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ABSTRACT Future cellular networks are expected to benefit from terahertz (THz) frequency bands,
which enable high-speed and low-latency wireless connectivity, but several challenges have arisen in
utilizing THz bands. In this paper, we first investigate channel characteristics and their modeling for THz
bands, highlighting new opportunities and emerging challenges. In this context, we discuss the channel
characteristics that become more prominent at THz frequencies than at lower microwave frequencies, such
as atmospheric attenuation, scattering, and frequency selectivity. We also review various path-loss and
scattering models for THz communications. We further survey the radio frequency front-end nonlinearities
that affect THz communications and their modeling for multiple-input multiple-output (MIMO) systems.
We then review massive MIMO and hybrid beamforming techniques, and their applicability for THz
communications. We identify the challenges that arise from operating at ultra-high frequencies, such as
beam blockage, power consumption of large-scale arrays, and beam squint. Finally, we provide an overview
of emerging intelligent reflecting surface (IRS) technologies and their potential for enhancing THz wireless
networks. We investigate how IRS and massive MIMO technologies can be integrated into THz wireless
networks and discuss possible solutions to overcome the limitations that affect the throughput and efficiency
of such systems.

INDEX TERMS THz communications, channel modeling, 6G systems, RF front-end nonlinearities,
multiple-input and multiple-output (MIMO) techniques, intelligent reflecting surface (IRS).

I. INTRODUCTION
Over the past few years, there has been an enormous growth
in wireless data transmission, with the average mobile data
rate expected to increase threefold from 2018 to 2023 [1],
[2]. This tremendous growth in data rate is mainly driven
by the increasing use of mobile devices and the emergence
of new technologies and applications that demand high data
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rates and low latencies. Furthermore, a significant surge
in global fourth-generation (4G) and fifth-generation (5G)
mobile data traffic is expected, reaching approximately 280 to
290 exabytes per month by 2027, as depicted in Fig. 1 [3], [4].
Additionally, the ITU-R report in [5] estimates that overall
global data traffic will approach 5016 exabytes per month
by 2030. This surge in data traffic is primarily attributed to
the proliferation of smart devices and the deployment of new
technologies that facilitate the collection and transmission of
vast amounts of data.
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TABLE 1. KPIs for 4G, 5G, and 6G [14], [17].

FIGURE 1. Global data traffic from 2015 to 2027 [3].

Although 5G networks offer much higher data rates and
lower latency than the previous generations, they may not be
able to satisfy the future demands of data rate and latency
for some applications [6], [7], [8]. For instance, as more
latency-sensitive applications emerge such as self-driving
cars, unmanned air vehicles (UAVs), metaverses, etc., the
current 5G network may not satisfy the required latencies.
Moreover, as the number of connected devices demanding
high rates increases, the current 5G network will also struggle
to provide high data rate services. Therefore, it is imperative
to develop more advanced network protocols or systems to
meet future demands.

The sixth-generation (6G) communication network is envi-
sioned to connect trillions of devices and deliver over 10 to
100 times higher data rates than the current 5G network [9].
Additionally, the expected latency for 6G networks is a
fraction of a millisecond. Furthermore, 6G networks are
expected to support various emerging applications such
as virtual and augmented reality, smart cities, intelligent
transportation systems, and Industry 4.0, among others,
providing a foundation for transformative technological
advancements [10]. These applications require high through-
put, ultra-reliable low-latency communication (URLLC), and
massive machine-type communication (mMTC) [11], [12].
Hence, 6G will need to provide a diverse set of services to
support these various applications effectively. However, the

development of 6G networks is still in its infancy. Several
research efforts are currently underway to explore various
solutions, such as new modulation schemes, beamforming
techniques, and massive multiple-input and multiple-output
(MIMO) systems [13], [14], [15], [16]. Moreover, moving
towards higher frequency bands is a potential solution to
provide low-latency communications and higher data rates.

Terahertz (THz) band (0.1 to 10 THz) is considered to
be one of the key enablers for future 6G cellular networks,
promising to provide downlink (DL) data rate of 1 Tbps, see
Table 1 [6], [14]. Utilizing THz frequencies in communi-
cation systems presents several advantages over traditional
wireless communication technologies, such as higher data
rates, increased bandwidth, and reduced latency. Compared
to low-frequency signals, THz signals can convey more
information, enabling faster data transfer rates and allowing
for new applications like virtual reality (VR), artificial reality
(AR), high resolution imaging, and sensing. Moreover, THz
presents different communication applications, including
centimeter-level localization, sensing, imaging, and precise
positioning [8], [18], [19]. In addition, THz communica-
tions systems can be employed in conjunction with new
technologies, such as ultra or extreme massive MIMO, three-
dimensional (3D) beamforming (vertical and horizontal), and
intelligent reflecting surface (IRS) to significantly upgrade
the system capacity as shown in Fig. 2 [20], [21], [22].
By tapping into the vast potential of THz frequencies,
future wireless communication systems can deliver a truly
immersive and high-speed connectivity experience, meet-
ing the evolving demands of emerging applications and
paving the way for a connected world of the future [23].
However, despite the enormous potential, the utilization of
THz frequencies in communication systems introduces new
constraints and challenges. Due to the wider bandwidth and
higher operating frequencies of THz communication, various
aspects of the communication system need to be carefully
considered and addressed that are listed as follows:

