 125 GHz, 175 GHz, and 225 GHz carrier frequencies
covering the 100 GHz spectral range demonstrate the tunable
sub-THz link. To test the functionality of the sub-THz link, a
6 Gbps OOK signal is generated and successfully delivered
via different carrier frequencies to the sub-THz user end. This
data rate is enough to stream an uncompressed ultra-high-
definition (UHD) video [25].

65574

TABLE 1. 5G frequency bands and channel bandwidths.

Band Common name Uplink / Downlink | Bandwidth
(GHz) (MHz)
n77 C-band 33-4.2 Up to 100
n257 LMDS 26.50 —29.50 50, 100, 200,
400
n258 K-band 24.25-27.50 50, 100, 200,
400
n260 Ka-band 37.00 — 40.00 50, 100, 200,
400
n261 Ka-band 27.50 - 28.35 50, 100, 200,
400
n262 V-band 47.20 - 48.20 50, 100, 200,
400

The following section discusses the details of the proof-
of-concept experiment. Here, inside the central office, three
tunable distributed feedback (DFB) laser diodes operating in
the C-band deliver optical signal carriers at 1549.964 nm,
1551.013 nm, and 1552.011 nm for the sub-THz, 28.5 GHz,
and 3.5 GHz links, respectively. All output beams are deliv-
ered to a polarization controller and then into Mach-Zehnder
modulator (MZM). In order to be used in the 28.5 GHz and
3.5 GHz links, two signals with 1GHz physical bandwidth
and 16QAM-OFDM format are generated from arbitrary
waveform generators (AWG, Tektronix 7122) and loaded into
the MZM.

A pulse pattern generator (MP1763C, ANRITSU) gen-
erates a 223-1 non-return to zero pseudo random binary
sequence (PRBS) signal, in the THz link. The generated
PRBS signal with a peak-to-peak amplitude of 0.5 Vi, is
connected to a modulator driver to boost the voltage to 6V,
and load it to the MZM (bandwidth: 25 GHz). Relative to
the I/Q modulator, the intensity modulator such as MZM is
cost-effective with low device complexity. In an IQ modula-
tor, two nested Mach-Zehnder modulators with a half-wave
phase shifter (7/2) are combined, significantly increasing the
system’s price compared to MZM for indoor or device-to-
device communications. Moreover, at least three bias signals
are required to control the IQ modulator. Any drift in bias
conditions dramatically impacts the communication perfor-
mance [26]. Maintaining bias conditions in long-term usage
increases the complexity of the system. Therefore, we employ
a single drive MZM in our experimental setup to decrease the
complexity and price of the proposed system. The insertion
loss of the MZM is 4.9 dB, and the bias voltage is setat 0.97 V.
Then, three signals are combined with a multiplexer and sent
into a 15 km optical fiber. The optical carrier frequencies
after multiplexer are monitored with an optical spectrum
analyzer (AP 2060A, APEX), as depicted in Fig. 1. In the
3.5 GHz link base station, an optical attenuator is allocated to
control the received optical power by a photodetector. The
high-speed photodiode (PD) (PP-10G, Nortel) is assigned
to convert optical signals to electrical signals. The subse-
quent RF amplifier is utilized to amplify the input voltage
of the horn antenna (HA-O8M18G-NF, FT-RF) with 16dBi
gain to generate a modulated wireless signal with a central
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FIGURE 1. Heterogeneous communication system. PC: Polarization controller. MZM: Mach-Zehnder modulator. MUX: Optical Multiplexer. DEMUX:
Demultiplexer. PD: Photodiode. EDFA: Erbium-doped fiber amplifier. BPF: Band pass filter. CP: Optical coupler. PIN-PD: PIN-Photodiode. FMB: Fermi-level

managed barrier diode. LNA: Low noise amplifier.

