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Abstract—Terahertz (THz)-band communications are a key
enabler for future-generation wireless communications systems
that promise to integrate a wide range of data-demanding appli-
cations. Recent advances in photonic, electronic, and plasmonic
technologies are closing the gap in THz transceiver design.
Consequently, prospect THz signal generation, modulation, and
radiation methods are converging, and corresponding channel
model, noise, and hardware-impairment notions are emerging.
Such progress establishes a foundation for well-grounded re-
search into THz-specific signal processing techniques for wire-
less communications. This tutorial overviews these techniques,
emphasizing ultra-massive multiple-input multiple-output (UM-
MIMO) systems and reconfigurable intelligent surfaces, vital for
overcoming the distance problem at very high frequencies. We
focus on the classical problems of waveform design and modu-
lation, beamforming and precoding, index modulation, channel
estimation, channel coding, and data detection. We also motivate
signal processing techniques for THz sensing and localization.

Index Terms—THz communications, signal processing, ultra-
massive MIMO, intelligent reflecting surfaces, terabit-per-second.

I. INTRODUCTION

A. THz Communications are Emerging

The wireless communication’s frequency spectrum has been
continuously expanding to satisfy ever-increasing bandwidth
demands. Although millimeter-wave (mmWave)-band com-
munications [1], [2] are already shaping the fifth-generation
(5G) of wireless mobile communications, terahertz (THz)-
band communications [3]—[8|] will be essential to the future
sixth-generation (6G) [9]-[21]] and beyond. The THz band is
sandwiched between the microwave and optical bands as the
last unexplored area of the radio-frequency (RF) spectrum.
Hence, technologies from both sides are being explored to
support THz communications. RF engineers label as THz all
operations beyond the 100 gigahertz (GHz) threshold, below
which most known mmWave use cases exist. In contrast,
optical engineers label as THz any frequency below 10 THz
(the far-infrared). However, the THz range is 300 GHz to
10 THz according to IEEE Transactions on Terahertz Science
and Technology and closely mapped to the tremendously high
frequency (THF) band (300 GHz to 3 THz) according to ITU-
R.
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THz communications are called-for despite the maturity
of neighboring technologies. In contrast to mmWave com-
munications, THz communications can exploit the available
spectrum to achieve a terabits per second (Tbps) data rate
without additional spectral efficiency enhancement techniques.
Furthermore, due to the shorter wavelengths, THz signals are
less susceptible to free-space diffraction and inter-antenna in-
terference and exhibit higher resilience to eavesdropping. THz
systems can also support higher link directionality and can be
achieved in much smaller footprints. In contrast, compared to
visible light communications (VLC) [22], [23]], THz signals
are not as severely affected by alignment issues, ambient light,
atmospheric turbulence, scintillation, fog, and temporary spa-
tial variation in light intensity. THz communications can thus
complement both mmWave and VLC by providing alternative
quasi-optical paths. However, due to significant water vapor
absorption above 1 THz, a gap might always exist for wireless
communications at the high end of the THz range.

Consequently, THz communications will enable ultra-high
bandwidth THz communications are thus expected to enable
ultra-high bandwidth, and ultra-low latency communication
paradigms [24]. For example, they can be used to achieve
optical-fiber-like performance in network backhauling [17],
backbone (rack-to-rack) connectivity in data centers [25]—
[27], and high data rate kiosk-to-mobile communications [28].
Furthermore, THz wireless bridges enable the transparent
integration of fiber networks without requiring detection, de-
coding, and re-modulation [29]. THz links supporting 100
gigabits per second (Gbps) have already been demonstrated
over distances corresponding to such applications [30]. How-
ever, the holy grail of THz communications is enabling mobile
communications at the device level and, in the context of
medium-range indoor, vehicular, drone-to-drone [31], [32], or
device-to-device communications, at the access level. When
combined with other THz-band applications such as accurate
localization, sensing, and imaging, THz communications can
enable wireless remoting of human cognition, leading to
ubiquitous wireless intelligence [24]], [|33]].

B. Advances in THz Devices

The main contributions to THz technology are still at the
device level rather than the system level. High-frequency elec-
tromagnetic radiation is perceived either as waves processed
via electronic devices (the mmWave realm) or as particles
processed via photonic devices (the optical realm). In between,
the THz band is dubbed as a “THz gap” due to the lack



of compact THz signal sources and detectors that have high
power and sensitivity, respectively. However, recent electronic
and photonic THz transceiver design advances have enabled
efficient signal generation, modulation, and radiation [30],
(34]-137]l.

In electronic solutions [38]], [39]], silicon-based devices [40],
[41]] successfully used for mmWave systems are being advo-
cated for the THz range. Electronic solutions are based pri-
marily on silicon complementary metal-oxide-semiconductor
(CMOS) and silicon-germanium (SiGe) BiCMOS technologies
[42]-[45], and have demonstrated incredible compactness and
compatibility with existing fabrication processes. CMOS so-
Iutions exhibit lower speed and power handling capabilities,
but are the most compact. However, the corresponding highest
unity current gain frequency (ft) and unity maximum available
power gain frequency (fmax) remain at 200 GHz and 320 GHz,
respectively. Nevertheless, higher operating frequencies have
been noted by III-V-based (Indium phosphide (InP)-based [46],
for example) semiconductors [47] in high electron mobility
transistors (HEMTs) [48[]-[50]], heterojunction bipolar transis-
tors (HBTs) [46], [51], and Schottky diodes [52]]. The fnax
of III-V based devices have crossed 1.5THz [37]], and in
[45], SiGe-HBT devices could operate at 720 GHz. Reso-
nant tunneling diodes (RTDs) have also exhibited oscillation
frequencies up to 2THz [53]-[56]. Other demonstrations at
different frequencies and powers are highlighted in [57]]-[60].

In photonic solutions [30], where the main design driver is
the data rate, higher carrier frequencies are supported, but the
degrees of integration and output power remain low (photonic
devices have a larger form factor and are more expensive).
Frequencies beyond 300 GHz have been supported using op-
tical downconversion systems [30], quantum cascade lasers
[61]], photoconductive antennas [62]], and uni-traveling carrier
photodiodes [63]]. Among other advances in THz photonics,
knowledge on the topological phase of light is being exploited
to demonstrate robust THz topological valley transport through
several sharp bends in on-chip THz waveguides [[64].

Satisfying emerging system-level properties requires design-
ing efficient and programmable devices. This deviation from
designing perfect THz devices resulted in the emergence of
integrated hybrid electronic-photonic systems [35]], such as
combining photonic transmitters and III-V electronic receivers.
However, more precise synchronization between the transmit-
ter and receiver is required in hybrid solutions. Integrating
miniature micro-electro-mechanical systems (mMEMS) within
THz components also promises high degrees of reconfigurabil-
ity and enhanced performance. By enabling electronic control
of frequency, polarization, and beam steering, mMEMS can
achieve features beyond what can be achieved in state-of-the-
art optical and semiconductor technologies.

Also gaining popularity are plasmonic solutions [65]], [66],
where novel plasmonic materials such as graphene exhibit
high electron mobility and reconfigurability [67]-[70]. The
resultant surface plasmon polariton (SPP) waves in plasmonic
antennas have much smaller resonant wavelengths than free
space waves, which results in compact and flexible antenna
array designs [71]. By leveraging the properties of plasmonic
nanomaterials and nanostructures, transceivers and antennas

that intrinsically operate at THz frequencies can be created,
avoiding the upconversion and downconversion losses of elec-
tronic and photonic systems, respectively. Graphene can be
used to develop direct THz signal sources, modulators (that
manipulate amplitude, frequency, and phase), and on-chip
THz antenna arrays [72]]. Graphene solutions promise to have
low electronic noise temperature and generate energy-efficient
short pulses [73]]. Alongside miniaturization, graphene nanoan-
tennas also promise high directivity and radiation efficiency
[74]. All these advances demonstrate that the gaps germane
to designing THz technology are rapidly closing and that the
THz-band will soon open for everyday applications.

Power consumption remains a significant hurdle toward
the practical deployment of THz systems. Although studies
on the power consumption of mmWave and sub-THz re-
ceivers are emerging, as reported in [75], [76], the power
consumption of true-THz devices is still not well-established.
For fully digital architectures, [75] proposes design options
for mixers, noise amplifiers, local oscillators, and analog-
to-digital converters (ADCs) by assuming a 90nm SiGe
BiCMOS technology. The corresponding optimizations can
reduce power by 80% (fully-digital 140 GHz receiver with
a 2GHz sampling rate and power consumption less than
2W). Given that cellular systems do not usually require high
output signal-to-noise-ratio (SNRs), the researchers propose
relaxing linearity requirements and reducing the power con-
sumption of components. Low-resolution ADCs and mixer
power consumption are significantly reduced, and fully digital
architectures introduce significant benefits compared to analog
beamforming with comparable power consumption under bit-
width optimization. For a hybrid array-of-subarrays (AoSA)
multiple-input multiple-output (MIMO) structure at 28 GHz
and 140 GHz, and assuming a single-carrier (SC) system, the
power dissipated by two major power-consuming components,
namely the low noise amplifier (LNA) and the ADC, is esti-
mated in [[76]]. The power consumption of a 140 GHz receiver
is much higher than that of a 28 GHz receiver, indicating that
considerable measures need to be taken to improve power
consumption in high-frequency devices.

C. Standardization Efforts

Various leading 6G initiatives investigate THz communi-
cations, including the 6Genesis Flagship Program (6GFP)
in Finland and the European Commission’s Horizon 2020
ICT-09 THz Project Cluster. The U.S. Defense Advanced
Research Projects Agency (DARPA) identifies THz technology
as one of four major research areas that could impact society
more than the Internet. Accordingly, THz-related research has
attracted significant funding, and standardization efforts have
been launched [77]—[80], [80]. The Federal Communications
Commission (FCC) has recently allocated 21.2 GHz of spec-
trum between the 116 GHz and 246 GHz bands for unlicensed
usage. Furthermore, the first IEEE 802.15.3d standardization
efforts for sub-THz communications towards 6G were reported
in [81]], focusing on point-to-point links that can support 100
Gbps over few centimeters to several hundreds of meters.

The first IEEE standard, 802.15.3d, was approved in 2017,
with channels in the sub-THz range of 253-322 GHz and



bandwidths up to 69 GHz (starting from 2.16 GHz), featuring
up to 69 overlapping channels between 252.72 GHz and
321.84 GHz. All these bands were cleared for THz use at
the World Radiocommunication Conference (WRC) 2019 (160
GHz of spectrum), without specifying the necessary conditions
to protect passive services such as the radio astronomy earth
exploration-satellite service [82]]. However, the potential in-
terference with existing ground-to-orbit links should not be
overlooked. The standard includes medium access (MAC) and
physical (PHY) layer designs. MAC considerations include
initial solutions of directional channel access, neighbor dis-
covery, and synchronization. More relevant to our work, the
PHY layer considerations are in two modes, THz SC mode
(THz-SC PHY) and THz on-off keying mode (THz-OOK
PHY). THz-SC PHY supports high rates in fronthaul and
backhaul links and data centers, where complex signals are
used, including quadrature amplitude modulation (QAM) up
to 64-QAM. THz-OOK PHY is more tailored to short-distance
(up to several meters) kiosk and intra-device communica-
tions, featuring lower-cost sub-THz devices and a single low-
complexity modulation scheme, on-off keying keying (OOK),
that can still achieve tens of Gbps. Both high-rate (14/15)
and low-rate (11/15) low-density parity-check (LDPC) codes
are enabled in both modes, but with THz-OOK PHY, an
additional Reed Solomon (RS) code with simple decoding
without soft decision information is also enabled. The target
minimal receiver sensitivity levels in both modes are set to
—67 dBm (for 11/15 LDPC and 2.16 GHz bandwidth).

IEEE 802.15.3d-compliant solutions are already being pro-
posed, as in [83]], with THz waveform designs that exploit
99.3% of the total in-band energy and enable out-of-band
interference management. In this paper, we expand on the
tradeoffs between SC and multi-carrier designs to enhance
future standards. We address signal processing solutions suit-
able for both modes of the standard, and we formulate sig-
nal processing problems that require further consideration in
future THz standardization efforts. Because IEEE 802.15.3d
is tailored to fixed point-to-point links, we define a generic
system model that is quasi-deterministic and maintain the
discussion at the link level, by assuming the transmit and
receive antenna directions are known. We assume interference
to be mitigated by appropriate link planning with simple pro-
cedures for initial access and device discovery. However, we
also address the system-level considerations of interference,
link mobility, and multiple-channel access. The stationarity in
point-to-point links introduces significant complexity reduc-
tions, much needed for Tbps processing, as we highlight in
the subsequent sections.

D. Significance of Signal Processing for THz Communications

Many signal processing and communications system chal-
lenges still need to be addressed. The factors to be considered
in signal processing in the THz realm differ significantly from
those in the systems at lower frequencies; they are closely
linked to the transceiver or device architectures. Efficient THz-
band signal processing is crucial for two reasons. First, signal
processing must account for the use of ultra-massive MIMO

(UM-MIMO) antenna systems [76], [84], [85] to overcome
the very short communication distances due to severe power
limitations and propagation losses. Second, signal processing
must overcome the mismatch between the bandwidths of the
THz channel and the digital baseband system [86], [87].

Because channel coding is the most computationally de-
manding component of the baseband chain, several projects
are studying efficient coding schemes for Tbps operations
[88]]. However, the complete chain should be efficient and
parallelizable. Therefore, joint algorithm and architecture co-
optimization of channel estimation, channel coding, and data
detection is required. Furthermore, the inherent sparsity in the
angle and delay domains at THz frequencies can be exploited
in solutions based on compressive sensing techniques. Low-
resolution digital-to-analog conversion systems can also re-
duce the baseband complexity; even all-analog THz solutions
have been considered.

Although THz communications exhibit quasi-optical traits,
they retain several microwave characteristics. They can still
use UM-MIMO antenna array processing techniques to sup-
port efficient beamforming and reflective surfaces to support
non-line-of-sight (NLoS) propagation. Thus, efficient beam-
forming and beamsteering techniques and low-complexity
precoding and combining algorithms are required. However,
what seems predicted to be the norm in future THz systems
are hybrid and adaptive AoSA antenna architectures, in which
each subarray (SA) undergoes independent beamforming. Fur-
thermore, given the large degrees of freedom in THz UM-
MIMO systems at the transmitter side, several probabilistic
shaping and index modulation schemes can be explored. This
is particularly true in plasmonic solutions where each antenna
element (AE) can be turned on and off or tuned to a specific
frequency by simple material doping or electrostatic bias.

Molecular absorptions also result in band splitting and spec-
trum shrinking at larger communication distances. Distance-
adaptive solutions in which antenna array designs and resource
allocation criteria are optimized can tackle spectrum shrinking
[89], [90]. Accordingly, the classical problems of waveform
design and modulation need to be revisited. For instance,
SC modulations can be favored over orthogonal frequency-
division multiplexing (OFDM), which is challenging to imple-
ment in the THz band. Nevertheless, in some indoor THz sce-
narios, several multipath components might persist, resulting
in frequency-selective channels. Frequency-selectivity might
also arise at the receiver side also due to the behavior of THz
components. Therefore, multi-carrier modulations might still
be required, perhaps in the form of multiple orthogonal and
independent SCs that can be achieved at low complexity and
combined with a form of carrier aggregation.

E. Paper Contributions and Outline

In this paper, we provide an overview of recent advances
in signal processing techniques for THz communications. It is
unclear whether recent advances in THz devices have bridged
the THz gap, primarily because there remains a gap between
the promised data rates and the limited baseband-processing
capabilities. Therefore, we seek to establish a clear link
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TABLE I: Relevant overview articles on THz communications.
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Fig. 1: Typical THz-band communications system model.

[ Ref.

[ Area of Focus

|

Kurner et al. [77] -
2014

Focuses on THz channel modeling and standard-
ization efforts.

Akyildiz et al. [4] -
2014

Focuses on THz applications at the nano and
macro levels and presents possible THz band
transceivers and antennas; also summarizes chal-
lenges in the physical layer.

Nagatsuma et al. [5]],
[30] - 2016

Overviews recent THz advances at the device
level.

Boulogeorgos et al.
[91]] - 2018

Highlightes how THz can deliver optical net-
work quality; also touches on the channel, base-
band challenges, and on beamforming.