• THz channel: The THz communication channel presents
a number of challenges that are not typically encoun-
tered in conventional low-frequency communication
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systems and must be addressed in order to fully leverage
the benefits of THz systems. These challenges include
additional path-losses resulting from absorption by rain
and gas, scattering behavior that can degrade signal
quality, and a reduction in multipath propagation [8],
[13], [20], [24], [25].

• Radio frequency front-end nonlinearities: Radio fre-
quency (RF) front-end nonlinearities such as phase
noise (PN), nonlinear power amplifier (PA), carrier
frequency offset (CFO), in-phase and quadrature-phase
(I/Q) imbalance, and low resolution analog-to-digital
converters (ADCs) can significantly impact the per-
formance of communication systems operating in the
THz frequency range. These nonlinearities distort the
transmitted signal, leading to errors in the received
signal [26], [27], [28], [29], [30], [31], [32], [33]. The
most crucial aspect in addressing and mitigating the
impact of these nonlinearities is developing an accurate
model to represent them.

• Beamforming: Beamforming is another challenge for
THz systems that require a large number of antenna ele-
ments for successful communication. However, increas-
ing the number of elements presents several hardware
and installation limitations [34], [35], [36], [37], [38].
Moreover, the beam blockage and beam squint become
more crucial when operating in the THz domain.

• IRS: IRS and THz technologies can significantly
improve the performance of wireless communication
systems, enabling faster data rates, extended coverage,
and increased capacity. However, IRS deploying and
positioning, optimization of reflection units, and deter-
mining the type (active or passive) can be crucial when
operating in THz domain [39], [40], [41], [42], [43].

This paper investigates the aforementioned aspects of a
communication system by utilizing the THz band. Unlike
other surveys, this paper offers a practical discussion of
the potential applications of THz communication, with
an emphasis on modeling, design, and implementation.
In particular, this paper explores the integration of THz com-
munication with MIMO technologies, as well as emerging
technologies such as IRS, hybrid beamforming, and artificial
intelligence (AI). The main contributions of this paper are
outlined in the following section.

A. CONTRIBUTIONS
The contributions of this work are listed as follows:

1) This paper offers a comprehensive exploration of
the key factors influencing THz channels, including
atmospheric attenuation, scattering, frequency selectiv-
ity, and other relevant aspects. It then introduces the
challenges and opportunities associated with these THz
characteristics, along with related models, providing a
thorough understanding of the complexities involved in
THz communication channels.

2) The RF front-end is a crucial aspect of future
low-power transceiver design. Therefore, this paper

FIGURE 2. Future cellular networks.

uncovers multiple RF front-end nonlinearities at THz
communications with a focus on their significance
and modeling. Moreover, MIMO channels along with
RF front-end nonlinearities are modeled at the THz
frequency band.

3) Popular beamforming techniques are discussed along
with their deployment concepts and possible usages in
the THz domain. Subsequently, the challenges of oper-
ating at ultra-high frequencies are discussed.Moreover,
possible solutions to mitigate these shortcomings that
affect the throughput and efficiency are reviewed.

4) New and disruptive IRS technologies are introduced
for the THz frequency band. The combination of IRS
and MIMO technologies in THz wireless networks
is explored. Furthermore, a review of state-of-the-art
works related to AI and the IRS is also provided.

The rest of the paper is organized as follows: THz channel
characteristics and its modeling are presented in Section II.
In Section III, RF front-end nonlinearities at THz frequencies
are introduced while focusing on MIMO systems. The
principles of beamforming and its significance in THz are
presented in Section IV. The application of IRS in MIMO
systems at THz frequencies is presented in Section V. Finally,
the paper is concluded in Section VI. The overall structural
overview of the paper is given in Fig. 3.

II. THz CHANNEL
Due to wider available bandwidth at higher frequencies, THz
communication has been regarded as a promising solution
for future data-hungry applications [24]. However, as a result
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FIGURE 3. Structural overview of the survey paper.

of shorter wavelength (approximately, 3 mm to 30 µm),
THz channels have quite different characteristics as opposed
to lower microwave frequencies [8], [25] and such distinct
channel peculiarities should be appropriately considered for
designing THz communication systems. For such purpose,
an investigative study is conducted in this section to examine
the fundamental characteristics of THz channels and their
modeling, as outlined in Section II-A and Section II-B
respectively.