frequency of 3.5 GHz. In the 28.5 GHz link base station, the
electrical signal after PD is up-converted with a local oscil-
lator by an RF mixer. Then this mmWave signal is boosted
by an RF amplifier (SBL-1834034038, SAGE Millimeter,
Inc.) and delivered to the horn antenna (SAR-2309-28-S2,
SAGE Millimeter, Inc.) with 23dBi gain. An EDFA in the
THz link base station compensates for fiber attenuation and
boosts the optical power. The following band-pass filter is
utilized to reject out-of-band amplified spontaneous emis-
sions. Another C-band laser (Laser 4) serving as a local
oscillator is employed for beating through the coupler. The
combined optical power is delivered to the photoconductive
regime of an InGaAs p-i-n photodiode (PIN-PD) (PCA-FD-
1550-100-TX-1, TOPTICA PHOTONICS) to radiate a THz
wave with the carrier frequency of the frequency difference
between Laser 1 and Laser 4. It is worth mentioning that
prior to heterodyning, a polarization controller is used to
maximize the polarization-dependent conversion of PIN-PD.
Currently, UTC-PD and PIN-PD are commercially available
to generate THz radiation with more than -30 dBm power
over a broad frequency tuning range in the sub-THz regime.
As the PIN-PD presents a higher THz power level in the
sub-THz regime [27], has less device complexity, and is
cost-effective over UTC-PD, it could be a great candidate
for large-scale sub-THz communication systems. Therefore,
we utilized PIN-PD in our experiment to decrease the cost and
boost the signal-to-noise ratio (SNR) in the sub-THz datalink.

In the free space transmission link, a pair of THz lenses
is allocated to collimate the THz beam and reduce the prop-
agation loss of THz signals. In the 3.5 GHz and 28.5 GHz
link user ends, horn antennas receive the signals and deliver
them to a real-time digital oscilloscope (28.5 GHz user end
after down conversion). An offline digital signal processing
is employed to demodulate the signal and calculate the bit
error rate (BER) in the received data. Inside the THz link
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user end section, an FMB diode (IOD-FMB-19001, NTT) as
an envelope detector is employed to receive the THz signal.
FMB diode demonstrates very low noise equivalent power
(NEP) (10~ 14 W/Hz at 300 GHz), and offers better sensitivity
rather than conventional SBD receiver [21]. Later, a bias-
tee filters the DC field presented in the baseband signal
and the AC output signal is amplified by a 27-dB gain low
noise amplifier (LNA) (BZP140B, B&Z TECHNOLOGIES)
(noise figure: 4.5 dB, bandwidth: 40 GHz) for further process.

Fig. 2 presents eye diagrams of the 6 Gbps OOK signal in
a different part of the heterogeneous communication system.
Fig. 2(a) depicts the eye diagram of the electrical signal
detected between the PRBS generator (signal source 1 in
Fig. 1) and the RF amplifier. Fig. 2(b) presents the eye dia-
gram of the optical signal after EDFA. The extinction ratio is
12.24 dB, and the RMS jitter is about 3.2 ps. Observed jitters
are caused by imperfections in the behavior of the optical and
electrical devices and transmission medium. Fig. 2(c) illus-
trates the eye diagram after the coupler, where the signal and
the optical LO are combined. The extinction ratio and jitter
RMS are 4.77 dB and 3.7 ps, respectively. The extinction ratio
is lower compared to Fig. 2(b), where the optical LO is absent.
Following the coupler, half of the optical power comes from
LO and half from the optical signal, decreasing the extinction
ratio. In order to investigate the frequency tunability of THz
emitter, three distinct THz carrier frequencies are chosen. The
eye diagrams for the test signal when the carrier frequency is
set to 125 GHz, 175 GHz, and 225 GHz with a 60 cm free
space link distance are depicted in Fig. 2(d ~ f), respectively.
The radiated power of the emitter diminishes as the carrier
frequency increases from 125 GHz to 225 GHz. Thus, the eye
begins to close. It is notable that the THz radiated power from
the photomixer is quadratically proportional to the irradiated
optical power. In the proof-of-concept experiment, the optical
power is set to 12 dBm. In order to reach higher carrier
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FIGURE 2. Signal eye diagrams (a) after PRBS. (b) after EDFA (c) after
optical coupler. (d) after FMB when the carrier frequency is set to

125 GHz. (e) when the carrier frequency is set to 175 GHz. (f) when the
carrier frequency is set to 225 GHz.

frequencies, one can push the illuminated power on PIN- PD
to the nominal optical power of 15 dBm [27]. The proof-of-
concept experiment demonstrates that the THz link supports
different carrier frequencies from 125 GHz to 225 GHz,
covering a 100 GHz spectral range. Higher-order modulations
and advanced DSP codes are employed to transmit higher
data rates in the following sections.