Akyildiz et al. [92] -
2018

Highlights the importance of MIMO configura-
tions and distance-adaptive solutions to extend
the THz communication distance.

Rappaport et al. [24]
- 2019

Details the opportunities and challenges in com-
munications above 100 GHz towards 6G, mainly
shaped by recent channel measurement cam-
paigns led by the group.

Ghafoor et al. [93] -
2019

Presents THz-band applications and various
MAC-layer protocols.

Lemic et al. [94] -
2019

Focuses on THz communications for nanonet-
works and the corresponding applications and
networking considerations, especially in in-body
environments.

Elayan et al. [79] -
2020

Presents a timeline of THz research and funding
and standardization activities, comparing THz to
rival technologies.

Sarieddeen et al. [21]]
- 2020

Highlights the importance of merging commu-
nications, sensing, imaging, and localization in
the THz band.

Tripathi et al. [80] -
2021

Captures the physical layer differences between
mmWave and THz communications.

Chaccour et al. [95] -
2021

Describes joint THz communications and sens-
ing, focusing on the possible applications and
touching on both networking and physical layer
considerations.

between novel THz devices, THz-channel and -noise models,
and THz signal-processing techniques. Accordingly, we strive
to formulate THz-specific signal processing methods that can
alleviate the quasi-optical behavior of THz signals to provide
seamless connectivity and accurate localization and sensing
capacities.

Samples of popular recent surveys and tutorials on THz
communications in the literature are illustrated in Table [T
including notable papers written by pioneers in the field. The
literature lacks a holistic approach to THz signal processing for
communications and sensing, a nascent research field not well
discovered but with a promising outlook. Papers by Rappaport
et al. are more tailored to channel measurement and modeling
campaigns and channel sounders; those by Kurner e al. are

focused on channel modeling and standardization; those by
Akyildiz et al. discuss THz signal processing but not in detail;
and those by Nagatsuma et al. are focused on advances in THz
devices.

We start our paper by examining how THz technology
is widely believed to be the ultimate spectrum enabler for
future-generation wireless communications systems. We then
describe how the critical challenges in developing THz com-
munications systems are, besides those inherent at the device
level, at the infrastructure and algorithmic levels. We promote
solutions on both levels, but most importantly, highlight the
practical signal processing and hardware considerations critical
to achieving the promised Tbps data rates, especially given
the limitations in digital baseband solutions. The proposed
signal-processing solutions should be low-cost and low-power-
consuming. They should also be highly reliable, low-latency
solutions.

Approaching THz research from a signal-processing per-
spective is timely and should not wait until THz devices are
mature. While we continue to monitor the latest THz devices
and channel models to update our signal-processing solutions,
this paper aims to study the signal-processing challenges and
prospect THz use cases to guide research on THz transceivers.
This paper’s novel contributions are thus expected to catalyze
THz research by directly linking its components to broadly
and significantly enable future 6G wireless systems to achieve
an order-of-magnitude increase in capacity with improved
robustness.

The paper is organized as follows. The system model is
first presented in Sec. [l followed by a discussion on THz
channel and noise modeling in Sec. Il Then, recent per-
formance analysis frameworks and experimental testbeds are
summarized in Sec.[[V] The latest advances in THz modulation
and waveform designs are summarized in Sec. [V] the concept
of THz “spatial tuning” and reconfigurable arrays are studied
in Sec. [VI, and THz beamforming and precoding techniques
are discussed in Sec. [VIIl The baseband signal processing
problems of THz channel estimation, channel coding, and
data detection are then illustrated in Sec. [VIIII We examine
the signal processing aspects of intelligent reflecting surface
(IRS)-assisted THz communications in Sec[IX] Finally, in
Sec[X-B] we highlight the importance of signal processing
for THz sensing, imaging, and localization, briefly discussing
THz networking and security before concluding in Sec. [XI|
Concerning notation, lower case, bold lower case, and bold



TABLE II: Frequently-Used Abbreviations

3D three-dimensional

5G fifth-generation

6G sixth-generation

ADC analog-to-digital converter

AE antenna element

AoA angle of arrival

AoD angle of departure

AoSA array-of-subarrays

AWGN additive white Gaussian noise

CFO carrier frequency offset

CMOS complementary metal-oxide-semiconductor

CPM continuous phase modulation

CSI channel state information

DAC digital-to-analog converter

DAoSA dynamic array-of-subarrays

Gbps gigabit/second

GHz gigahertz

GSM generalized spatial modulation

GVD group velocity dispersion

HITRAN high-resolution transmission molecular absorp-
tion database

M index modulation

IRS intelligent reflecting surface

ISI inter-symbol interference

LDPC low-density parity-check

LIS large intelligent surface

LLR log-likelihood-ratio

LoS line-of-sight

MIMO multiple-input multiple-output

mmWave millimeter-wave

NLoS non-line-of-sight

NOMA non-orthogonal multiple access

OFDM orthogonal frequency-division multiplexing

OTFS orthogonal time-frequency modulation

PAPR peak-to-average power ratio

PN phase noise

QAM quadrature amplitude modulation

RF radio-frequency

RMS root mean square

SA subarray

SC single-carrier

SM spatial modulation

SNR signal-to-noise ratio

SPP surface plasmon polariton

Tbps terabit-per-second

THz terahertz

THz-TDS terahertz time-domain spectroscopy

UE user equipment

UM-MIMO ultra-massive MIMO

VLC visible light communications

WDM wavelength division multiplexing

upper case letters correspond to scalars, vectors, and matrices,
respectively. We denote by (-), (-)*, and E[-], the transpose,
conjugate transpose, and expected value, respectively. Table
summarizes the abbreviations.

II. SYSTEM MODEL

It is challenging to define a generic system model for THz
communications at this early stage. Nevertheless, the use of
Ao0SAs of AEs is most likely to be the norm in future THz
systems, as dynamic array gains are crucial for combating
the distance problem [92]. A typical THz communications

system model is illustrated in Fig. [T} where adaptive AoSAs
are configured at the transmitting and receiving sides. After the
digital-to-analog converter (DAC) and before the ADC, each
SA is fed with a dedicated RF chain. Due to high directivity,
each SA is detached from its neighboring SAs in a multi-user
setting. The role of baseband precoding reduces to defining the
utilization of SAs or simply turning SAs on and off. In a point-
to-point setup, however, SA paths can be highly correlated due
to low spatial resolution.

We adopt the three-dimensional (3D) UM-MIMO model of
[96]]-[99]. The AoSAs consist of M;xN, and M, XN, SAs,
at the transmitter and the receiver, respectively. Each SA is
composed of O X Q AEs. Therefore, the overall configuration
can be represented as a “large” M;N;Q* x M, N,Q> MIMO
system [[100]. Such large and near-symmetric doubly-massive
MIMO systems [101] differ from conventional massive MIMO
systems. In the latter, large antenna arrays are typically con-
figured at a transmitting base station to serve multiple single-
antenna users at the receiver. The distances separating two SAs
or two AEs are critical design parameters in reconfigurable
settings, as discussed in subsequent sections. We denote these
distances by A and ¢, respectively.

THz signal propagation is highly directional (quasi-optical)
for three main reasons. First, limited THz reflected compo-
nents and negligible scattered and diffracted components result
in channels dominated by the line-of-sight (LoS) path and
assisted by possibly very few NLoS reflected multipath com-
ponents. Second, high-gain directional antennas are typically
used to combat the distance problem instead of omnidirec-
tional antennas with 0dBi gains, which further reduces the
surviving paths to a single path. Third, the high array gains
of beamforming guarantee directional “pencil beams,” where
typically each SA generates a single beam. Consequently, we
assume for the generic system model an LoS transmission
over an SC frequency-flat fading channel. The corresponding
baseband system model is

y = WHHW x + Wn, (1)

where X = [x1xp---x N“]T € XNs*1 is the information-bearing
symbol vector of components belonging to a QAM constella-
tion X; for example, yeCNS><1 is the received symbol vector,
H=[hhy---hy,n] € CMrNexMiN:t i the channel matrix,
W e RNsXMiNt and W, € RMrNr>Ns are the baseband precoder
and combiner matrices, and ne CMrNrx1 ig the additive white
Gaussian noise (AWGN) vector of power o2

An element of H, h,,, n, m,n,—the frequency response be-
tween the (m,,n,) and (m,,n,) SAs—is thus defined as

oy e = 30 (07, 0)G @y oy, G2 (91, 01),  (2)

for m, =1,--- M, n, =1,--- ,N,., my = 1,--- ,M;, and
n;=1,---,Ny;, where a is the path gain, a, and a, are the
transmit and receive SA steering vectors, G, and G, are the
transmit and receive antenna gains, and ¢;,0; and ¢,,0, are
the transmit and receive angles of departure (AoD) and arrival
(AoA), respectively (¢’s are the azimuth angles and 6’s the
elevation angles).

The steering vectors can be expressed as a function of



the transmit and receive mutual coupling matrices, C;,C, €
ROXC* a5 a;(¢r,0:) = Ciap(¢r,6,) and a,(¢,,0,) =
Crap(¢r,0;). By setting C; = C, =1 (Iy is an identity
matrix of size N), the effect of mutual coupling is neglected.
Such an assumption is especially valid in the plasmonic case
when 6 > Ag,p [102]], where the SPP wavelength, Agpp, is
much smaller than the free-space wavelength, A. The ideal SA
steering vector at the transmitter side can thus be expressed
as [96]

ag(¢r,0,)=— 0 [eﬂ)] '

.. efq)l.Q’ ej‘bzvl R efq’p,q,. e,

where @, , is the phase shift that corresponds to AE (p, q),
and is defined as

2w
D, 4(41,6;) = (p ) /1 — cos ¢, sin 6,
2
+zp(p ‘”7 sin ¢, sin 6, + y PP 2 ~ cos b,

with g (P9, zp(p 9 and (P9 being the coordinate positions
of AEs in the 3D space. Furthermore, for analog beamforming
per SA, given the target AoDs, é,, §;, the beamforming vector
4;(4,,0,) can be similarly defined using

2 N oA
(p"’> 7 cos ¢, sin 6;

ép,q(‘ﬁz, é,) =

2
+zp(p q)T sin ¢, s1n8,+w(p ) 1 = cosé,.

The equivalent array response could then be represented as
199]

M;
() _ ! Z e’ E(@pg(91.00)-Dp g (1. 9:))

a

- Nt ”; I n;=
At the receiver side, a(¢,, 0,), beamforming vector a(¢;,, 6, )
((ﬁ,, 9, are the target AoA), and aég) can be similarly defined.

III. THZ-BAND CHANNEL MODELING

Channel modeling is essential for efficient signal processing
in the THz band. Accurate THz channel models should con-
sider the effect of both the spreading loss and the molecular ab-
sorption loss and should account for the LoS, NLoS, reflected,
scattered, and diffracted signals. Channel modeling approaches
are primarily deterministic or statistical [[103]. Although de-
terministic channel modeling uses computationally extensive
ray-tracing techniques to capture site geometry, matrix-based
statistical modeling represents each independent sub-channel
using a random variable of a specific distribution. Hybrid
channel modeling schemes combine the advantages of both
approaches, where dominant paths are captured deterministi-
cally and other paths are generated statistically [[104].

A. Ray-Based THz Channel Modeling

Several extensive ray-tracing-based THz propagation mea-
surements have been recently reported. For instance, a unified
multi-ray THz-band channel model is proposed in [105],
which covers the LoS, scattered, reflected, and diffracted
paths and is experimentally validated over 0.06 — 1 THz. Ray-
tracing techniques are similarly used to post-process sub-
THz channel measurements in [106]. In [107]], a deterministic
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channel model over 0.1 — 1 THz is proposed for LoS and
NLoS scenarios, using the Kirchhoff scattering theory and ray
tracing. Similarly, ray-based sub-THz channel characterization
at 90 — 200GHz is detailed in [108] using deterministic
simulations in indoor office and outdoor in-street scenarios.

Other THz ray-tracing channel modeling attempts are tai-
lored for the peculiarities of specific use cases. For instance,
a ray-tracing channel model at 300 GHz is presented in [28],
for close-proximity THz communications, such as for Kiosk
downloading. Also, at 300 GHz, a ray-tracing simulator with
calibrated electromagnetic parameters is used in [109] for
vehicle-to-infrastructure THz communications. For reducing
the complexity of ray tracing in UM-MIMO systems, select
few virtual paths can be captured between virtual transmitting
and receiving points, the response of which gets mapped to
actual pairs of transmitting and receiving AEs.

B. Statistical THz Channel Modeling

Several statistical THz channel modeling alternatives to
time-consuming and complex ray-tracing models in fixed
geometries have been attempted. For example, by develop-
ing a wideband channel sounder system at 140 GHz, in-
door wideband propagation and penetration measurements for
common building materials are reported in [[I10]. In [111],
indoor measurements and models for reflection, scattering,
transmission, and large-scale path loss are provided by the
same group for mmWave and sub-THz frequencies; a 3D
statistical indoor channel model is further reported in [[112].
A lower reflection loss is noted at higher frequencies in
indoor drywall scenarios (stronger reflections). In contrast, the
partition loss increases due to more prominent depolarizing
effects. Furthermore, recent measurement-based models are
reported by the same group for sub-THz urban microcell
[113], indoor office [114]], and [[115] space scenarios. Natural
isolation is noted between terrestrial networks and surrogate
satellite systems and between terrestrial mobile users and co-
channel fixed backhaul links.

The statistical characterization of three channel bands be-
tween 300 THz and 400 THz is presented in [116] based on
a broad set of measurements in LoS and NLoS environments
and including spatial and temporal variations. The large-scale
losses are modeled using the single slope path loss model with
shadowing, where variations due to shadowing are normally
distributed. Metal, wood, and acoustic ceiling panels are con-
firmed as good reflectors. Strong multipath components reduce
the coherence bandwidth in indoor environments significantly,
and high channel correlation is retained. With a virtual antenna
array technique, the same testbed is exploited in [117] to
demonstrate 2x2 THz LoS MIMO channels. In [118]], channel
measurements agree closely with the new radios (NR) channel
model of the Third Generation Partnership Project (3GPP) for
a specific indoor scenario.

Another stochastic indoor 300 GHz spatio-temporal channel
model is introduced in [119] that considers parameters such
as polarization, ray amplitudes, times of arrivals, angles of
arrivals and departures, and path-specific frequency dispersion.
Furthermore, THz channel modeling via a mixture of gamma



distributions is proposed in [[120]. In other notable studies,
LoS broadband THz channel measurements are reported in
[121] when using convex lenses at the transmitter, coupled
with collimating lenses at the receiver. A beam domain channel
model is also introduced in [122]. With large numbers of
base stations and users, and given that several wavelengths
typically separate users at high frequencies, the beam-domain
channel elements are statistically uncorrelated [[123]], and their
envelopes are independent of frequency and time. Moreover, a
geometric-based stochastic time-varying model at 110 GHz is
proposed in [124] for THz vehicle-to-infrastructure communi-
cations.

A comprehensive statistical simulator of 3D end-to-end
wideband UM-MIMO THz channels has recently been intro-
duced in [99]. The simulator, called TeraMIMO, models THz
channel statistics such as coherence time, coherence band-
width, Doppler spread, and root mean square (RMS) delay
spread. TeraMIMO generates frequency-selective and time-
variant THz channels for different communication distances,
ranging from nanocommunications to short-range indoor and
outdoor communications and LoS links of hundred of me-
ters. TeraMIMO also accounts for LoS-dominant and NLoS-
assisted scenarios. By adopting the same AoSA architecture
of our system model, TeraMIMO studies the resultant spatial
effects of misalignment, spherical wave propagation, and beam
split in wideband THz channels. Such tools can catalyze THz
research, especially if they continue to follow the latest results
from measurement-based THz channel modeling campaigns.

C. Effect of Scattering

The electromagnetic roughness of surfaces increases at
higher frequencies, causing diffuse scattering and increased
backscattering (at lower incident angles) [[125]. The effect
of scattering on the reflection coefficient in THz commu-
nications is studied in [[126]]. The scattered power increases
with frequency and surface roughness relative to the reflected
power, where smooth surfaces (like drywall) can be modeled
as reflective surfaces. In [127], diffuse scattering in THz
massive MIMO channels is studied by developing a hybrid
modeling approach for 3D ray-tracing simulations by assum-
ing realistic indoor environments over the 0.3—0.35 THz band.
The channel capacity of indoor massive MIMO channels is
calculated by assuming different surface roughnesses for LoS
and NLoS scenarios. Scattering can be leveraged to achieve a
trade-off between rich multipath and high received power in
THz massive MIMO. Scattering can thus enhance the spatial
multiplexing gains. Diffuse scattering can also be leveraged to
identify surface types.