B. SYSTEM PROTOTYPE

In the proof-of-concept experiment, the signal source 1 in
Fig. 1 is a PRBS generator generating a 6 GHz OOK signal;
however, in the system prototype, the signal source 1 is an
arbitrary waveform generator (AWG) that generates quadra-
ture phase-shift keying (QPSK) and 8QAM-OFDM signals
in order to transmit higher data rate in the sub-THz link. The
detail is as follows:

In the central office, orthogonal frequency division multi-
plexing (OFDM) is employed to encode digital data on mul-
tiple carrier frequencies. Each sub-carrier is modulated with
QAM modulation scheme and carries a part of the data. The
QAM-OFDM signal is offline generated by MATLAB code,
digital-to-analog converted by an AWG, and then loaded into
the single drive MZM. The OFDM baseband signal can be
represented as a random process with a Gaussian distribu-
tion [28].

—N-1 . 2
s(t) = Z:ZO d,eUBannm)

— =Aw, 0<t<T
T

(D
where the N is the number of sub-carriers in OFDM signal,
T is OFDM symbol time, Aw is angular bandwidth of sub-

channel, and d, represents the modulation format and can be
expressed as:

d, = A" )
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The A, and ¢, are amplitude and phase of QAM sym-
bol, respectively. For QPSK signal A, = 1 and ¢, €
{7 37”, 57”, 77”}. To generate the 1Q signal and upconvert
the baseband signal to intermediate frequency (IF) signal,
we divide the s(t) to real and imaginary parts. Then the real
and imaginary parts of signal are multiplied to cos(wjt) and
sin (wjrt), respectively. Where the wjris the angular inter-
mediate frequency. Equation (3) demonstrates the generated
OFDM signal in the MATLAB.

sorpm (t) = Re{s(t)} - cos (a)lft) — Im{s(¢)} - sin (a),ft)

n=N-1
sorpm (1) = Z Ay - cos (0u(1) + wpt),
n=0
Ou(t) = Aownt + @, 3)

where the Sorpp(t) is driving voltage of OFDM signal,
loaded to MZM modulator. The transfer function of an ideal
single drive MZN can be defined as [29]:

T (sorpm (1)) = EED“’ — % ) (1 T e/‘(”éﬁ‘“”n)) @

where Ey = Aye/®! and E,,, are input and output optical
electric field, respectively; V; is the half wave voltage of
MZM; A, and w, are amplitude and angular frequency of
optical carrier signal, respectively. Expanding (4) into a Tay-
lor series and keeping the linear terms, we get the output
optical signal. The higher order terms in Taylor series are
related to nonlinear distortion inducing intermodulation prod-
ucts between the subcarriers in OFDM signal band. Equation
(5) shows the optical signal after MZM:

n—N-—1
Eoir = Aoejwot + Ar Z A, - ot -ej(en(’)+wift—%)
n=0
n—N-—1
+AT Z An . ejwot . e_j(en(t)‘f‘wift—%)’
n=0
SR 5)
T = 1 v

The output signal consists of the optical carrier signal
(first term) and a double side data signal (second and third
terms). The output signal passes through optical fiber and
reaches EDFA. After EDFA and BPF, the output signal will
be heterodyned with LO laser and delivered to PIN-PD pho-
tomixer. For simplicity, we consider that the amplitude of
LO is identical to the carrier optical signal, and the phase
mismatch between these two optical waves is zero. However,
in reality, the phase mismatch between the two free-running
lasers is a source of phase noise in the received OFDM signal
by the detector. The frequency of LO is slightly different from
frequency of carrier signal by the desired THz frequency. The
electric field of LO can be represented by (6):

Aoe/(wa-i-wTHz)t ,

Ero = Ecopuler =Er0+Eo (6)
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And the radiated THz field from THz emitter can be modeled
as (7) [30]:

Ero(t) = Rpn—pp(@) - (Ecoupter  Ebpupier) (7

where the Rpin_pp is the responsivity of PIN-PD. It includes
all the parameters related to emitter including the imbalance
power between local oscillator laser and signal laser, polar-
ization dependency, quantum efficiency of THz emitter, and
the parameters of bow-tie antenna coupled to PIN-PD. After
withdrawing the DC photocurrent terms and the terms with
lower and higher frequencies than bandwidth of PIN-PD, the
radiated term can be described as (8):

E7y,(t) = Rpn—pD - [2A§COS (wrHAt)
n—N-—1
+2A7Aycos (wrh;t) Z Anej(e"(')"’“”f’_%
n=0
n—N-—1
+2A7A0cos (wrpst) Y Ape IO OFeri=3))
n=0