In [128], [129], it is argued that THz beams are more
susceptible to snow than rain, suffering higher losses under
an identical fall rate Mie theory approach for electromagnetic
radiation. THz-band rain-induced co-channel interference is
studied in [130]], using the bistatic radar and the Mie scatter-
ing theory, and assuming first-order multiple scattering. The
overall interference levels from rain are significantly lower
in the THz band (20dB difference between 300 GHz and
60 GHz), except when the receiver is very close to the LoS

(forward-oriented scattering at high frequencies). Furthermore,
in [[115], rain attenuation measurements at 140 GHz reveal that
communications above 70 GHz are not further impacted by
rain.

D. Effect of Blockage

Statistical modeling can also be used to study the effect
of blockage, which is significant at higher frequencies. For in-
stance, NLoS THz channel modeling is conducted in a generic
stochastic approach in [[I31]] by assuming rectangular geome-
try and accounting for variable densities of reflecting objects
(single reflection components) and blocking obstacles. THz
signals are more sensitive to blockages than mmWave signals.
Human blockage in indoor THz communications is studied
in [132], where adding extra antennas to account for blocked
streams is considered. The average network throughput and
coverage probability in the presence of indoor blockage effects
resulting from human bodies and walls are further studied in
[133].

The dynamic blockages caused by moving humans are
incorporated into the 3D THz channel model in [[134]], where
deploying antennas at high altitudes would help prevent block-
ages. Furthermore, the effect and mitigation of blockage in
THz relay systems are addressed in [135]], [136]. Moreover,
blockages can arise at the transmitter due to the condensa-
tion of particles, and such blockages can be mitigated using
compressive sensing techniques [[137], [138]]. A similar remote
array diagnosis technique that mitigates antenna blockage
without the need for full channel state information (CSI) is
reported in [[139].

E. The Molecular Absorption Effect

The path loss of a THz signal in the presence of water vapor
is dominated by spikes that represent molecular absorption
losses originating at specific resonant frequencies due to
excited molecule vibrations. Higher densities of absorbing
molecules strengthen and widen the peaks (broadening of ab-
sorption lines). The spectrum is divided into smaller windows
(sub-bands) of tens or hundreds of GHz because of these lines.
The windows are distance-dependent because some spikes
only become significant at specific distances (by increasing the
distance from 1 to 10 meters, the transmission windows are
reduced by order of magnitude [[140]]). Hence, variations in the
communication distance affect both the available bandwidths
and the path loss, where the available bandwidth shrinks at
higher frequencies.

The LoS path gain as a function of absorption is expressed

as
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where dp, 5, m,n, 18 the distance between the transmitting and
receiving SAs, K(f) is the absorption coefficient, f is the
frequency of operation, and cg is the speed of light in vacuum.
K(f) is derived in [65] as a summation over contributions
from isotopes (i € 1,---,I) of gases (g € 1,---,G) that
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constitute a medium. The construction in [[65] uses radiative
transfer theory for insight into the physical meaning of the
corresponding equations as a function of temperature, system
pressure, and absorption cross-section.

We compile the overall equation for K(f) in (3), where
T is the system temperature, Ty is reference temperature, Kp
is the Boltzman constant, / is the Planck constant, R is the
gas constant, N4 is the Avogadro constant, p is the system
pressure, p is the reference pressure, g'*¢ is the mixing ratio
of gas (i,g), f.; is the resonant frequency at the reference
pressure, y is the temperature broadening coefficient, 6"¢ is
the linear pressure shift of gas (i, g), $"*¢ is the line intensity,
@ is the broadening coefficient of air, and ay* is the
broadening coefficient of gas (i, g). All these parameters can
be extracted from the high-resolution transmission molecular
absorption database (HITRAN) [[141]]. However, this model is
complex and challenging to track analytically.

Because water vapor dominates the absorption losses at
high frequencies, simplified yet sufficiently accurate models
for molecular absorption loss are developed in [142]], [[143]]
and used in [144]-[146]. These models are built using a
database approach by fitting the absorption line shape func-
tions to the actual responses. In the first model, tailored
for the 0.275 — 0.4 THz band, the absorption coefficient is
approximated as

K(f) =Ki(f,v) + K2 f,v) + K3(f),
where
K](f,V): A(V) 5
BO) + (o — 1)

C(v)
D)+ (ﬁ - cz)2

K3(f) = p1f> +p2f? + p3f + pa,
with v being the volume mixing ratio of water vapor. The
rest of the coefficients and functions are detailed in [142].
The updated model in [143] is valid over an extended sub-
THz range (100 — 450 GHz), accounting for more absorption
spikes. Both approximations are sufficiently accurate for links
up to 1 kilometer (Km) under standard atmospheric conditions.
Although such approximations reduce the computational com-
plexity and are easy to track analytically, the exact HITRAN-
based absorption model is still favored, especially in very
high SNR settings. In the context of joint signal processing
for communications and sensing, where exact knowledge of
medium components is sought (Sec. [X-B)), precise HITRAN-

based molecular absorption modeling is crucial.
The distance-dependent path loss is illustrated in Fig. [2]
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Fig. 2: Comparison between path gains with molecular absorp-
tion computed via HITRAN (exact) and approximated (100-
450 GHz): 298.15 Kelvin, 1 atm, composition (N2 = 76.5450,
02 = 20.946, H20 = 1.57, CO2 = 0.033, CH4 = 0.906), and
relative humidity 50%.

which plots the total path loss (i.e., the spreading and the
molecular losses) as a function of frequency—increasing the
communication distance results in more severe losses. Three
spectral windows are noted between path loss peaks below
1 THz; at medium ranges and frequencies higher than 1 THz,
the spectrum becomes more fragmented, where the window
widths depend on both the center frequency and the commu-
nication distance.

F. Multipath THz Channels

Despite only considering an LoS-dominant scenario in our
system model, a multipath channel can arise in several THz
communications scenarios, especially indoors, where lower
antenna gains can be tolerated. Nevertheless, it is safe to
assume that a THz channel is sparser than a mmWave chan-
nel. For instance, only five multipath components survive at
0.3THz in a 256 X256 UM-MIMO system, 32.5% lower than
the number of multipath components in the same system at
60GHz [147]]. On average, the path gain difference between
LoS and NLoS paths is 15 dB higher in THz systems compared
to that in mmWave systems [96]. Consequently, the angular
spread of indoor THz channels is much smaller than that
at lower frequencies [97]. Indoor THz multipath components
[99], [119], [[148], [[149] can be modeled using the Saleh-
Valenzuela (S-V) channel model [150|], where the channel



response within a time margin Ty is expressed as
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where N, is the number of path clusters and Nr(a‘;) is the
number of paths within the vth cluster. Each path can have
random angles of departure and arrival within a beam region.
The expectation of path gain magnitude is
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where 7, and 7, , are the times of arrival that follow an
exponential or paraboloid distribution and I' and y are the
clusters and ray decay factors, respectively. The angles of
departure and arrival are calculated as
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where /@™ and 9" /9" are the uniformly distributed
cluster azimuth and elevation angles of departure/arrival, and
<p§”’v)/<p£”’v) and ﬁf“’v)/ﬁr(”’v) are the ray azimuth and eleva-
tion angles of departure/arrival. The latter can follow a zero-
mean second-order Gaussian mixture model [99].

G. Wideband Channels and Beam Split

Frequency selectivity due to multipath or molecular absorp-
tion is more significant in wideband THz channels supported
in several scenarios. Ultra-wideband pulse-based modulations
are serious candidates for THz communications in which short
pulses in time span the entire THz range in frequency [151]],
[152]. In such wideband scenarios, a deterministic frequency-
selective fading, not captured by Rayleigh and Ricean models,
arises due to molecular absorption. This fading results in
delayed signal components in a wideband multipath scenario.
Hence, group velocity dispersion (GVD) is another issue that
arises in impulse radio THz communications due to frequency-
dependent refractivity in the atmosphere. GVD becomes lim-
iting at specific link distances, atmospheric water vapor den-
sities, and channel bandwidths [[153]]. This phenomenon also
results in inter-symbol interference (ISI) as data bits spread out
of their assigned slots and interfere with neighboring slots.
Therefore, dilating bit slots can solve this problem at the
expense of the data rate. In [[154], the atmospheric GVD of
THz pulses (0.2 —0.3 THz) is compensated for using stratified
media reflectors.

Beam split is another critical phenomenon that arises in
ultra-broadband THz signals with large fractional bandwidths
(ratio between bandwidth and central frequency). The beam
splits when different THz path components at different subcar-
riers squint into different spatial directions, resulting in array
gain loss [[155]. Beam squint can occur due to frequency-
independent delays in analog beamforming phase shifters
when the same phase shift is applied to different frequencies.
The difference between fi, the frequency of a subcarrier
in a multi-carrier system, and f., the center frequency, is
significant at THz frequencies. Therefore, the paths split into

different spatial directions within an ultra-broadband band-
width. The angle domain beam split is expressed as [99]
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The large UM-MIMO AoSAs also add a beam split effect
when the signal propagation time between SAs introduces
a frequency-dependent phase shift that biases the estimated
angle of arrival in steering vectors [155]]. The highly narrow
beamwidths under UM-MIMO beamforming worsen the beam
split effect. The receiving antenna array might often be larger
than the received beamwidth, which indicates that a path is
not visible to all the antennas in the array. This phenomenon
causes non-stationarity [[156]] and variations in time of arrival,
angle of arrival (and angle of departure), and received am-
plitudes across the antenna array. The variation in the time
of arrival causes ISI (not only a phase shift) in wideband
scenarios [157].

Beam split can be mitigated in the digital domain of hybrid
architectures [158]], [159]. In [160], a beam squint mitigation
scheme based on introducing true-time-delays over uniform
planar arrays is investigated for channel estimation and hybrid
combining. In [161]], the use of radix-2 self-recursive sparse
factorizations of delay Vandermonde matrices as alternatives
to fast Fourier transform is robust to beam split effects. Fur-
thermore, wideband beam zooming schemes based on beam
tracking are proposed to combat beam split, such as the use
of delay-phase precoding [162]], [162], [163].

H. Spherical Wave Model

The near- and far-field considerations are also critical at
THz frequencies. The plane wave propagation model applies to
far-field scenarios where the distance between the transmitter
and the receiver is greater than or equal to the Rayleigh
distance of the antenna array [164]], or when the distance is
comparable to the array dimensions [[165]]. At lower microwave
and mmWave frequencies, this distance is less than 0.5 m and
5m for an array size of 0.1 m and an operating frequency
of 6 GHz and 60 GHz, respectively. However, this distance
grows to approximately 40 m at 0.6 THz, which is greater than
most achievable THz communication distances, confirming the
importance of the spherical wave propagation models. The
spherical wave model should be considered when the distance
is within the Fresnel region [[166]:
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where D is the overall maximum antenna dimension (a slightly
different MIMO near-field definition is adopted in [163]).
Spherical waves can be modeled at AE or SA levels. In
compact device technologies, such as plasmonics, an SA-
level spherical wave model can be sufficient for most com-
munication distances. Retaining the plane wave assumption
at the AE level has the advantage of generating a simple
and convenient equivalent array response. The spherical signal
wave considerations are at the distance and angle levels—the
distance between two SAs in the far-field should be calculated
by accounting for the curvature, and the AoD/AoA differ for
different SAs.



1. Antenna Gains

Directional antennas are essential for overcoming the high
THz propagation losses. A simplified ideal sector model for
antenna gains, G, at the transmitter and G, at the receiver,
can be expressed as [167]:

G = { ‘/G_’ V¢ € [‘f’minv ¢max]aV9 € [‘gmin, 6)max],
0, otherwise.

This model can be applied for both LoS and NLoS components
with the corresponding azimuth and elevation angles. For
highly directional antennas, G can be approximated as [160],
[168]
_4rn  4nm
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where ¥4 is the beam solid angle, and 4 and ¢4 are the
half-power beamwidths (HPBWs) in the azimuth and elevation
planes, respectively. The antenna sectors are small under
antenna directivity. For example, HPBW azimuth/elevation-
plane angles 4 =g =27.7° only result in a 17.3dBi gain
[168]]. However, much higher gains are required in medium-
distance THz communications. Array gains can complement
antenna gains. For instance, a massive number of THz-
operating antennas can be fit into a few square millimeters.

0

J. Effect of Misalignment and Impairments

The performance of THz communications systems severely
deteriorates under the effect of misalignment and hardware
impairments. Misalignment occurs when the transmitter and
receiver do not precisely point to each other, a highly probable
scenario with narrow THz beams [169]. The joint effect of
misalignment and hardware impairments on THz communi-
cations is studied in [170], including in-phase and quadra-
ture imbalance (IQI) and non-linearities. The study models
all impairments as Gaussian noise components and accounts
for operation and design parameters alongside environmental
parameters; it also introduces a misalignment fading model.
However, the adopted model is based on the optical receiver’s
intensity fluctuation derived in [171].

Alternative THz- and UM-MIMO-specific misalignment
models need to be derived, by complementing the optical
model with approximations of the effective radius of the
receiving AoSA area, such as in [99]. The research in [[170] is
extended in [[172] to capture the error analysis of mixed THz-
RF wireless systems. The use of high-directivity antennas in
THz systems results in small transceiver antenna beamwidths,
which provide higher antenna gains but cause pointing errors
and loss of connection. Due to the symmetry of the beam, the
misalignment fading component depends only on the radial
distance [173]. Earlier attempts to capture this misalignment
effect are reported in [174]]-[176]. The effect of small-scale
mobility on THz systems is studied in [[177]], [L178]]. Simple
shakes or rotations due to user equipment (UE) mobility can
result in beam misalignment and SNR degradation, which
result in a loss in communication time due to extra beam-
search mechanisms. Therefore, there exists a trade-off between
antenna directivity and capacity.

Misalignment can be modeled by expressing the effective
channel coefficient between two SAs in terms of three compo-

nents [[170] as heg=hhmahy, where h is expressed in (2), A,
is the misalignment fading, and hg is the stochastic path gain
(can be neglected or modeled as an @—u process depending on
the scenario). Due to beam symmetry, misalignment fading de-
pends primarily on the pointing error, which can be expressed
in the form of a radial distance r between the transmission
and reception beams at a communication distance d:

2
hma(r; d) = Ag exp (—ZLZ) ,

Weq
where A is the fraction of power collected at the receiver,
and weq is the equivalent beamwidth. Hardware imperfections
in both the transmitter and the receiver can be modeled as two
additional distortion noises. The modified system model under

impairments is approximated as

y=H(x+n,) +ny +n,
where ng € CM:Nexl and ng € CM-NrX1 are two complex
Gaussian distortion noise vectors at the transmitter and the
receiver, with noise variances n%p and 12p|h|?, respectively,
with p being the average transmitted power and 7, and 7y
being the impairment coefficients [[170].

K. THz Noise Modeling

Accurate noise models are essential for understanding the
behavior of THz systems. Although stochastic models for the
electronic noise at THz receivers are still lacking, in [179],
two primary sources of noise are noted: (1) thermal noise,
which arises at the receiver multiplier and mixer chains, and
(2) absorption noise that is channel-induced due to water vapor
molecules. The corresponding histogram of the measured noise
follows a Gaussian distribution, in accordance with the noise
behavior at lower frequencies, as opposed to shot noise in
optical receivers. In [180], the transmission-induced noise
due to molecular absorption is discussed in more detail. The
researchers differentiate between multiple models, most of
which are based on the antenna temperature generated by the
absorbed energy. However, this molecular absorption noise
model has not yet been validated by measurements; it uses
sky noise as a basis, which might overestimate the level of
the self-induced noise. In [[181], [[182], molecular absorption
is assumed to result in a rich scattering environment because
absorptions are followed by re-radiations with minimal fre-
quency shifts. Nevertheless, such coherent re-radiations can be
more realistically lumped in a generic absorption noise factor
[65], [180].

The channel-induced component dominates the overall noise
in pulse-based systems (especially in low-noise graphene-
based electronic devices [|183]]), and is colored over frequency.
The total noise power at a distance d can be expressed as

02=KB/Tnoise(f’d)dfv
B

where Thoise = Tsys + Tmol + Tothers Tsys and Tingl are the system
electronic noise temperature and molecular absorption noise,
respectively, and

Tmol (f,d) = To(1 - e—W(f)d).



In a carrier-based system with perfect frequency planning
over absorption-free spectra, the effect of the channel-induced
noise can be minimized. This is particularly true at shorter
communication distances, where propagation losses domi-
nate. At larger distances and higher frequencies, however,
molecular absorption losses can overcome propagation losses.
An additional low-frequency noise component exists at the
transmission chain and power supply.

In addition to these noise sources, the effect of phase noise
(PN) at THz frequencies should be considered [184]. PN
is caused by time-domain instability (jitter), which produces
random rapid, short-term fluctuations in the phase. Precise
THz-specific PN measurements are still lacking, despite some
modeling attempts [[185]], [186]. PN can be modeled by the
superposition of Wiener and Gaussian noises. Furthermore,
PN is typically accompanied by strong phase impairment
and carrier frequency offset (CFO)-both result from poorly
performing high-frequency oscillators (more of a problem in
multi-carrier systems [[187]). Novel signal processing tech-
niques and optimized modulation/demodulation schemes can
overcome these impairments and achieve PN robustness. THz
CFO can be estimated via an under-sampling approach with
narrow-band filtering and coprime sampling [188]. Other
notable studies that account for PN and impairments at the
sub-THz band include [189] on MIMO techniques, [[190] on
SC transceivers, [191] on OFDM systems, and [[192] on mesh
backhaul capabilities.

IV. ANALYSIS FRAMEWORKS AND TESTBEDS

The more accurate the THz channel models get, the more
insight we have on the achievable gains of THz systems. These
gains can be captured via theoretical performance analysis
frameworks and can be verified via experimental testbeds. In
this section, we summarize recent results on both.

A. Fundamental Performance Analysis Frameworks

Early THz channel capacity studies are reported in [193]
in the context of nanonetworks, where numerical results are
generated for different molecular compositions and power
allocation schemes, with emphasis on pulse-based modulation.
In [[105]], a thorough analysis of THz channel characteristics
is presented, where the variability of spectral window widths
over communication distances is first observed. Water-filling
power allocation can achieve more than 75 Gbps with 10 dBm
transmit power over 0.06 — 1 THz. The study further illustrates
that in multipath scenarios, the RMS delay spread is distance-
and frequency-dependent, and the coherence bandwidth is less
than 5 GHz (decreases with longer distance and lower carrier
frequencies). Furthermore, the spacings between transmissions
are affected by the increased temporal broadening effects at
higher frequencies, wider pulse bandwidths, and longer dis-
tances. Therefore, distance-adaptive techniques are suggested
alongside multi-carrier schemes.

Theoretical performance analysis of conventional THz com-
munications systems is also progressing. For instance, in [[145]],
the two-path channel characteristics over 275 — 400 GHz are
analyzed in terms of SNR and ergodic capacity by considering

channel characteristics such as frequency selectivity, path-loss,
and atmospheric conditions. The analysis also accounts for
transceiver parameters such as antenna gains and transmit
power. By assuming the signal and noise to be jointly Gaus-
sian, classic Shannon results for coherent reception are used
for capacity estimation. This approach is employed in several
other studies: in [65]] to compute the capacity of THz nanosen-
sor networks, in [[194] to capture the relation between transmis-
sion distance and absorption-free (transparency) windows, and
in [[195] to study the data rates of fixed THz-links. Such studies
are also extended in [70] in the context of reconfigurable
MIMO systems. Furthermore, the effect of both deterministic
(molecular absorption) and random (atmospheric turbulence
and pointing errors) factors on the bit-error-rate performance
and capacity of LoS THz links is studied in [196], where
the log-normal, gamma-gamma, and exponentiated Weibull
channel models are used.

THz systems are also susceptible to transceiver imperfec-
tions. In [197], it is argued that in the presence of PN and
misalignment, the outage performance is not significantly en-
hanced by higher transmit power, and lower-order modulations
might be required. The effect of local oscillator hardware
impairments can also be more severe than misalignment issues.
The performance of THz systems is studied under the joint
impact of PN and misalignment fading in [[198]], and under the
joint impact of PN and amplifier non-linearities in [199]. When
lumped into PN at the local oscillator, the impact of these
errors is examined under different transceiver architectures in
[200].

The achievable data rates of indoor THz systems are studied
in [201]], where a single frequency network is advocated, and
the corresponding ISI due to channel dispersion considered,
and the effect of the density of access points on performance
is studied. Similarly, in [202], the indoor interference and
coverage under beamforming are studied. An analytical model
for the distribution of indoor access points at different blocks
of the THz spectrum is proposed in [203]]. In THz indoor NLoS
scenarios, the total received signal is accumulated predomi-
nantly from diffuse reflections [204]. Small-scale mobility in
indoor THz scenarios is also studied in [205]] as a function
of several variables, such as frequency windows, beamwidths,
distance, humidity, mobility type, and antenna placement—
there exist optimal beamwidths for specific mobility types and
AP placement strategies. In [206], the interference in mmWave
and THz systems under blockage and directional antennas is
studied.

B. Performance Analysis for Novel Use-Cases

It is crucial to study the system-level resource allocation
considerations of THz communications. The purpose of such
studies is to decide on the optimal use of THz signals in a
future communications system, whether in the backhaul of net-
works to alleviate data rate bottlenecks or in the access domain
to deliver novel communication and sensing applications. The
performance under different medium conditions (snow, rain)
should be studied for backhaul links, comparing THz links
to other backhaul solutions. In the access domain, a stochastic



geometry approach [207] can be used, as an alternative to time-
consuming and error-prone heavy simulations, to capture the
outage probability and optimize resource allocation in dense
deployments under interference and blockages. Despite THz
signal directionality, inter-cell interference can still arise in
dense deployments of THz base stations that overcome the
high path and molecular absorption losses. Stochastic geom-
etry can introduce a mathematically compliant formulation
for inter-cell interference, which is extremely difficult under
other approaches. Stochastic geometry at the THz band should
account for a practical blockage model, highlighting the impact
of the penetration loss on the communication quality of the
THz channel in indoor and outdoor environments. The impact
of the high molecular absorption loss, spreading loss, and
scattering, the use of directional antennas and beamforming
techniques, and the impact of misalignment can also be
modeled by stochastic geometry.

A stochastic geometry approach for mean interference
power and outage probability analysis is considered in [207]],
in the context of a dense THz network operating over
0.1 — 10THz. The researchers model the interference as a
shot noise process, and they assume directional antennas.
Furthermore, although high antenna gains result in a lower
probability of interference in the THz band, the interference
level is much higher when it occurs. Stochastic geometry
is also used in [208]] to derive the exact and approximate
distributions of the received signal power and interference,
respectively; semi-closed-form expressions are derived for the
coverage probability and the average achievable rate. Eventu-
ally, heterogeneous networks (HetNets) comprising mmWave,
THz, and optical wireless communications should be analyzed
[209]. Integrating small cells operating at mmWave and THz
frequencies is required to meet the ever-increasing demand for
ultra-high data rates; retaining sub-6 GHz cells overcomes the
limited coverage of THz communications. Densifying the net-
work with THz base stations should increase the average rate
significantly but not the coverage probability that decreases
when THz small cells dominate the network.

The performance of THz systems is also studied in use-case-
specific scenarios. For example, the reliability and latency of
THz communications are studied in the context of wireless
virtual reality in [210], [211]]. High reliability can be achieved
with proper densification, which is illustrated by deriving
a tractable expression for system reliability as a function
of THz system parameters. In another example [212], the
channel capacity and reliability are studied for the special
case of THz wireless networks-on-chip communications [213]],
[214], where performance can be enhanced by proper choice
of silicon layers and their thickness. Furthermore, user- and
network-centric metrics for THz information shower systems
are evaluated in [215[], where 95% of traffic from long-
range networks can be offloaded, initiating heavy-traffic THz
information shower sessions.

THz signals are also being considered for communications
at atmospheric altitudes (where the concentration of water
vapor decreases) among drones [216], [216], jets, unmanned
aerial vehicles [217]], high-altitude platform systems [218]], and
satellites [219]], [220]. Calculating the absorption loss through

the atmosphere at higher altitudes permits such applications.
In [221]], communication at 0.75 — 10 THz is demonstrated as
more feasible at higher altitudes than sea-level, with reported
usable bandwidths of 8.218 THz, 9.142THz, and 9.25 THz
over a distance of 2 km. In [222]], the capacity of optoelectronic
THz Earth-satellite links is analyzed, where the claim is made
that 10 Gbps per GHz can be supported.

Similarly, the use of the THz band for simultaneously
providing high data rates and wide coverage data streaming
services to ground users from a set of hotspots mounted on
flying drones is studied in [223]]. By solving an optimization
problem for resource utilization, much higher throughput can
be achieved in mobile environments than in static environ-
ments. Furthermore, a holistic investigation on THz-assisted
vertical HetNets is conducted in [218]]. The study comprises,
in addition to terrestrial communication links, geostationary
and low-earth orbit satellites, networked flying platforms, and
in-vivo nanonetworks; accurate channel modeling is critical
for harmony across all these applications. Analyses on THz-
band nanocommunications are also reported in [224] and in
particular for body-centric applications in [225[]-[227]].

C. Experimental Demonstrations

Several experimental demonstrations have been conducted
to verify the corresponding channel models and predicted
performance metrics. Experimental results for the first true-
THz absorption-defined window above 1THz (1.02 THz) are
reported in [179], where tens of Gbps are demonstrated in a
multi-carrier (OFDM) system over sub-meter distances. A typ-
ical software-defined PHY layer transceiver system consists of
frame generation, modulation, pulse shaping, pre-equalization,
noise filtering, frame synchronization, post-equalization, and
demodulation. Although pre-equalization accounts for the
frequency-selective response of components, post-equalization
mitigates ISI and the frequency-selective channel response. A
correlator filter is used for frame synchronization [[179].

In [228]], the researchers demonstrated a THz LoS link with
digital beamforming, at an operating frequency of 300 GHz, a
channel bandwidth of 1.5 GHz, and a communication distance
reaching 0.6 m; the results confirm an 11 Gbit/sec data rate.
Tbps speeds are demonstrated over THz LoS links in [229],
where NLoS links through first-order reflections are also
feasible in cases of signal obstruction. These observations
inspire the development of MIMO mechanisms that exploit
spatial diversity in transmission, reception, and reflection.
Furthermore, in [230], a live streaming demonstration of an
uncompressed 4K video using a photonics-based THz commu-
nications system (below 200 GHz) is reported, where error-free
transmission is achieved at a distance of 1 m. Similarly, THz
signals propagating through practical outdoor weather condi-
tions and subject to indoor surface reflections are studied in
[231]. According to [232], THz communications can support
outdoor communications with proper planning.

Open-source large-scale distributed testbeds are being devel-
oped to facilitate experimental research in the mmWave and
THz bands, such as MillimeTera [233]]. Several experimental
testbeds that demonstrate multi-Gbps THz links over several



distances have been reported for both electronic (at 240 GHz
[234] 300 GHz [235]], 625 GHz [236] and 667 GHz [237]])
and photonic systems (near 300 GHz [238]]). Other real-time
testbeds are proposed in [239] (30 Gbit/sec at 325 GHz) and in
[240] (100 Gbit/sec at 300 GHz). In [241]], a versatile experi-
mental testbed debunked the limited THz transmission distance
myth by demonstrating a more than 1 Km distance at 100 GHz.
Furthermore, THz-wireless fiber extenders are experimentally
demonstrated at 300 GHz in [242], [243], and a spectral-
efficient 64-QAM-OFDM THz link is demonstrated in [244].
However, we still lack experimental testbeds for THz UM-
MIMO systems [245]]. Nevertheless, thousands of graphene-
based antennas promise to be embedded in small arrays, and
electronic solutions promise high degrees of integration, which
motivates research into UM-MIMO. The challenge is how to
operate such arrays.

V. THZ MODULATION SCHEMES AND WAVEFORM DESIGN

Designing efficient THz-specific waveforms and modulation
schemes is crucial for unleashing the THz band’s true powers.
Specific waveform designs can mitigate the limitations in THz
sources and receivers. In contrast, optimized, adaptive modu-
lation schemes can fully exploit the available spectrum. The
choice of modulation schemes provides a compromise between
low-complexity and high-rate PHY layer configurations.

Because carrier-based systems at higher frequencies tend to
use larger spectrum bandwidths per channel, simple modula-
tion schemes that require very low complexity digital demod-
ulation are favored (binary phase-shift keying and amplitude-
shift keying). Nevertheless, novel modulation schemes and
optimized multi-carrier waveform designs should be tailored
for specific THz communication use cases. Early results on
IEEE 802.15.3d-compliant waveforms are documented in [83]],
which proposes an optimal THz envelope waveform that
maximizes the spectral radiation efficiency under stringent
emission constraints.

A. Single-Carrier versus OFDM

The use of multi-carrier waveform designs in future THz-
band communications systems remains a controversial topic.
The limited multipath components at higher frequencies result
in frequency-flat channels that favor low-complexity wideband
SC systems [246], [247]]. Because THz beams are narrow
under high antenna gains, the corresponding delay spread is
reduced (survival of a single path), and the channel should be
flat. This may require a deviation from OFDM.

OFDM is challenging to implement in the context of ultra-
broadband and ultra-fast THz systems (complex transceivers
with Tbps digital processors still do not exist). The strict
synchronization at the THz band severely hinders OFDM
deployment, where frequency synchronization requires sam-
pling rates on the order of multi-giga- or tera-samples per
second [187]. Furthermore, the high peak-to-average power
ratio (PAPR) requirements also render OFDM ineffective in
the THz band. The limitations of DACs and ADCs also prevent
the digital generation of multi-band orthogonal systems [140].
Special care should be given to mitigate the resultant Doppler

effect with OFDM. Under perfect frequency and time synchro-
nization, the cyclic prefix length in OFDM is chosen to account
for the delay spread in the system, and the OFDM symbol
length is proportional to the inverse of the Doppler spread.
Hence, at THz frequencies, the cyclic prefix is relatively
larger for the same delay spread conditions. This problem is
highlighted in [122] and complicates OFDM design. Prospect
solutions for this problem in the literature include beam-
based Doppler frequency compensation schemes [[248]], [249].
Although variations of multi-carrier designs result in the use
of distinct THz spectra, spectral efficiency need not be the
primary concern in the presence of huge bandwidths, and
baseband complexity constraints might be more critical.

SC modulation for above-90 GHz is proposed as a spectral-
and energy-efficient solution for Tbps wireless communica-
tions [246]. Nevertheless, because bandwidth is abundant in
the THz band, non-overlapping and perhaps equally-spaced
sub-windows are efficient, as confirmed in several photonic
THz experiments [97], [149]. Non-overlapping windows can
be understood as SC modulation with some form of carrier
aggregation, which is much less complex than OFDM and
would thus enable the use of high-frequency energy-efficient
power amplifiers. Transmission can be conducted in parallel
over these windows [250]], where each carrier would occupy a
small chunk of bandwidth that supports a lower data rate. This
relaxes design requirements (simpler modulation and demod-
ulation) and reduces energy consumption while retaining an
overall high-rate THz system. These benefits are at the cost of
operating multiple modulators in parallel, where a high-speed
signal generator is required to switch between carriers.

SC transmission is further advocated in [251]]. SC has been
proposed in WiFi 802.11ad (WiGig) [252] for mmWave com-
munications [253]]. The SC waveform can be complemented
with simple continuous phase modulation (CPM) schemes
such as continuous phase modulated SC frequency division
multiple access (CPM SC-FDMA) and constrained envelope
CPM (ceCPM-SC) [254]. SCs can even provide higher power
amplifier output power than cyclic-prefix OFDM. Furthermore,
SC transceivers are resilient to PN [185]], [190], especially
when combined with a PN-robust modulation scheme. Low-
order modulations have low PAPR and are robust to PN. By
tracking the phase of local oscillators at the transmitter and
receiver (e.g., using time-domain phase tracking reference sig-
nals), SCs can accurately estimate the PN at low complexity.

Frequency selectivity, however, can still arise due to
frequency-dependent molecular absorption losses, frequency-
dependent receiver characteristics, and the existence of sev-
eral multipath components in indoor sub-THz systems. The
bandwidth of each THz transmission window (approximately
0.2THz [97]]) can be much larger than the coherence band-
width, which at 0.3 THz can be as low as 1 GHz in a multipath
scenario and can reach 60 GHz with directional antennas
[90]. Frequency selectivity is a function of the communica-
tion distance, pulse bandwidth, and center frequency [187].
A frequency-selective system can also exist because of the
behavior of the THz receivers [[179], [255].