®)

Subsequently, the wireless THz signals are radiated and
directly detected by the FMB, which is a square-law-based
component. Considering the output RF bandwidth limitation
of the FMB detector, the output signal can be expressed as
9) [30]:

Erms(t) = Reup - (Erhz - Efy,)
n —1

-N
Ermp(t) = Rrmp -R%HA [24% 4+ 8A7A3 Z Ap

n=0
b
X COS <0n(t) + wit — E)
n=N—-1m=N-1 .
+4A%~A3 Z Z AmAneI(9e(l)—9m(f))
n=0 m=0

n=N—-1m=N-1
+4A2A2 Z Z AmAn
n=0 m=0

X 05 (6n(1) + O (1) + 2wit — 1) ©)

The Remp is the responsivity of FMB. The system’s channel
response and impairments are not considered here to simplify
the derivations. As indicated in (9), the detected signals con-
tain a DC term (first-term), the desired OFDM signal (second-
term) and the subcarrier-to-subcarrier beating interference
(SSBI) component (third and fourth-terms).

The received signal after passing through LNA is givento a
real-time digital oscilloscope (DSO- X 92504A, KEYSIGHT
TECHNOLOGIES), and subsequently, DSP code, includ-
ing down-conversion, channel estimation, equalization, phase
noise compensation, and digital demodulation, is utilized to
demodulate the signal offline. The key parameters of encoder
and decoder are given in the Table 2.

As an example, Figs. 3(a) and (b) present the generated sig-
nal by MATLAB in the time domain and frequency domain,
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TABLE 2. Encoder and decoder key parameters.

Description parameters Values

Signal bandwidth (BW) 2-5 GHz

intermediate frequency 1.5x BW
Modulation format QPSK- 8QAM
Cyclic prefix ratio 1/8

sampling rate of DAC 50 GHz

sampling rate of ADC 80 GHz

FFT size 1024

Number of subcarriers [Signal BWX(FFT size x (1- Cyclic
prefix ratio))]/ DAC

Signal BWx 0.7

Pass band frequency of Low
pass filter

Stop band frequency of Low
pass filter

Signal BWx 0.9

Amp. (au)
Power (au)

4 6 2 0 2
Time (usec) Frequency (GHz)

.(a)_

o>m~ - “

Amp. (au)

Power (au)
Lo
, ) ES
%
=}
° G
FSy
B - [=)}

-1

0 l 2 ‘ 4 ) 6 ) 8 i 10 __40 20
Time (usec) Frequency (GHz)
© (@
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FIGURE 3. Depicts the 2GHz 8QAM-OFDM (a) generated signal in time
domain (b) frequency domain. (c) received signal in time domain (d) and
frequency domain.

respectively. The intermediate frequency (IF) is 3 GHz, and
the signal bandwidth is 2 GHz modulated in SQAM-OFDM.
Figs. 3(c) and (d) show the received signal passing through
fibers and wireless channels. The effect of channels on signal
is observable in Fig. 3(d). The channel has changed the shape
of the signal and partially degraded it. To compensate for such
degrading effects of channel on signal and other nonlinear
distortion such as intermodulation nonlinearity induced by
electronic devices, we developed and introduced a prototype
of an advanced equalizer. Many nonlinear equalizers based
on DSP, such as least mean square or recursive least square
algorithms, do not perform well in compensating nonlinear
fiber impairments due to their linear decision bounds [31].
Recently, it was proposed that an Al-based mitigation model
would be a viable method for mitigating these distortions
in 6G communications networks [32]. Here an artificial
intelligence-based nonlinear equalizer (AI-NLE) is utilized
to minimize the linear and nonlinear effects of electrical and
optical components on data.

IIl. EXPERIMENTAL RESULTS AND DISCUSSION

We used MATLAB to generate the QPSK and 8-QAM-
OFDM codes in the first stage and then loaded into an AWG.
Inside the MATLAB code the bit error rate is calculated by
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determining the error vector magnitude (EVM). The only
exception is the last part of the experiment, where the AI-NLE
is applied to enhance the THz link performance. Thus, the
counted BER is utilized since the estimated BER from EVM
generated after machine learning algorithms is unreliable.
In other words, the BER calculated by EVM is valid as long
as no extra data processing is undertaken.