Therefore, as a well-understood technology, OFDM can
still be used for THz communications [244]. Candidate multi-



carrier schemes include cyclic-prefix OFDM (CP-OFDM),
block-based discrete-Fourier-transform spread OFDM (DFT-s-
OFDM) [256]], continuous offset QAM-based filter-bank multi-
carrier (OQAM/FBMC) [257], and orthogonal time-frequency
modulation (OTFS) [258]]. A study on the performance and
complexity trade-offs of such schemes in both the sub-THz
and THz bands still lacks in the literature. Target parameters
include PAPR performance, the complexity of different linear
equalization schemes, and the impact of subcarrier spacing on
PN.

OQAM/FBMC is considered a promising candidate for
future wireless networks and cognitive radio applications as
an alternative to CP-OFDM. OQAM/FBMC features very
low out-of-band emissions, with the same bit error rate as
CP-OFDM, but with enhanced spectral efficiency because
no cyclic prefix is needed. Moreover, OQAM/FBMC relaxes
synchronization requirements and offers less sensitivity to
Doppler effects due to the use of well-localized prototype
filters in the time-frequency domain such as PHYDYAS [259].
In contrast, all these advantages reflect negatively on the
complexity of the equalizer because CP is not used to reduce
ISI. The direct form representation of FBMC consists of
OQAM pre-processing, synthesis filter bank, analysis filter
bank, and OQAM post-processing.

OTFS [258] is promising for THz mobility scenarios with
Doppler shifts that severely affect the automatic frequency
control range. OTFES is robust to doubly selective channels be-
cause it modulates information symbols in the delay-Doppler
domain. Alternative THz multi-carrier modulations such as
wavelength division multiplexing (WDM) and Nyquist WDM
[260] are also being studied.

B. Optimized Modulation Schemes

Modulation schemes can be further optimized to use the
fragmented THz bandwidth to mitigate the absorption effect
and turn it into an advantage. Accordingly, and because
the THz channel response is distance-dependent, distance-
aware multi-carrier schemes that dynamically optimize trans-
mission window allocations are proposed in [250]. Such
schemes achieve Tbps data rates, an order of magnitude higher
than fixed-bandwidth modulation schemes, over medium-range
communications (10 m). Nevertheless, such schemes come at
the expense of a slightly increased complexity because they
typically require a control unit, a multi-carrier modulator, and a
feedback path. In [261]], a parallel sequence spread spectrum is
proposed as an alternative to OFDM for THz communications;
it achieves 100 Gbps with simple receiver architectures that
can almost be implemented almost entirely in analog hardware.
In [262]], constrained PSK is introduced as an energy-efficient
modulation scheme for sub-THz systems.

Many more resources, however, can be dynamically op-
timized. For example, frequency allocation per AE is op-
timized in [89] to maximize capacity as a function of the
number of frequencies and AEs, antenna and array gains, and
beamsteering angles. Moreover, a pulse-based multi-wideband
waveform design is optimized in [90] to enable communication
over long-distance networks by adapting the power allocation

criteria over a variable number of frames. The design incor-
porates pseudo-random time-hopping sequences and polarity
randomization and accounts for temporal broadening effects
and delay spread; a communication range of 22.5m and a
data rate of 30 Gbps are reported. A single-user and multi-
user distance-aware bandwidth-adaptive resource allocation
solution is proposed in [263]] that supports a data rate of 100
Gbps over a 21 m distance. The unique relationship between
distance and bandwidth is also exploited to enable a multi-
carrier transmission in [[105].

A hierarchical modulation scheme is proposed in [140]]
for a single-transmitter multiple-receiver system that supports
multiple data streams for various users at different distances,
by adapting the modulation order and symbol time. These
optimization problems are extended to cases of large densities
and user mobility. In such scenarios, multi-user interference
is unavoidable. In [205]], the opportunistic use of resources
under mobility is maximized to satisfy the constraints on
humidity, distance, frequency bands, beamwidths, and antenna
placement. Furthermore, a stochastic model of multi-user in-
terference is proposed in [264]], alongside modulation schemes
that minimize the probability of collisions. THz OFDM adap-
tive distance- and bandwidth-dependent modulations are also
considered in [[144].

C. Pulse-Based Modulation

Although continuous carrier-based transmission can be sup-
ported in the sub-THz range when the constraint on size is
relaxed [36], [265]], carrier-based transmission is still chal-
lenging at true THz frequencies. For example, it is not easy
to generate more than short high-frequency pulses of few
milli-watts with graphene at room temperature. Nevertheless,
with large bandwidths, a reduction in spectral efficiency is
acceptable, and pulse-based modulations can be used. Pulse-
based SC on-off keying modulation spread in time (TS-OOK)
that exchanges hundreds of femtosecond-long pulses between
nanodevices is proposed in [73]. By assuming time-slotted
operations with a time slot T, the Gaussian pulse is expressed
as p(t) = aexp (—(t—b)z/ZTz), where a, b, and T, are
the amplitude, center, and spread of the pulse, respectively
(Gaussian pulse has a duration 7, < T). Conversely, the
raised cosine pulse of the carrier-based system is expressed
as q(t) = sinc (¢/T) (cos (rat/T)) /(1 - (Z&t/T)Z), where @
is the roll-off factor (0<a<1).

Pulse-based THz communications can achieve a Tbps data
rate in nanonetwork scenarios [73]]. They have also been
used in ultra-wide-band impulse-radio systems [266| and free-
space optics [267]]. However, pulse-based systems are power-
limited, especially for extremely wideband signals. Wideband
pulses are thus typically used to achieve low-power, compact,
and low-complexity sub-band transmissions. Nevertheless, by
jointly optimizing the modulation and power allocation itera-
tively, Tbps rates are demonstrated in indoor communication
paradigms in [268] by assuming realistic transmit, receive,
and equalization filters under practical error rate constraints.
An SC pulse-based approach is first addressed by optimiz-
ing the choice of modulation scheme by assuming a very
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Fig. 3: Achievable Rayleigh distances under different THz
LOS configurations.

long dispersive channel impulse response that accounts for
ISI. Then, frequency division over multiple orthogonal sub-
bands is considered, alongside efficient power allocation, to
minimize the loss in the rate that is caused by finite-alphabet
modulations.

VI. RECONFIGURABLE UM-MIMO ARRAYS

Antenna gains and array gains are pivotal for overcoming
path loss, where specific combinations of these gains are
recommended for a specific communication distance and fre-
quency of operation. Although a mmWave system typically
requires a footprint of few square centimeters for several tens
of antennas (not even sufficient to overcome the path loss over
few tens of meters), a vast number of AEs can be embedded
in a few square millimeters at THz frequencies. Furthermore,
given the quasi-optical behavior under LoS dominance, a THz
MIMO channel is sparse with multi-user beamforming and
low-rank with spatial multiplexing.

As described in Sec. [lIL due to high directivity and because
beamforming is typically configured at the level of AEs within
a SA, each SA is effectively detached from its neighboring
SAs in a multi-user setting. Moreover, the role of baseband
precoding reduces to defining the utilization of SAs, or to
simply turning SAs on and off. However, in a point-to-point
setup, the SA paths are highly correlated, and the channel
is ill-conditioned. Nevertheless, good multiplexing gains are
still achievable using sparse antenna arrays [269] that reduce
spatial correlations in point-to-point LoS scenarios. The ca-
pacity of LoS MIMO uniform linear array channels is studied
in [270] over all possible antenna arrangements.

A. THz Spatial Tuning

To enhance THz LoS channel conditions, spatial tuning
techniques that optimize the separations between AEs can
be applied [98]]. Depending on the communication range (d)
and the SA separation (A), three modes of operation can be
distinguished: (1) a mode where A is large enough so that the
channel paths are independent and the channel is always well-
conditioned, (2) a mode where d is large compared to A, and

therefore the channel is ill-conditioned, and (3) a mode where
d is much larger than A, larger than the Rayleigh distance,
where the channel is highly correlated. If the communication
range is less than the Rayleigh distance in the second mode, A
can be adapted to enhance the channel conditions and achieve
near-orthogonality [269], [270]. Hence, the Rayleigh distance
is an important metric for capturing THz system performance.
For the number of transmit antennas N and receive antennas
M, this distance is expressed as [271]
dray = max{M,N}AA; /A,

where A is the operating wavelength, and A, and A; are the
uniform separation between SAs (also applicable to AEs) at
the receiver and transmitter, respectively.

The LoS Rayleigh distances are illustrated in Fig. [3] as
a function of array dimensions, operating frequencies, and
antenna separations. Two AoSA configurations are simulated,
M =N =128x128 and M =N =2x2 by assuming A, = A,.
For small antenna separations, a large number of antennas
are required to achieve multiplexing gains beyond several
meters. For the same A, higher frequencies and larger arrays
result in larger Rayleigh distances. However, for the same
footprint, increasing the number of antennas incurs a reduction
in Rayleigh distance that is quadratic in A. By finely tuning A,
multiple data streams over eigenchannels can be transmitted
when [98]]

zDA
Aopt = 73
for odd values of z. Such optimizations cannot be achieved in
the third mode due to the limitation in physical array sizes.
Alternative optimization schemes for antenna separations in
LoS communications beyond the Rayleigh distance have been
studied in [271], [272].

When combined with numerical optimization, we denote
the corresponding adaptability in design by “spatial tuning.”
Spatial tuning is typically illustrated in the context of plas-
monic antennas with a sufficiently large uniform sheet of AEs
and where optimal configurations can be tuned in real-time
[98]], [273]]. For example, a graphene-based sheet can consist
of hundreds of uniformly-spaced active graphene elements
mounted on a dielectric layer, which itself is mounted on a
common metallic ground [84]. Hence, AEs can be contigu-
ously placed over a 3D structure, and SAs can be virtually
formed and adapted. For the desired communication range, a
required number of AEs per SA is allocated. Then, the number
of possible SA allocations, bounded by array dimensions and
the number of RF chains, dictates the diversity/multiplexing
gain.

Spatial tuning can be extended to include multi-carrier
design constraints. For instance, nanoantenna spacings in
plasmonic antenna arrays can be reduced to Agpp while still
avoiding the effects of mutual coupling. Mutual coupling in
graphene-based THz antenna arrays is studied in [102]], [274].
With the couple mode theory, the impact of mutual coupling on
the response of nanoantennas is modeled via a coupling coef-
ficient. Even at separations much less than A, near field mutual
coupling is negligible. This promising realization enables the
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Fig. 4: Interleaved antenna maps at the level of SAs and AEs (different colors denote different operating frequencies).

practical implementation of compact THz systems in small
footprints. In [274], the use of a frequency-selective surface
structure that can be mounted between the array elements of an
UM-MIMO array (behaving as a spatial filter) is proposed to
reduce the mutual coupling effects further to negligible values.
Placing AEs very close to each other, however, is not
always beneficial because it reduces the spatial resolution
and the achievable multiplexing gains. Furthermore, the inter-
AE separation distance should not exceed 1/2, beyond which
grating-lobe effects arise. By setting the separation between
two active AEs to be A/2, all the AEs in between would
be idle. These antennas can be used for several purposes.
Besides using them to increase the array gain, they can be
configured to operate at different frequencies in a multi-
carrier scheme that supports more users with the same array
footprint, as illustrated in Fig. 4] Alternatively, neighboring
AEs can be configured to operate at the same frequency in a
spatial oversampling setup [24], lowering the spatio-temporal
frequency-domain region of support of plane waves [275].
The latter approach can be exploited for noise shaping, which
results in a reduced noise figure and increased linearity.

B. Index Modulation and Blind Parameter Estimation

Spatial modulation (SM) schemes for THz communications
are promoted in [98]], [276]] as power- and spectrum-efficient
solutions. The efficiency of SM at higher frequencies is highly
dependent on the array design and channel conditions, as
illustrated in [277]-[279] for mmWave systems. By mapping
information bits to antenna locations adaptively, hierarchical
SM solutions can be designed at the level of SAs or AEs. With
SM, the number of bits that can be accommodated in a single
channel use is

Ny = log, (M,N;) +log, () +1og, (IX]).

P T —
———

SA AE symbols

The transmitted binary vector over one symbol duration can
be expressed as b = [b,bybs] € {0,1}M>, where b,, €
{0, 1}lo22(M:N) - represent SA selection, b, € {O,l}'OgZ(QZ)

represent AE selection, and b € {0, 1}1°g2(|X ) correspond
to the actual QAM symbol. The number of AEs and SAs
and the constellation size can be tuned for the desired bit
rate in such a design. By enabling the selection of various
combinations of antennas simultaneously, a generalized in-
dex modulation scheme can be defined [280], [281]. Typical
massive MIMO SM and generalized SM solutions [282],
[283] should be revisited in the ultra-massive THz context.
Furthermore, when enabling adaptive antenna-frequency maps,
generic index modulation (IM) solutions that take full advan-
tage of the available resources can be configured, in which
information bits are also mapped to frequency allocations. The
number of bits per channel use with IM can increase to

N, = log, {(F) + log, {(MZQZ)

where F is the total number of available narrow frequency
bands, and F and S are the numbers of frequencies that can
be supported and antennas that can be activated at a specific
time, respectively.

+log, (IX]),

Even more generalized IM schemes can be achieved by
jointly designing the spatial and frequency bit maps. Such
designs could confirm to be particularly efficient in the THz
band because a considerable number of AEs can fit in small
footprints. The fragmented nature of the THz spectrum enables
allocating multiple absorption-free spectral windows concur-
rently. However, the efficiency of these adaptive schemes
is limited by the speed at which frequency hops can be
executed. Nevertheless, changing the frequency of operation
in the THz band can be achieved quickly without changing the
physical dimensions of the transmitting antennas. Simple ma-
terial doping or electrostatic bias change the Fermi energy of
graphene, which dictates the frequency of operation. Software-
defined plasmonic metamaterials are also a candidate solution,
primarily for frequencies below 1 THz. For SC systems with
IM, constant-envelope modulations such as CPM are power-
efficient [247]].

Such design compactness and flexibility can be further en-
hanced when complemented by THz-specific signal processing



techniques at the receiver side. Instead of communicating
transmission parameters with the receiver, blind parameter
estimation can be conducted. For instance, in [284], a tertiary
hypothesis test based on power comparison for THz antenna
index and modulation mode detection is proposed and ana-
lyzed, alongside low-complexity frequency index detectors and
modulation type estimators. Information bits can be assigned
for the choice of modulation type as well. Although modula-
tion classification [285]], [286]] is a classical signal processing
problem, its applicability to the THz-band [287|] can be par-
ticularly beneficial. Given the enormous possibilities of map-
bit combinations, compressed sensing and machine learning
techniques can be applied for detection and estimation.

VII. BEAMFORMING AND PRECODING

As previously discussed, beamforming and precoding are
critical to overcome the high path losses at high frequen-
cies and exploit the THz channel’s distance- and frequency-
dependent characteristics. Beamforming enhances power ver-
sus distance such that the transmit power of CMOS THz
devices can suffice for communication purposes. Because
maintaining alignment is much harder at THz frequencies due
to collimation, THz beamforming schemes should be fast. By
the time 6G matures, fully digital arrays operating at mmWave
frequencies and below will likely be readily available and
capable of achieving near-optimal beamforming performance.
However, it is unlikely that this would be the case at sub-THz
and THz frequencies.

The motivation for hybrid beamforming in the THz realm
is similar to that in the mmWave realm [288||-there is a
bottleneck in achieving prohibitively-complex and high-power-
consuming fully-digital arrays (as highlighted in Sec.
power consumption remains a significant hurdle for the prac-
tical deployment of THz systems). THz hybrid beamforming
is described in [97]], where a distinction is made between a
fully-connected configuration, in which one RF chain drives
the entire antenna array, and a configuration in which an RF
chain drives a disjoint subset of antennas with a phase shifter
per antenna (Fig. [5). Due to limited hardware and processing
capabilities, a single RF chain is typically assumed to drive
an antenna array at the receiver side.