Due to experimental constraints, the bit number in each
sequence is approximately 96000 bits. As a result, counted
BER cannot accurately represent our system’s performance,
and the minimum BER cannot fall below 107>. It is preferred
to use BER calculated from EVM to manifest the system per-
formance. Equation (10) illustrates the relationship between
the BER value of the OFDM signal and EVM, which can be
used to estimate the system’s performance [33].

1
P Ut &) SR FE RS
logh L2—1 [(EVM)*-log3"

(10)

where the m is modulation level which for QPSK m is equal
to 2, for 8QAM m is equal to 3. L is the number of levels in
each dimension of array modulation system, where for QPSK
and 8QAM L = m.

By tuning the illuminated optical power to 12 dBm,
the BER is measured for different carrier frequencies.
Fig. 4 depicts the BER performance for QPSK and §8-QAM
signals as a function of data rate and wireless link distance
for (a) 125 GHz, (b) 175 GHz, and (c) 225 GHz carrier
frequencies. By looking at the subfigures, it is observable that
increasing the link distance raises the BER in all frequencies.
THz beam divergence, which reduces the signal-to-noise ratio
at the detector side, is the primary cause of BER degradation
as the link distance increases.

Fig. 4 demonstrates that the system performance is
degraded by going from QPSK (2 bits per symbol) to SQAM
(3 bits per symbol). While 8QAM modulation is more spec-
trally efficient than QPSK modulation, it requires a higher
SNR to achieve the same BER performance because its con-
stellation clusters are closer, and errors occur with a higher
probability. Therefore, for a communication channel with no
bandwidth constraints, the overall transmission performance
for QPSK is better than that for SQAM.

Fig. 4(b) illustrates the relationship between BER and link
distance when the carrier frequency is 175 GHz. The radiated
THz power from the emitter reduces significantly in this fre-
quency compared to 125 GHz, and consequently, the system’s
performance degrades [34]. In general, the performance of a
THz wireless link is primarily determined by its link power
budget, which can be described using the Friis transmission
formula [35]. The Friis formula, shown as (11), explains the
power received by the detector that depends on link distance,
carrier frequency, and the gains at the receiver and emitter
sides.

_ PrGrGgC?

(47 Rf)? (a

65578

where Pg, P, GT, GR, C,f, R, represent total power received
by the detector, total power delivered to the antenna, gains at
the transmitter and receiver sides, light speed in free space,
the operating frequency, and the wireless distance between
transmitter and receiver sides, respectively.

Form (11), it is observable that the received power by the
emitter depends quadratically on the operating frequency and
link distance, explaining why the performance degrades as
the link distance and carrier frequency increase. Fig. 4(c)
presents the BER as a function of link distances when the
carrier frequency is 225 GHz. At 225 GHz, the radiated power
from the emitter is decreased almost five times compared
to 125 GHz, significantly reducing the system performance.
As aresult, the BER increases remarkably compared to pre-
vious carrier frequencies, and coherent detection is necessary
to achieve better BER with the same setup. This behavior is
also predictable by looking at (11).

The previous experiments were conducted under 12 dBm
optical powers. Here, to show the performance of our system
for different carrier frequencies under different optical power,
two carrier frequencies with a 25 GHz frequency distance are
chosen. These two carrier frequencies can represent two dif-
ferent channels in a MIMO scenario. Figs. 5(a) and (b) show
BER changes regarding the optical power for 140 GHz and
165 GHz carrier frequencies, respectively. In this experiment,
the link distance is fixed to 60 cm, and QPSK modulation
format with 4 Gbps and 10 Gbps data rates are chosen.
From this figure, it is observable that by increasing power
to 13 dBm, the BER decreases by two orders of magnitudes,
and with a power lower than 11.5 dBm with the current setup,
the data cannot be detected. The radiated THz power from
PIN-PD follows the optical pump power by second order.

This experiment indicates that to extend to a higher data
rate or longer link distance, one can increase the radiated
optical power on PIN-PD to obtain a higher SNR. The radi-
ated THz power from the emitter then increases quadrati-
cally with increasing optical pump power (Pty, ngt).
Therefore, the THz power is doubled by adding 1.5 dB to
the optical power received by the emitter. The maximum
tolerated optical power of the employed PIN-PD is 15 dBm.
Hence, by increasing the optical power from 12 dBm in our
experiment condition to 15dBm, the radiated THz power will
increase by 6 dB. By having higher THz power, the link
distance and data rate can be significantly increased.

The THz link and related outcomes were thoroughly dis-
cussed in earlier sections. In this section, we discuss the
results of 5G links in the heterogeneous communication sys-
tem. After optical carriers (1551.013 nm and 1552.011 nm)
deliver the 1GHz bandwidth 16QAM-OFDM signals to the
PDs, the PDs convert the incoming optical signals into elec-
trical signals. The intermediate frequency of both signals is
set to 3.5 GHz. Therefore, in the 28.5 GHz link base station,
a mixer is required to upconvert the intermediate frequency
to 28.5 GHz.

Fig. 5(c) presents the BER as the function of received
optical power (ROP) by PD for the 3.5 GHz link. Without any
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attenuation from the VOA, the maximum ROP is —9dBm,
and the BER is under the hard decision forward error cor-
rection (FEC, 3.8 x 1073 with 7% overhead) limit. The
BER increases as the ROP falls until it hits the forward error
correction limit of —16 dBm ROP. The presented central
office can support five 3.5 GHz base stations with a power
budget of 7 dB. The constellation diagrams corresponding to
—9 dBm, —13 dBm, —16 dBm, —18 dBm received optical
power are depicted in insets of Fig. 5(c). Fig. 5(d) shows
BER versus ROP for the 28.5 GHz link. The performance,
in general, is worse than the 3.5 GHz link, as to have the
same BER, higher received optical power is required. This
difference can be roughly explained through the Friis for-
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applied.

mula. The wireless frequency increased from 3.5 GHz to
28.5 GHz means 8.14 times higher. The received power by
the detector in the Friis formula (eq. (11)) is inversely related
to the frequency square. Therefore, considering all other
parameters are similar between two links, the transmitted
power should be increased by 64 times to have the same
received power. It should be noted that Tx, Rx, amplifiers,
and optical PDs for the 3.5 GHz and 28.5 GHz links are
not the same; therefore, the Friss formula cannot simply be

In the abovementioned experiments, traditional DSP code
containing only linear equalizer is utilized to process the
received signal. The linear equalizer does not perform well
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to compensate for nonlinear fiber and devices impairments
due to its linear decision boundaries.

IV. AI-NLE MODEL FOR SUB-THZ COMUNICATION

In recent years, the application of neural network (NN) for
equalization in optical fiber transmission systems has been
reported [36], [37]. However, it has not been widely used in
the sub-THz communication systems. In this paper, we used
an AI-NLE model as a viable solution for sub-THz commu-
nication networks. The detailed framework of training of the
AI-NLE model is depicted in Fig. 6. In general, AI models
have suffered from periodicity and overestimation issues.
To overcome such issues, we randomly disrupt the received
data set (noisy input signal and desired signal) using the ran-
dom function in MATLAB to eliminate periodicity and avoid
the risk of overestimation in order to completely grasp the
system characteristics and signal reproducibility thoroughly
[36]. To train the AI-NLE model, we randomly divided the
data into three sets: training, validation, and testing, where
20% of the random OFDM symbols were used for training,
10% for validation, and the remaining random symbols for
testing, as shown in Fig. 6.

As shown in Fig. 6(b), we begin by training the AI-NLE
model with 20% random symbols fed into the AI-NLE
model’s input. To grab the AI-NLE training parame-
ters, we train the AI-NLE model using the mean square
error (MSE) criterion and acquire the training parameter
using the back-propagation (BP) approach. The BP algo-
rithm is divided into two parts. The first step is known as
feedforward, in which the input signal is multiplied by the
weight of each individual from the source to the destination
neurons, as well as the weighting coefficient associated with
each connection, wﬁn, where [ represents the / " hidden layer
and r, n indicate the ™ and the n™ node of the present and
subsequent layer, respectively. Hence, the output signals are
calculated from the input signals in this phase. It may be
stated as follows [37], [38]:

M N
y=ux, = _wy QO wh x4+ b0 + b))

n=1 m=1

(12)

where xﬁl) is the summation of all inputs to the r-th neuron
at the [-th layer, x,(,i_l) is the summation of all inputs to
the m-th neuron at the (I-7)-th layer, and w,,, is the noted
weighting factor between two successive layers and bll_l and
bl2 are respectively biases of AI-NLE corresponding to / and
(! —1)-thlayer.Forl =1, x,gl) are the inputs of the equalizer,
namely the buffered received OFDM symbols. For I = L,
Lo . (L) .

indicating the last hidden layer, x, ° = Yy, are equalizer
outputs. Considering system complexity, we apply only one
hidden layer in the following demonstration, namely / = 1,
2, 3 for the input layer, the hidden layer, and the output layer,
respectively. Then, to estimate the important training parame-
ters of the AI-NLE, we employ a nonlinear activation function
known as the sigmoidal nonlinear activation function, which
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TABLE 3. AI-NLE used parameters.