A. THz Hybrid Beamforming

Despite the limited power constraints of THz sources,
the fully-connected configuration is expected to be power-
aggressive, where the corresponding number of power-
consuming combiners and phase shifters is very high
[75]. Nevertheless, efficient fully-connected THz-band hybrid
beamforming schemes can still be achieved [289]], [290]. The
most popular THz beamforming and precoding designs follow
the AoSA configuration of Sec. [[I} In such architectures, ana-
log beamforming is configured using a large number of AEs
per SA to achieve spatial energy focusing. A beamsteering
codebook design can be used per RF chain because THz
phase shifters can be digitally controlled [291]]. This can be
implemented with beam scanning, ensuring that the received
signal power is highest for a specific user.

Digital precoding at the level of SAs can be used to combat
multi-user interference or define the utilization of SAs when
interference is negligible due to high directivity. The precoding
problem is typically formulated as an optimization problem
that minimizes the mean square error between the received
signal and the transmitted symbols under the power constraint.
Simple zero-forcing precoding at the baseband should be
sufficient in several THz scenarios. However, in highly cor-
related point-to-point THz links, higher-performing efficient
nonlinear precoding techniques are required, such as block
multi-diagonalization [292]], [293]]. The energy efficiency of
the AoSA configuration is higher than that of the fully-
connected one [294]. This difference is further emphasized
when considering the nonlinear system power consumption
model and insertion losses.

Finding the optimal allocation of SAs to enhance spec-
tral efficiency, i.e., hybrid precoding with dynamic antenna
grouping, is an important problem in THz UM-MIMO beam-
forming. Accordingly, switches can be inserted in a dynamic
AoSA (DAoSA) architecture to tune the connections between
SAs and RF chains [295]-[298|]. This flexibility is opti-
mally achieved in a fully-connected architecture, in which
establishing fully-dynamic connections requires an exhaustive
search over all possible connections between RF chains and
SAs. However, such fully-connected systems’ complexity and
power consumption are prohibitive at high frequencies and
dimensions (thousands of switches).

For exploiting this trade-off between spectral efficiency and
power consumption, near-optimal and low-complexity THz
hybrid precoding algorithms are proposed in [[147]]. The design
problem is divided into two sub-problems: hybrid DAoSA
precoding problem and switch selection. The system model
corresponding to hybrid precoding in DAoSA architectures
is a modification of (I)), where the precoding and combining
matrices, W,W and WrH , are decomposed into their digital and
analog components as

y = pCHCHHPPpx + CHCn,

where p is the transmitting power and y and x here have
the dimension Ng X 1, with N being the actual number of
data streams, H € CM'N’QZXMfN’QZ, and n € CMrN-Q*x1
Furthermore, C4 € CMrN-Q*XM:Ny and Cp e CM-NrxNs
are the analog and digital combining matrices, and P4 €
CMeN:Q*XM:N: and Py € CMeNeXNs gre the analog and digital
precoding matrices, respectively. The achievable rate of this
system model (subject to optimization) can be expressed as

R:log2( ),

where |-| is the matrix determinant operator. Another dynamic
SA architecture is proposed in [299], which analyzes both
quantized- and fixed-phase shifters.

p H oy H
| + ——HPAPp (PAP H
02+ i HPA p (PAPp)

Hybrid beamforming often entails user grouping and SA
selection. In [149]], a THz multi-carrier distance-dependent
hybrid beamforming scheme is proposed, in which user group-
ing is achieved through analog beamforming, alongside digital
beamforming, power allocation, and SA selection mechanisms.
The proposed solution enables users of different user groups
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Fig. 5: High-frequency hybrid beamforming architectures: Fully-connected, fixed AoSAs, and dynamic switching.

to share frequencies while avoiding interference in the analog
domain. Users in the same group, however, are assigned
orthogonal frequencies based on a distance-aware multi-carrier
scheme. SAs are then assigned to the data streams of a
user group in the digital domain. The same authors address
the hybrid beamforming problem for THz indoor scenarios
in [167]. A bound on the ergodic capacity is derived, and
the impact of random phase shifter errors is analyzed. The
relation between the required size and number of SAs and
the communication distance is also established. The spectral
efficiency gap between hybrid and digital precoding is smaller
when the channel is sparser [300]], making hybrid schemes
suitable for multipath-limited THz channels. In [301]], joint
inter- and intra-multiplexing and hybrid beamforming are
proposed for widely-spaced multi-SA THz systems.

Developing wideband hybrid beamforming schemes for
THz communications is also essential. For instance, in [302]],
the researchers propose an OFDM-based normalized codebook
search algorithm for beamsteering and beamforming in the
analog domain and a regularized channel inversion method
for precoding in the digital domain. Two digital beamformers
are used in a three-stage scheme to account for the loss in
performance due to hardware constraints and the difference
between subcarriers. Similarly, in [122]], a beam division
multiple access scheme is proposed for wideband massive
MIMO sub-THz systems, which schedules a mutually non-
overlapping subset of beams for each user. The algorithm is
based on per-beam synchronization in time and frequency,
considering the delay and Doppler frequency spreads, the latter
of which are orders-of-magnitude larger at THz frequencies.
An inaccurate narrowband assumption, in which the precoding
and combining matrices of a wideband system are designed
for a specific carrier frequency, induces the effect of beam
split in THz communications. This phenomenon is mitigated in
[303] using a THz-specific delay-phase controlled precoding
mechanism, in which time-delay components are introduced
between the RF chains and the phase shifters. The addi-
tion of such components creates frequency-dependent beams
uniformly aligned with the spatial directions over the entire
bandwidth.

In addition to the considerations above for beamforming
in the THz band, all of which are extensions to similar
considerations in the mmWave band, recent studies consider
novel THz-specific beamforming schemes based on novel THz

circuitry. For instance, in [[304], a graphene-based dense an-
tenna array architecture is proposed, in which each element is
integrated by a THz plasmonic source, direct signal modulator,
and nanoantenna. For such an architecture, novel dynamic
beamforming schemes at the level of single elements and
the level of the integrated array are proposed, where full
phase and amplitude weight control can be achieved by tuning
the Fermi energy of the modulator and AE. The researchers
propose a codebook design for Fermi energy tuning that results
in reasonably accurate beamforming and beamsteering; the
power-density of the array increases non-linearly with its
size. Controllable THz frequency-dependent phase shifters can
also be achieved via low-loss integrally gated transmission
lines [291]], the length of which determines the signal travel
time, and hence the phase shift. Furthermore, graphene/liquid
crystals have been proposed for magnet- or voltage-controlled
THz phase shifters [305], [306]. Because they are digitally
controlled, such phase shifters only generate quantized angles.

Several other beamforming considerations need to be con-
sidered for future THz networks. For example, in a cell-free
massive MIMO scenario [307]], distributed access points can
each provide an excess of 100 GHz to a user, especially
under low mobility. Dense deployment of access points can
guarantee short THz communication distances, even under
significant blockage. Mobility and blockage are addressed in
[308] in the context of network-massive MIMO scenarios
in the mmWave and THz bands, where per-beam synchro-
nization is proposed to mitigate the channel Doppler and
delay dispersion; precoding beam-domain power allocation is
reduced to a network sum-rate maximization problem. In other
studies with system-level considerations, distance-aware multi-
carrier hybrid beamforming based on beam division multiple
access is proposed in [309] to enable massive micro-scale
THz networks; relay-assisted THz hybrid precoding designs
are proposed in [310].

B. One-Bit Precoding

The circuit power consumption, hardware complexity, and
system cost significantly increase at higher frequencies and
ultra-massive dimensions. The dominant sources of power
consumption are ADCs in the uplink and DACs in the down-
link. The power dissipation in converters scales exponentially
in the number of resolution bits, and state-of-the-art DACs
and ADCs can only achieve 100 gigasamples-per-second rates



[311]. Furthermore, the capacity requirements on the fronthaul
interconnect links are also severe in large MIMO systems.
Jointly reducing system costs, power consumption, and in-
terconnect bandwidth with minimal performance degradation
remains a challenge.

As an alternative to reducing the number of converters
using hybrid beamforming, the bit resolutions can be reduced
through coarse quantization. This approach has the extra
benefit of lowering the linearity and noise requirements, which
is crucial in THz settings. In the extreme case of one-bit
quantization [312], only simple comparators are required; au-
tomatic gain control circuits are no longer required. For high-
amplitude resolutions, the power consumption of ADCs grows
quadratically with the sampling rate. A one-bit quantization
solution is proposed in [313]] for sub-THz wideband systems,
where the amplitude resolution is reduced while accounting
for that by temporal oversampling.

By modifying our system model from (1)), the pre-
coded transmitted symbol vector can be expressed as X =
[X1---%p - 'XMIN,]T € XM:Nex1\where under finite-precision,
the bth symbol of X, X, = IR + jli € X, has quantized
in-phase and quadrature components, i.e., [r,l1 € L, where
L =A{ly,l1,--- ,lp-1} is the set of possible quantization labels
and X = £ x L. For 1-bit quantization, we use L = |L|=2.
Prior to precoding, the symbol vector x is obtained by mapping
the information bits to the original constellation X. The base
station then uses the knowledge of H to precode x into X. x
and X need not be of the same size. With coarse quantization,
an additional distortion factor exists due to finite precoder
outputs. Because optimal precoding is exhaustive due to the
cardinality of X™:™ in THz UM-MIMO systems, only linear
quantized precoders [314], or perhaps very few optimized low-
complexity non-linear quantized precoders [315]], are feasible.
Analyzing the system performance under quantization is typ-
ically conducted using the Bussgang decomposition [316].

The performance of THz indoor one-bit distance-aware
multi-carrier systems is investigated in [317]] for a hybrid pre-
coding AoSA architecture. The achievable rate is insensitive
to changes in transmit power, and single-user transmission is
robust to the phase uncertainties in large antenna arrays. The
optimal beamsteering phase shifter direction is that of the LoS
path. Furthermore, efficient modulation schemes can comple-
ment one-bit configurations. For instance, the zero-crossing
modulation scheme [318] can mitigate THz impairments and
relax hardware requirements using temporal oversampling and
one-bit quantization at both the transmitter and receiver.

C. THz NOMA

Non-orthogonal multiple access (NOMA) techniques [319],
[320] have been recently proposed to combat the loss of
spectral efficiency in orthogonal multiple access schemes,
especially when the resources are allocated to users with poor
channel conditions. However, the lack of spectral efficiency
is not a primary bottleneck for THz communications, given
the readily available bandwidths that higher spatial resolution
in beamforming limits the need for multiple access schemes.
However, any additional spectral efficiency enhancement tech-
nique is welcome if its additional complexity cost is limited.

NOMA at higher frequencies [321] is thus more likely to
be conducted over point-to-point doubly-massive MIMO links.
In such scenarios, the concept of multiple access reduces to
superposition coding of multiple data streams over a single
link [273]]. Nevertheless, calling the resultant configuration
NOMA is not a misnomer because each THz beam can still be
configured to serve multiple users. In this scenario, the role of
NOMA can be essential in mitigating the hardware constraints
in THz devices that limit the beamforming capabilities.

For power-domain NOMA, and based on our system model,
multiple data streams can be sent concurrently via superposi-
tion coding over different combinations of transmitting and
receiving SAs that form overlapping effective channel matri-
ces. Assume, for ease of construction, that the superposition of
data symbols occurs at the lower layers of the MIMO channel
matrix. Denote by S the set of power-domain multiplexed data
streams of dimensions S;, i =1,---,|S|, such that S; > S;4
and S| = M;N;. The multiplexed transmitted symbol vector
x; = [x{--xf-ooxh] € X5 s allocated the contiguous
set of SAs N—S;+1 to M;N,. We thus use the effective
channel matrices H; € CM-NrxSi ' comprised of the columns
MN; —-S;+1, M;N;—S;+2,--- ,M;N; of H. The equivalent
baseband input-output system relation can then be expressed

as
|S|

y= Z H;x; +n,
i=1

in which NOMA is achieved by assigning different power
levels to the multiplexed transmitted symbol vectors.

For example, we can allocate a higher power level p; to
the symbol vectors i of smaller dimensions, i.e., p; < piy1.
Each symbol x! thus belongs to a scaled complex constellation
X' (E[xiHx!] = p;), and we use x; € X', the lattice that
includes all possible symbol vectors generated by S; X'
constellations. With higher degrees of reconfigurability in THz
antenna arrays, generalized coding schemes encompassing
antenna selection, frequency selection, and power allocation
can be achieved. However, low-complexity detection and de-
coding schemes should complement such designs, particularly
efficient successive interference cancellation at the receiver.

When sufficient multipath components exist, perhaps in
scenarios where lower antenna gains are required (indoor sub-
THz scenarios, for example), conventional single-cell multi-
user MIMO-NOMA settings can still be achieved. Assume that
the cellular users are divided into two groups, where the first
group of users is uniformly distributed in an inner disk (Cy)
centered at the base station and of radius Ry, and the second
group of users is uniformly distributed in an outer disk (C»)
from Ry to Rc. A base station with N transmitting antennas
simultaneously services two users, user 1 with M| antennas in
Cj and user 2 with M, antennas C3, in the same frequency and
time slot via power-domain superposition coding. The received
vectors y; and y, at user 1 and user 2 can be expressed as

yi = Hixy + Hixo +ny,
y2 = Hoxy + Hoxo + 1y,

where Xx; and x, are the power-multiplexed transmitted symbol
vectors and H; and H; are the corresponding channel matrices.



In this scenario, NOMA is achieved by clustering users from
the inner disk C; with users from the outer disk C, and
assigning different power levels to the multiplexed transmitted
symbol vectors.

Adaptive superposition coding and subspace detection are
considered for THz NOMA in [273]. Energy efficiency in
a THz MIMO-NOMA system is also addressed in [322] by
optimizing the user clustering, hybrid precoding, and power
allocation mechanisms. Furthemore, energy-efficient resource
allocation in downlink THz-NOMA systems is studied in
[323]. Although the attainable gains of power-domain MIMO-
NOMA remain unclear, THz scenarios suggest a compelling
use case.

In their recent study, [324]], the researchers argue that
MIMO-NOMA can misuse the spatial dimension by incurring
a multiplexing gain loss because of fully decoding streams
in SIC. Such loss is particularly evident when comparing
MIMO-NOMA to other MIMO schemes, such as conventional
multi-user linear precoding (MU-LP) or rate splitting (RS).
Nevertheless, compared to OMA, the benefits of NOMA are
clear. Furthermore, the proposed efficient SIC using subspace
detectors in [273] combats this multiplexing gain reduction.
Spatial precoding in MU-LP fails to overcome inter-stream
interference under ill-conditioned near-singular THz channels
matrices. Accordingly, power-domain NOMA is a vital enabler
for THz data multiplexing.

VIII. THZ BASEBAND SIGNAL PROCESSING

Efficient baseband signal processing is critical for mitigating
the impairments of novel THz-band devices and enabling
operations beyond 100 Gbps [325]. The true bottleneck at the
baseband is the lack of energy-efficient transceivers that can
approach a Tbps data rate [87]], where the sampling frequency
is still on the order of tens of gigasamples-per-second in
state-of-the-art ADCs and DACs. Efficient signal processing
across all baseband blocks is required to fill this gap. Due to
Moore’s Law’s diminishing effect, limited advances in chip
power density and baseband computations are expected from
silicon scaling. Therefore, incorporating application-specific
integrated circuit (ASIC) architectures in a holistic framework
is vital for achieving Tbps data rates and decreasing the
time-to-market of THz-operating equipment. Joint algorithm
and architecture optimization across all baseband blocks opti-
mizes latency, area efficiency, power consumption, and overall
throughput.

Although channel code decoding dominates baseband com-
putations [88], the entire baseband chain should be optimized.
Accordingly, algorithm and architecture co-optimization for
synchronization, data decoding and detection, and channel es-
timation is required. Such optimization can exploit the specific
THz propagation characteristics, such as angular and temporal
sparsity. Implementing THz-band high-resolution precoding
and beamforming algorithms in the baseband’s digital do-
main is challenging due to massive dimensionalities and the
lack of processing capabilities. Such holistic solutions are
especially crucial for massive antenna dimensions and high
mobility wideband scenarios. We highlight recent advances in

20

low-complexity channel estimation, channel coding, and data
detection schemes in the following sub-sections.