Description parameters Values

Number of input layer neurons 25

Number of hidden layers 1

Number of hidden neurons 16

Number of output layers neuron 1

Activation Function Hyperbolic Tangent

Learning Algorithm Adaptive
Backpropagation
Algorithm

Learning factor 0.001

models the system’s nonlinearity. The hyperbolic sigmoid
function is frequently used in data processing. In (13)-(14),
the hyperbolic sigmoid function is defined as follows:

exp(x) — exp(—x)

Yx) =2 -Y1x)—1) = exp(r) F exp(—x) = tanh(x)
(13)
where
1
Yi(x) = H—TP(—X) (14)

Nonlinear activation functions are application-specific and
required primarily to be differentiable. A sigmoid function
is used in this AI-NLE to resolve a conflict between the
boundedness and differentiability of a complex function and
its hyperbolic sigmoid function values ranging from —1 to 1,
as illustrated in Fig. 6(d).

The training part of BP algorithm includes both for-
ward and backward routes to lower the mean squared error
of equalizers in order to discover the appropriate weight-
ing set W of equalizers by taking the initial guess of
weights and biases of AI-NLE which is given by W =
wgfl), wi,lq), bll_l, blz] [39]. As described in (12), W is cal-
culated using the training data, {y;, di}f.‘i | as:

R 1 &
W = argmin E(W) = arg min — Zelg
P
i=1

ei =di — i
12
EW) = ;Ze? (15)
i=1

p stands for the quantity of training data, while y;, d; stand for
the iy, noisy training data and desired data, respectively.

The BP method employs the steepest descent technique to
minimize (15) in terms of AI-NLE weights and biases, W.
The steepest descent approach requires us to calculate the
partial derivative of the squired error signal E(w), which is
randomly initialized and then iteratively updated as [40]:

AE(W)
aw

where 7 is referred to as the step-size of the learning algorithm
and 7 is an iteration number.

The Al-weights NLE’s are updated by utilizing the back-
propagation algorithm (BP), which minimizes the difference

Wrn+1)=Whn+1)—7y (16)
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TABLE 4. Comparison of different equalization schemes.

DSP solutions Detection scheme | Modulation Complexity in multiplications Best BER
format performance
General complexity Actual complexity
Linear equalizer (LE) [32] Direct 16-QAM 2N;+1 51
Where N; is memory length of where N,=25 7.2¢2
equalizer
Volterra nonlinear equalizer Direct 16-QAM Ny + N, (N, + 1) + %N3(N3 FDW; +2) 1035 ,
(VNLE) [32] N;, N, and N5 — are first, second where N1=251N2=25’ le
and third order memory length and N=8
Demonstrated AI-NLE Direct 8-QAM NXM+M+MxQ+Q 433
N= input neurons where le?
M= hidden neurons N=25, M=16 and Q=1
Q= output neurons

between the AI-NLE output and the desired output, and
then finding the ideal values using the steepest descent
technique of the cost function (16). After the training has
been completed. Then, in Fig. 6(c), weight coefficients are
used to apply testing to merely forward propagation (FP).
Table 3 presents the AI-NLE general parameters, includ-
ing learning factor, learning algorithm, and the number of
neurons.

The results reveal that the AI-NLE improves the BER by an
order of magnitude when compared to the linear equalization
technique. In table 4 our method is compared with a linear
equalizer and Volterra nonlinear equalizer presented in [30].
The table shows that while the performance of AI-NLE is
excellent, the complexity of the equalizer compared to the
Volterra equalizer is not high.

Here, we compare the BER performance of the proposed
AI-NLE prototype with linear equalizers. The BER per-
formance as a function of link distance (cm) for a 15-km
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transmission at an ROP of 12 dBm is shown in the Fig. 7.
The received signal suffers from many degrading effects that
restrict signal quality. A linear equalization is not a viable
solution for high-capacity transmission networks, as shown
in Fig. 7. While, when the system’s nonlinearity distorts
the signal at higher data rates, our suggested AI-NLE beats
the linear equalizer (LE). Both equalizers provide excellent
error-free connections at lower data speeds or shorter link
lengths. The proposed prototype of AI-NLE presents realistic
principles for effectively regulating nonlinear aberrations in
the 6G communication system.

The specifications of the proposed communication sys-
tem compared to other system structures are presented in
table 5. There is a trade-off between cost, simplicity, datarate,
and wireless link distance. We presented heterogeneous
communication systems utilizing an AI-NLE equalizer to
retain the data rate sufficient for indoor and device-to-device
communication while keeping the communication system
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TABLE 5. THz wireless communication systems.

Type Distance Data Carrier Emitter Receiver Modulation Detection Cost Size Ref
rate frequency scheme
Hybrid 0.5m 100 300 GHz PIN-PD MMIC 16QAM Coherent High Compact | [36]
Gb/s
Hybrid 1 m 5.5 Gb/s 138 GHz PIN-PD ZBD OOK Direct Medium Compact | [15]
Photonics 0.25m 0.1 Gb/s 80-120-160 PIN-PD PCA BPSK Coherent High Large [19]
GHz
Electronics 0.1 m 9 Gb/s 286 GHz RTD RTD OOK Direct Medium Compact | [20]
Hybrid 0.4 m 12.5 300 GHz UTC- FMB OOK Coherent High Large [22]
Gb/s PD
Hybrid 0.8 m 10 Gb/s 125-150-175 PIN-PD FMB QPSK- Direct Medium Compact | This
GHz 8QAM work
QPSK 125GHz links, successfully delivered 1 GHZ 16-QAM OFDM s'ignals
102 e to the user ends. In sub-THz wireless link, FEC-limit da.lta
e YR rates of 4 to 10 Gb/s QPSK and 8-QAM OFDM transmis-
103l e sion, over several carrier frequencies from 125 to 225 GHz,
- AINLE, 6 Gbis covering 100 GHz spectral range, have been achieved at the
% L0 link distances of <80 cm. The proposed 5G/sub-THz com-
m bines multiplexing technique, direct detection, and digital
105 signal processing routine. The system is highly compatible
with radio-over-fiber technology, which is cost-effective and
easy to deploy. Finally, we utilized an advanced AI-NLE to
Error free20 40 60 80 compensate for the nonlinear effects of transmission channels
Link Distance (cm) and components on signal quality. The result indicates the
(a) designed AI-NLE compared to linear equalizer significantly
8-QAM 125GHz improves BER performance of QPSK and 8-QAM signals
10 ["FEC Limit y over 125 GHz carrier frequency. Future researches should
NN oars| S focus on reducing costs as much as possible, making the sys-
107 22 MNLE: 6 Gos tem portable, compact and robust to environmental changes.
~ , // It is advantageous to design a 1 xN array insensitive to polar-
g 10 ’/' o ization emitter combined with a silicon-photonic-based phase
e v array on the transmiter side. This type of arrayed emitter can
10 ’,x" be used for target tracking. At the same time, it is robust to
, . changes in optical pump polarization, and it is suitable for
Error frwz 0/ 1 0 EEr— compact portable THz transmitter. Another potential pathway
Link Distance (cm) for a detection scheme is to add another laser tone to shine on

(b)

FIGURE 7. Counted BER versus link distance when the carrier frequency
is set to 125 GHz for QPSK and 8-QAM OFDM transmissions with NLE-AIl
equalizer.

cost-effective, with simple and easy-to-maintain structure.
by choosing other components (e.g: THz emitter, MZM mod-
ulator and high bandwidth detector), employing a coherent
detection scheme, high gain antenna, and high gain THz
amplifiers, higher data rates and longer wireless link dis-
tances are achievable. Future studies focusing on system
complexity, system integration, system robustness to environ-
mental changes, and the size/cost of the system are suggested.

V. CONCLUSION

We successfully demonstrated a prototype of a heteroge-
neous communication system by delivering multiple signal
carriers in the same long fiber and segregated datalinks.
In the proposed setup, the 3.5 GHz (mid-band) and 28.5 GHz
(millimeter -wave band) carrier frequencies, representing 5G
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the same photomixer and generate a local oscillator simul-
taneously with the carrier signal to do heterodyne detection
to boost SNR while eliminating expensive components. The
third suggestion is fabricating c-band lasers in conjunction
with a THz photomixer on the same substrate to improve
system compactness and reduce the effect of environmental
noises on signal.
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