A. Channel Estimation

Channel estimation in the THz band is very challenging in
mobile scenarios, where accurate CSI is required in beamform-
ing mechanisms and for accurately directing beams to avoid
misalignment issues. Accurate CSI is essential in the absence
of an LoS path. Furthermore, frequent channel estimation
might also be required for fixed LoS point-to-point THz links
because, at the micrometer wavelength scale, slight variations
in the environment can introduce significant channel estima-
tion errors. Classical channel estimation techniques should
also be revisited by considering low-resolution quantization
and hybrid analog and digital designs. Several techniques
can be considered to reduce the complexity of THz-band
channel estimation, such as fast channel tracking algorithms,
lower-frequency channel approximations (exploiting outband
signals), compressive-sensing-based techniques, and learning-
based techniques, to name several.

Compressive-sensing techniques for sparse channel recovery
in THz channel estimation [326] are inspired by their success-
ful use in mmWave communications [327]], where channels
are even less sparse. These approaches can exploit sparsity in
the dictionary, delay, or beamspace domains. Researchers in-
vestigate variations of greedy compressive sampling matching
pursuit [326], orthogonal matching pursuit (OMP) [328]], and
the least absolute shrinkage and selection operator (LASSO)
[329]. Furthermore, in [330], approximate message passing
(based on belief propagation in graphical models) and iterative
hard-thresholding are argued to be an efficient compressed-
sensing-based technique for THz channel estimation. Never-
theless, learning-based THz channel estimation schemes are
most efficient at higher dimensionalities [331]]. Deep kernel
learning based on the Gaussian process regression is explored
in [332] for multi-user channel estimation in UM-MIMO
systems over 0.06 — 10 THz.

Despite channel sparsity, the real-time THz channel esti-
mation complexity overhead can be significant in a dense
multi-user wideband scenario with many paths; a large number
of measurements might be required for compressive-sensing-
based estimation. Accordingly, traditional minimum mean
square error (MMSE) and least square channel estimation
methods can be used to estimate the second-order statistics of
THz channels [97]. Furthermore, joint activity detection and
channel estimation is an efficient technique to reduce the use of
pilots and the complexity of computations in wideband random
massive-access THz systems [333]]. Fast channel tracking is an
alternative approach to reduce the channel estimation overhead
in high-mobility scenarios, as illustrated in [334] for THz
beamspace massive MIMO. Eventually, THz channel estima-
tion algorithms should be complemented by efficient hardware
implementations to verify their practicality, as demonstrated
in [335] for sparsity-exploiting mmWave beamspace channel
estimation algorithms [336].



B. Channel Coding

Data detection and decoding algorithms and architectures
require low latency and high energy efficiency and through-
put to bridge the Tbps gap in baseband signal processing.
They should be highly parallelizable (spatial and functional
parallelism) and should exhibit significant data locality and
structural regularity. Channel coding is hitting the implemen-
tation wall because it is the most computationally demanding
baseband process [88]]. The three central candidate coding
schemes for 6G are Turbo, LDPC, and Polar codes. Although
Turbo and LDPC decoders are both executed on data-flow
graphs, Turbo decoding is inherently serial, and LDPC de-
coding is inherently parallel. In contrast, Polar decoding is
typically performed on a tree structure and is inherently serial.
Due to their parallel nature, LDPC decoders provide higher
throughput [337]. However, Polar and Turbo codes provide
higher flexibility in code rates and block sizes [87]], which is
much required in 6G.

A modular framework for generating and evaluating high-
throughput Polar code decoders is presented in [338], where
soft cancellation algorithms are explored. Turbo codes have
advanced significantly towards beyond-100-Gbps operations
[339]-[341]]. Achieving a Tbps throughput with Polar codes
is also addressed in [342], where low-latency majority logic
and low-complexity successive cancellation are combined for
decoding, alongside an adaptive quantization scheme for log-
likelihood-ratios (LLRs). This scheme achieves Tbps in a 7nm
technology implementation while occupying a 10mm? chip
area and consuming 0.37W of power. Furthermore, Polar
codes complemented with guessing random additive noise
decoding (GRAND) are shown to be computationally efficient
for short-length, high-rate codes [343|], [344]], which is promis-
ing for THz-based control channel communication, especially
if further knowledge on THz system noise is developed.

Although such advances in coding schemes serve the ulti-
mate goal of THz communications, which is achieving Tbps
operations, they are blind to the inherent characteristics of THz
channels. Nevertheless, the THz channel can be considered in
MIMO detection schemes and joint modulation, coding, and
detection algorithms and architectures.

C. Data Detection

Although channel code decoding is the most computation-
ally demanding baseband processing block, data detection
also adds a significant computational burden, especially in
doubly-massive MIMO systems. Channel hardening occurs in
conventional massive MIMO systems at lower frequencies,
with many antennas at the base station and several antennas
at the receiving equipment. With channel hardening, simple
linear detection schemes such as zero-forcing and MMSE
can achieve near-optimal performance [345]. This is not the
case in THz systems, where symmetric doubly-massive MIMO
systems are common [[101]], especially because compact large
THz antenna arrays can be embedded in the UE. In the latter
scenario, the channel tends to be highly correlated, espe-
cially under THz LoS-dominance. Inter-channel interference
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prohibits using simple linear detection schemes that fail to
decouple spatial streams and result in noise amplification.

Consequently, more sophisticated non-linear detection
schemes should be considered. However, the complexity
of optimal non-linear detection schemes that achieve near-
maximum likelihood performance is prohibitive at large di-
mensions. Therefore, novel THz-specific MIMO detectors
that can achieve near-optimal performance with reasonable
complexity are required. Conventional near-optimal detectors
mainly replace the full-lattice search over all candidate trans-
mit vectors in maximum likelihood detection with a reduced
search over a reduced space of vectors closer to the truly
transmitted vector (from a Hamming distance perspective).
Such reduced-complexity detectors are mainly variations of
sphere decoding schemes [346], [347]. Although sequential
processing in sphere decoding results in variable complexity
and limits parallelism, several algorithmic and architectural
optimizations have been proposed [348] to fix its complexity
[349]. In [350], [351], the complexity of sphere decoding is re-
duced by casting memory-bound computations into compute-
bound operations, and real-time processing is maintained by
using graphics processing units.

However, even fixed-complexity sphere decoding is pro-
hibitively complex if used for UM-MIMO detection. Recently,
several detection algorithms suitable for large doubly-massive
MIMO systems have been proposed. Such algorithms are
based primarily on local search criteria [352]], heuristic tabu
search algorithms [353]], message passing on graphical models
[354], Monte Carlo sampling [355]], and lattice reduction
[356]. The Bell Laboratories Layered Space-Time (BLAST)
detection algorithm is also modified to support ultra-high
data rates in massive MIMO scenarios in [357]. Furthermore,
perturbation-based regularizations can be used for equalization
with ill-conditioned channels [358]].

One family of detectors in particular that can achieve
an acceptable trade-off between performance and complexity
in large highly-correlated MIMO channels is the family of
subspace detectors [100]], [359]-[363]. Subspace detectors
mainly exploit channel puncturing to reduce complexity and
enhance parallelism. Because the computational cost of MIMO
detectors is proportional to the number of nonzero elements
in a channel matrix (most detectors involve back-substitution
and slicing operations), by puncturing the channel into a
specific structure, the detection process can be simplified and
accelerated. More importantly, subspace detectors can break
the interconnection between spatial streams, significantly en-
hancing parallelism at a marginal cost of multiple channel
decompositions. Channel puncturing can be generalized to
channel shortening, which can mitigate ISI in SC THz sys-
tems [364]. The performance gap between optimal channel
shortening (from an information-theoretic perspective) and
channel puncturing can be covered by adding MMSE prefilter
and channel-gain compensation stages [3635], [366|. Subspace-
marginalized belief propagation can also be adopted for high-
frequency data detection [367].

Other THz-specific data detectors include envelope- and
energy-based detectors [368], which enable direct baseband
operations without frequency down-conversion, bypassing



phase impairments and enabling non-coherent detection that
is inherently robust to PN. Low-complexity energy detection
is studied in [369] for pulse-based systems. Compressed
detection with orthogonal matching pursuit is also considered
for sparse pulse-based multipath THz communications [328].

MMSE precoding and detection are explored in [370] by
assuming sparse channel matrices for a broadband SC THz
system. Finite-alphabet equalization can also confirm helpful
in THz scenarios. Coarsely quantizing the equalization matrix
reduces the complexity, power consumption, and circuit area
[371], increasing the speed of most critical baseband tasks,
such as downlink precoding and data detection. Such coarse
equalization enables all-digital massive multi-user MIMO
equalization in mmWave systems [372]] and should scale up
efficiently with THz transceivers. Indoor THz communications
Tbps rates under finite alphabets are demonstrated in [268],
where a frequency-division scheme of multiple sub-bands is
used to relax the requirements on ADCs and DACs.

D. Joint Coding, Modulation, and Detection

One method of incorporating the effect of the THz channel
in decoding is to consider iterative detection and decoding
schemes. If MIMO detectors generate soft-output LLRs, these
LLRs can be fed as soft inputs to the decoder, whose output
LLRs can then be fed again as soft inputs to the detector [373]].
However, the extra complexity in iterations and computing
soft-output values in the detector should be considered. In the
particular case of MIMO detection with Polar code decoding,
iterations can be configured per stream detection after each
successive decoding cancellation; the output of every step in
the decoder can thus be used to enhance channel equalization.

Parallelizable detectors are favored for such designs. How-
ever, with parallelizability, the transmission vectors per stream
would typically consist of a smaller number of bits. Although
Polar and Turbo decoders can cope with this, LDPC decoders
might not perform well. Larger modulation types can be
considered to increase the number of bits per stream for
enhanced decoding, 1024 QAM and beyond [374], for exam-
ple. However, THz systems do not perform well with higher-
order modulations due to the increased complexity and the
PN effect. Alternatively, deeply-pipelined MIMO architectures
can be used to aggregate data for the decoders, but this comes
at the expense of reduced throughput. Nevertheless, because
different transmission vectors within a decoder block can be
independent, multiple detectors can operate in parallel.

In addition to joint channel coding and data detection,
joint modulation design and coding can use resources most
efficiently, especially in multi-wideband THz communications.
Efficient probabilistic signal shaping techniques [375]-[377]]
can be used accordingly, especially in highly reconfigurable
UM-MIMO systems. In [378]], the researchers demonstrate that
due to the peculiarity of noise in the THz band, proper use of
channel codes can increase single-user and network capacity
beyond classical networks with AWGN.

Furthermore, THz-specific coding schemes are also being
introduced at the network level. For instance, systematic
random linear network coding (SRLNC) is proposed in [379],
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[380] for generic THz systems, in which coded low rate
channels carry redundant information from parallel high rate
channels. By tuning the transmission and code rates, the
number of channels, and the modulation format, fault-tolerant
high-throughput THz communications can be supported at
different communication ranges. Furthermore, in the context
of THz index modulation, joint data detection and parameter
estimation can be executed at the receiver side [381]. In the
particular case of subspace detection, the entire process can
be parallelized [382]], [383]].

Finally, THz digital baseband operations of any complexity
might be prohibitive in some use cases. Therefore, designing
an all-analog THz baseband chain is a reasonable solution.
Such design should include, in addition to analog modulation
and detection schemes, all-analog decoders [384], which are
based on soft-output transmission and detection (bit LLRs rep-
resented by currents and voltages). All-analog MIMO schemes
can be achieved using a continuous mapping scheme, which
is noise-limited but might perform well under interference.

IX. RECONFIGURABLE SURFACES
A. Emergence of IRS Technology

One of the recent hot research topics in wireless communi-
cations is creating an intelligent, programmable environment
for communication [385]]. A straightforward approach is to
install large active arrays of AEs, also known as active large
intelligent surfaces (LISs) [386]-[388]] on indoor and outdoor
walls and other structures. This approach is a special case of
UM-MIMO and is suitable for THz scenarios. With minimal
restrictions on how to spread antennas over a surface, the
mutual coupling effects can be avoided, and channel corre-
lation can be reduced in LoS environments (spatial tuning
of Sec. can be easily configured). Furthermore, channel
estimation and feedback mechanisms can be easily achieved
in active LIS setups, essential for achieving low-latency THz
communications. Another form of large surfaces is the concept
of holographic MIMO surfaces [389]]. Because holographic
MIMO borrows techniques from the optical domain, its im-
plementation in the THz band should be more convenient than
at lower frequencies [[390]).

Passive IRSs [391], [392] are gaining most of the attention.
IRSs are typically implemented using reflective arrays or
software-defined metasurfaces, which introduce phase shifts
at the level of reflecting elements (non-specular reflections) to
focus and scale up the power of reflected signals and steer
beams in a particular direction. These results can be achieved
without requiring complex encoding and decoding schemes or
additional RF operations [393].

Phase shifts can also be implicitly achieved by tuning the
impedance or length of delay lines. Metasurface elements
can be much smaller than those of reflectarrays (which typ-
ically follow the half-wavelength rule). Hence, they support
more functionalities, such as polarization manipulation and
absorption of incident waves. Reflections from tiny reflect-
ing elements (of sub-wavelength size) form scattering in all
directions, of which the combined effect is beamforming. The
control complexity of metasurfaces, however, can be higher.
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Fig. 6: THz communications assisted by reconfigurable intelligent surfaces.

Compared to LISs, both types of IRSs are passive (LIS and
IRS are used interchangeably in the literature). Nevertheless,
IRSs should be electronically active at some level, perhaps to
transmit pilots and for operational purposes.

IRS systems are particularly favorable in the THz band,
where they can introduce controlled scattering to extend the
very limited achievable communication distances and enable
multicasting. Hence, IRSs can add synthetic multipath com-
ponents to enhance the performance of multipath-limited THz
systems. The necessity for IRSs operating at THz frequencies
also arises from the fact that regular coherent large antenna
arrays are not easily achieved with the very small size of
AEs. Even the relaying technology at THz is not mature. IRS
systems are thus a viable solution.

Another argument for IRS THz deployments stems from
the limitations of surfaces themselves. For IRSs to achieve
SNRs comparable to those of massive MIMO, or outperform a
classical half-duplex relay system, a large number of reflecting
elements is required. This could result in physically large
arrays that are harder to deploy and subject to beam squinting.
The near-field behavior of IRSs is studied in [165]], [394],
where a physically accurate near-field channel gain expression
is derived for planar arrays, also considering the mismatch
between the incident wave and the polarization of antennas.
At THz frequencies, however, an electronically-large IRS
(compared to the operating wavelength) can be achieved in
very small footprints, suggesting that dense THz-band IRS
deployments for short-range communications can be easily
achieved. In addition to regular IRS functionalities, at THz
frequencies, reflectarrays can be used at the transmitter to
generate and direct a THz beam excited by a close THz source
[174]. IRS signal processing enables both communications and
sensing [3935].

B. THz IRS Material Properties

In addition to the THz-specific communications system
considerations, several device and material properties favor
THz-band IRS deployments, where the corresponding tech-
nologies might be mature before THz MIMO technology.
Although THz-IRS CMOS technology [396], [397|] has low
power consumption, it is limited by the maximum clock
speed. Furthermore, CMOS integrates easily with different
cell designs but is challenged by parasitic capacitance leakage.
The CMOS unit cells of subwavelength dimensions can also

result in large footprints. Micro-electro-mechanical systems
(MEMS) for THz surface design [398], [399] are also limited
by switch movement speed and control signaling, where each
switch requires independent current and the resultant power
consumption is relatively high. Because they are mechanical,
MEMS are also more subject to faults and error and exhibit
relatively big footprints.

Conversely, graphene-based technology is low-power-
consuming, easy to implement and integrated into small
footprints, and has a simple biasing circuit. Nevertheless,
graphene is limited by the voltage-implementing controller.
Graphene-based metasurfaces can control the chemical po-
tential of reflecting elements via electrostatic biasing, which
varies the complex conductivity to achieve phase control
[400]. Graphene-based digital metasurfaces combining recon-
figurable and digital approaches are studied in [401]], where
beamsteering is achieved by dynamically adjusting a phase
gradient along the metasurface plane. A graphene-based meta-
surface is also proposed in [402], where a two-dimensional
periodic array of graphene meta-atoms guarantees a wideband
perfect-absorption polarization-insensitive reconfigurable be-
havior at THz frequencies.

THz metasurface-based beamsteering techniques can
achieve wide-angle ranges at high compactness and low
weight. In [403], the proposed curvilinear THz metasurface
design is argued to be independent of the geometry and the
frequency. Metamaterials and metasurfaces operating in the
THz band can provide flexibility for generating orbital angular
momentum and polarization conversion [404]]. Furthermore,
the concept of HyperSurfaces is proposed in [405[] for THz
communications. HyperSurfaces are composed of a stack of
virtual and physical components that can enforce lens effects
and custom reflections per tile.

In addition to graphene, thermally or electrically tun-
able vanadium dioxide and liquid crystals and micro-
electromechanical systems have also been considered as can-
didates for efficient THz steering technologies [404]. Novel
intelligent plasmonic antenna array designs for transmission,
reception, reflection, and waveguiding of multipath THz sig-
nals are further studied in [406], where an end-to-end phys-
ical model is developed. Nevertheless, future metasurfaces
should support higher reconfigurability and sensing accuracy
to support spatially-sensitive THz communications. A novel
distributed control process, perhaps aided by optical internet-



working, can guarantee fast adaptation [405].

C. Signal Processing for THz IRS

Performance analysis studies for IRS-assisted communica-
tions include [394]], [407]-[413]]. However, the corresponding
performance limits at high frequencies [[174]], [414]-[417], are
still lacking. Most analytical studies consider lower-frequency
scenarios and assume a downlink multi-user system model,
in which an IRS is in the LoS of a base station assisting
in reaching multiple users, each having a small number of
antennas. For such setups, in [407]], the minimum achievable
signal-to-interference-plus-noise ratio is studied, both when
the channel between the IRS and the base station is full-rank
or rank-one.

The optimality of passive beamforming in IRSs is studied
in [409], where a novel modulation scheme that avoids inter-
ference with existing users is proposed, alongside a resource
allocation algorithm. Opportunistic scheduling is further stud-
ied in [408] as a means to achieve good multi-user diversity
gains in spatially correlated LoS scenarios. Furthermore, the
effect of random blockages in large-scale surface deployments
is studied in [418] (blockage mitigation is crucial at THz
frequencies). However, the THz multi-user channel is very
sparse, and most of the analytical frameworks must be revised
in the THz context. THz RIS systems can also assist virtual
reality applications, as illustrated in [419].

Several attempts for channel modeling in IRS-assisted sce-
narios at high frequencies are noted [420]. In [421], a 3D
channel model for indoor hypersurface-assisted communica-
tions at 60 GHz is developed. Channel estimation for IRS-
assisted THz communications is studied along with hybrid
beamforming in [416]], where cooperative channel estimation
is achieved via beam training and exploiting the advantages of
high dimensionalities and poor scattering at THz frequencies.
End-to-end 3D channel modeling of radiation patterns from
graphene-based reflectarrays at true THz frequencies is also
presented in [174]. For an IRS consisting of M; X N; reflect-
ing elements, the IRS-assisted NLoS communications system
model by assuming AoSAs being placed at the transmitter and
the receiver, is a simple extension of (I}) and can be expressed
as

y= W;H (H]R(I)HT[) W;HX + fl,

where Hig € CM-NrXMiNi ¢ the channel between the
IRS and the receiving array, Hyy € CMiN>XMiNi jg the
channel between the transmitting array and the IRS, f
is the equivalent noise vector at the receiver, and ® =
diag (Bi1e/, ..., By, n, e/ MiNi ) € CMiNMiNi g the diag-
onal matrix that comprises the gains (8’s) and phase shifts
(Q’s) at each IRS element.

Unlike at lower frequencies, where channel hardening ef-
fects can arise with large IRSs [411]], the channel is highly
correlated and low-rank at high frequencies. Hence, in addition
to increasing the signal strength, IRSs operating at high
frequencies should enhance the system performance by in-
creasing the overall channel rank and suppressing interference.
The researchers in [415]] demonstrate how an IRS can be used
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to increase the channel rank, leading to substantial capacity
gains.

We illustrate this issue at THz frequencies by extending
the concept of spatial tuning in Sec. to IRS-assisted
THz NLoS environments. In a simplified proof-of-concept
binary IRS operation, we assume that each reflecting element
can either fully absorb an incident signal or reflect it toward
a target direction. Hence, by controlling which element to
reflect, a spatial degree of freedom is added at the IRS level,
which could enhance the multiplexing gain of the NLoS
system, but at the expense of a reduced total reflected power.
Global solutions can be derived by jointly optimizing Ay, Ay,
and As, the inter-SA spacing at the transmitting array, inter-
reflect-element spacing at the intermediate IRS, and the inter-
SA spacing at the receiving array, respectively, as illustrated
in Fig. [] For this special case, the channel matrices (less the
molecular absorption factor) can be approximated as

w11 w12 W1,M;N;
" c _j2nfdy w71 w22 W2, M; N;
RR——€¢ ¢
47l'fd2
0‘)1\4r1\/r;1 ererz ererMiNi
w11 w12 W1,M, N,
- c _jmpa | @21 (%) W2, M, N,
TIR ————€¢ ¢
47de1
WM;N;,1  WOM;N;,2 WM; N;,M; N,
_ —j¥1 (M2,A3) /2d - _
where Wm,n, mn; - e’ 1(A2,89)/ % Wm;ng,m;n,

e 28280 /2di g and W, are functions of the specific
geometry and coordinate system, and d; and d, are the
distances between the centers of the IRS and the transmitting
array and the IRS and the receiving array, respectively.

Compressive sensing and machine learning techniques for
IRS-assisted THz communications are promising. For instance,
in [422], the training overhead for channel estimation and
the baseband hardware complexity are both reduced by as-
suming a sparse channel sensor configuration for surfaces. In
this architecture, several elements in the IRS remain active
(without RF resources; standard reflecting elements cannot
send pilot symbols for channel estimation), and compressive
sensing is used to acquire the channel responses on all other
passive elements. This knowledge can then be exploited in a
deep learning-based solution to design the reflection matrices
with no training overhead. For IRS systems with imperfect
CSI, distributed reinforcement learning techniques are also
considered for channel estimation in [423]]. Deep learning is
also exploited for beam and handoff prediction in drones with
IRSs in [424]. Furthermore, deep reinforcement learning for
IRS-based hybrid beamforming is studied in [425]], [426]

Several other recent signal processing solutions for THz-
IRS systems have been proposed. Sum rate maximization for
IRS-assisted assisted THz communications is studied in [427]],
[428]]. In [414], indoor IRS-assisted THz communications
are studied, where a near-optimal low-complexity phase shift
search scheme is proposed as an alternative to a complex,
exhaustive search. Beamforming in THz scenarios incorporat-



ing both graphene-based UM-MIMO arrays and metasurfaces
is also studied in [429]], demonstrating the potential of com-
bining these two technologies. IRS-based index modulation
schemes [430] can also be very efficient at THz frequencies.
A Taylor-expansion-aided gradient descent scheme is proposed
in [431] for optimizing the desired phase shift combination of
IRS elements. Cooperative beam training using hierarchical
codebooks for IRS channel estimation is also proposed in
[432], and channel estimation for THz-IRS-MIMO systems
is studied in [433].

X. EXTENSIONS
A. THz Localization

Instead of being a byproduct of the communications system,
localization in 6G is indispensable for location-aware com-
munications. High-resolution localization capabilities [24],
[434]]-[442] are critical to THz communications, especially
because the beams are narrow and mobile users are hard
to track. Higher directionality, array compactness, and larger
bandwidths are all features that can be exploited to enhance
THz-based localization. LoS THz propagation conditions can
significantly improve the required distance estimation for
localization.

In contrast, with tiny device footprints and dense networks,
THz localization becomes a prerequisite for communications.
For example, channel estimation, spatial multiplexing, beam-
forming, and resource allocation can benefit from THz-based
location information. Furthermore, maintaining the relative
positions of UEs is advantageous for efficient tracking and link
re-establishment. THz localization thrives on the availability
of adequate infrastructure and access to wider bandwidths,
where cooperative localization can further improve the system
performance. Therefore, the interaction between THz local-
ization and communication can synergistically contribute to a
versatile system that can perform multiple functions beyond
data communications.

The angular and triangular accuracy in 3D localization can
be enhanced by THz-band massive array signal processing,
ensuring accurately beamformed THz beams in the elevation
and azimuth directions of interest. Furthermore, conventional
ranging techniques based on the received signal strength, time
of arrival, angle of arrival, and time difference of arrival can
be adjusted for THz characteristics. Nevertheless, novel local-
ization techniques are more suitable for high-frequency op-
erations. For instance, simultaneous localization and mapping
(SLAM) can use THz-generated high-resolution environment
images to improve location precision [435]. Multidimensional
scaling (MDS) is another technique that can be used for THz
network localization [21]].

THz localization algorithms can use both IRS phase shifting
and base station precoding for the delay and angle estimation.
THz radar also promises to achieve millimeter accuracy. In the
context of IRS systems, by acquiring the accurate position of
an UE, joint precoding at the base station and phase shifting at
the IRS can guarantee accurate angle or delay estimation. In
[443], [444], a leaky-wave antenna with a broadband transmit-
ter is proposed for single-shot link discovery of neighboring
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nodes and mobility tracking. Learning-based solutions for
high-frequency localization are also promising [445]-[447].
THz sensing, imaging, and localization applications can all be
piggybacked onto THz wireless communication or supported
via dedicated resource allocation schemes [21]].

B. THz Sensing and Imaging

The unique THz spectral fingerprints of biological and
chemical materials have been exploited in many sensing and
imaging applications [21]], [24], [448]-[452]], such as quality
control, food safety, and security. Because THz frequencies
are close to the optical realm, high-energy electromagnetic
waves behave as photons, often interacting with other particles
and matter. Such light-matter interactions with small particles
(reflections, diffraction, and absorption) create unique electro-
magnetic signatures that can be exploited for THz sensing.

THz signals can penetrate several materials and are strongly
reflected by metals. They can also be used to analyze water
dynamics (due to molecular coupling with hydrogen-bonded
networks) and gas compositions (rotational spectroscopy).
However, based on recent advances in THz technology and the
prospect of realizing THz capabilities in hand-held devices,
THz sensing applications will extend beyond the traditional
industrial and pharmaceutical domains to reach everyday
applications. Sensing, imaging, and localization applications
will likely be piggybacked onto THz wireless communications
[21]].

Novel THz-specific signal processing techniques are re-
quired to enable efficient joint THz sensing and commu-
nications. The first stage of THz sensing is signal acqui-
sition, usually achieved via THz time-domain spectroscopy
(THz-TDS). THz-TDS can be achieved in reflection mode
or transmission mode, with the latter being more useful for
sensing andimaging from a distance. Furthermore, reflection-
based spectroscopy is more convenient in the context of joint
communications and sensing.

Beyond signal acquisition, several signal processing and
machine learning techniques can be used to pre-process the
received signals, extract characteristic features, and classify
target materials into appropriate classes [453]]. Furthermore,
the accuracy of sensing and imaging is greatly enhanced in the
THz band due to the vastly wider available channel bandwidths
and the high directionality that accompanies massive MIMO
beamforming. Smart metasurfaces operating in the THz band
are also capable of sensing environments [454]. In [417],
artificial intelligence is used in the context of IRS-assisted
intercell mmWave communications for sensing, programmable
computing, and actuation facilities within each unit cell.

For massive THz MIMO systems, carrier-based sensing and
imaging can be more efficient as multiple RF chains can be
tuned to multiple frequencies, generating multiple responses
over the THz spectrum. Compared to short pulses covering
the entire THz frequency range, carrier-based THz systems
(frequency-domain spectroscopy) provide greater flexibility for
choosing the carriers of interest for specific sensing applica-
tions. Only several carefully selected carriers can provide an
efficient test for the existence of a specific molecule.
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In the particular case of carrier-based THz-band wireless
gas sensing (also known as electronic smelling [34]), the esti-
mated channel responses can be correlated with the HITRAN
database [141] so that a decision is made on the gaseous
constituents of the medium. We demonstrate that this sensing
procedure can be seamlessly piggybacked over a communi-
cations system by considering an UM-MIMO AoSA scenario
and assuming each SA to be tuned to a specific frequency
symmetrically at the transmitter and receiver. Multiple SAs
can still be tuned to the same frequency while assuming the
channel to be orthogonal by design (following spatial tuning).
Hence, the corresponding channel is diagonal, and the MIMO
problem can be resolved into multiple single-input single-
output problems. Each diagonal entry of H thus represents the
channel response between a particular SA at the transmitter
(tuned to a particular frequency) and its corresponding SA at
the receiver side. The received vector can then be expressed
as in (@), where hy, . m,n, is defined as
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with K8(f,) being the absorption coefficient of gas g at
frequency f;,. By solving for H, we identify both the gasses (or
even specific isotopes of gases) that exist in the medium and
their concentrations (by inspecting equation (3)). The larger
the AoSA size is, the more observations can be accumulated
per channel use, and the faster the decision is made on the
constituents of the medium.

Several methods can be used to solve for the absorption co-
efficients in H, including optimal maximum likelihood detec-
tors, variations of compressed sensing techniques, and machine
learning algorithms. For instance, instead of comparing the
exact values of channel measurements, we can set thresholds
to check the presence or absence of specific spikes and build
decision trees for classification [455]. x can be assumed to be a
fixed or a random vector for sensing. However, in joint sensing
and communications setups, the entries of x would belong to a
specific constellation with a specific structure. This knowledge
can be exploited to enhance the sensing performance further.

C. Networking and Security

Having addressed several THz-specific signal processing
techniques, both the signal processing and networking prob-
lems differ in the THz band; both are linked to the underlying
THz device architectures. Multiple access and networking
paradigms for highly varying THz mobile environments are
required. Hence, THz-specific MAC protocols [93], [94],
[168], [169], [456]-[460] need to be optimized jointly with
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PHY layer signal processing schemes under the constraints of
state-of-the-art THz devices.

Examples of joint optimization schemes include the studies
in [461], where energy harvesting THz nanonetworks are
designed for controlling software-defined metamaterials, and
in [462]], where joint THz power allocation and scheduling
are optimized in mesh networks. Similarly, an on-demand
multi-beam power allocation MAC protocol for THz MIMO
networks is proposed in [458]]. A receiver-initiated handshake
procedure is proposed in [168]] to guarantee link-layer critical
synchronization between high-speed THz networks. Synchro-
nization of ultra-broadband THz signals, spectrum access and
sharing, and neighbor discovery (given narrow beams) are
open problems that require solutions on both the PHY and
network layers.

THz security issues at the PHY and network layers are also
important [463]-[466]. THz communications are more secure
with higher propagation losses and increased directionality
than communication paradigms at lower frequencies. Never-
theless, this enhanced security is not perfect. Security and
eavesdropping in THz links are first studied in [467], where
it is argued that security protocols should be designed on
multiple levels, including hardware and the PHY layer. Signal
processing techniques for waveform design can be proposed
for the latter.

A scattering object can still be placed within the broadcast
sector of a transmitting antenna, despite the increased spa-
tial resolution, which would then scatter radiation towards a
nearby eavesdropper. By perfectly characterizing the backscat-
ter of the channel, such a security breach can be avoided.
Furthermore, narrow beams can still cover a relatively large
area around the receiver, a vulnerability that can be exploited
for eavesdropping. In [468], this vulnerability is mitigated by
THz multipath propagation at the expense of slightly reduced
capacity (sending shares of data over multiple paths). In other
notable studies, secure-transmission IRS-assisted THz systems
are studied in [469]], and adding receiver artificial noise to
enable THz secure communications is proposed in [470].

Covert THz communications, in which an adversary residing
inside the beam sector is prevented from knowing the occur-
rence of transmission, are also gaining attention. For instance,
in [471]], covert THz communication is studied at the network
level in dense internet-of-things systems using reflections
and diffuse scattering from rough surfaces. Furthermore, in
[472], covertness is achieved by designing novel modulation
schemes, such as distance-adaptive absorption peak hopping,
in which frequency hopping is strategically selected at THz
molecular absorption peaks. The covert distance is dictated
by the transmit power and the SNR thresholds.



XI. CONCLUSIONS

In this paper, we present a first-of-its-kind tutorial on signal
processing techniques for THz communications. We detail the
THz channel characteristics and summarize recent literature
on THz channel modeling attempts, performance analysis
frameworks, and experimental testbeds. We also highlight
problem formulations that extend classical signal processing
for wireless communications techniques into the THz realm.
We study THz-band modulation and waveform design, beam-
forming and precoding, channel estimation, channel coding,
and data detection, extending the discussion to the role of
reflecting surfaces in the THz band and THz sensing, imaging,
and localization. We also highlight THz-band networking and
security issues. The techniques discussed in this paper will
continue to evolve in the near future, driven by advances in
THz transceiver design and system modeling.
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