A. THz CHANNEL CHARACTERISTICS
This subsection focuses on the unique characteristics of
THz channels that deviate from those observed at lower
frequencies, or characteristics that exhibit a diminished
impact at lower frequencies.

1) FREE-SPACE PATH-LOSS
THz signals are prone to significant free-space path-loss
due to spreading loss and atmospheric/molecular loss [13],
[20]. The spreading loss occurs from electromagnetic wave
expansion in space according to Friis’ law, which increases
quadratically with the transmission distance and the operating
frequency [13]. It can be observed that the free-space path-
loss for THz channels can be much greater than 80 dB even
for the short-range communication with a distance of 1 meter,
see Section II-B1 for more details. Consequently, advanced
techniques for extending communication distance are crucial
for the stable support of various applications.

2) ATMOSPHERIC ATTENUATION
Besides spreading loss, atmospheric or molecular attenuation
leads to higher path-losses at the THz frequency band.
The atmospheric or molecular loss occurs as a result of
the conversion of THz signal energy into the internal
kinetic energy of water vapor molecules as reported in [44].
Additionally, atmospheric attenuation is further comprised of
(i) rain attenuation [45] and (ii) gas losses [46]. At frequencies
above 10 GHz, the size of raindrops, snow, and hail becomes
comparable to the wavelength and, thus, causes significant
rain attenuation [47].

Similarly, significant gas losses are observed at higher
frequencies as reported in [46] and [48]. Such additional
attenuation factors restrict the THz communication to the
short distance.

3) SCATTERING AT THz FREQUENCY
At frequencies below 6 GHz, surfaces of buildings, ceilings,
and walls are considered to be electrically smooth due to
longer wavelength as compared with the height of surface
variations [8]. At the frequencies mentioned above, strong
specular reflection is the dominant phenomenon and, thus,
small-scale scattering can be ignored [8], [25]. At higher
frequencies such as millimeter-wave (mmWave) and THz,
on the other hand, the wavelength is comparable with the
height of surface variations and, therefore, diffuse reflection
or specular scattering becomes significant [49], [50]. Fig. 4
briefly illustrates specular reflection and diffuse reflection at
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FIGURE 4. Specular reflection at frequencies below 6 GHz, (a) specular
and diffuse reflections at THz frequencies, (b) and diffuse reflection at
optical frequencies (c).

FIGURE 5. Signal attenuation with respect to the operating frequency for
(a) the direct path, (b) plastic reflection, and (c) PCB reflection [51].

different frequencies. From the figure, it can be seen that both
specular and diffuse reflections can simultaneously occur at
THz frequencies as opposed to optical and lower microwave
frequency ranges [8], [25], [50]. Because multipath com-
ponents are mainly determined by specular reflection for
typical communication distances, the number of multipath
components decreases in general as the operating frequency
increases.

4) FREQUENCY SELECTIVITY
As mentioned in Section I, because wider bandwidth might
be utilized for THz communication, frequency selectivity
can be more significant compared to lower frequency
communication. Furthermore, both specular and diffuse
reflections can simultaneously occur especially for short-
range communication, which are the main ingredients of
frequency selectivity at broadband THz channels [25], [50].
These multipath components due to specular and diffuse
reflections experience different path delays and, thus, cause
constructive and destructive interference at the receiver [8],
[51]. Therefore, such a situation leads to significant frequency
selectivity for short-range THz communication [52]. Exper-
imental results in [51] show that the frequency selectivity is
also dependent on reflectivematerials. For instance, as seen in
Fig. 5, frequency selectivity and signal attenuation are quite
different for the direct path only, the single specular reflection
from the plastic board, and the single diffuse reflection from
the printed circuit board (PCB).

FIGURE 6. Spreading loss with respect to the operating frequency in (1).

5) LIMITED TRANSMIT POWER AND THERMAL NOISE
In general, the output power of a transmitter decreases with
higher frequency, and in the near future, it is likely to be only a
few decibel-milliwatts1 [51] for THz communication. More-
over, at higher frequencies, the transmit amplifier has lower
efficiency2 [53]. Due to the aforementioned circumstances,
the transmit power cannot be assumed to compensate for
severe path-loss in THz communications [54]. Furthermore,
thermal noise in a communication channel is proportional to
its bandwidth. Therefore, broadband THz channel is subject
to having a lower signal-to-noise ratio (SNR) due to both
limited output power at the transmitter side and increased
thermal noise at the receiver side [55], [56].

B. THz CHANNEL MODELLING
Currently, researches on the measurement and modeling
of THz channels have been actively conducted. In this
subsection, although somewhat limited, we introduce and
discuss several THz channel models reflecting the channel
characteristics in Section II-A.

1) SPREADING LOSS AND ATMOSPHERIC ATTENUATION
As mentioned in Section II-A, THz frequency waves
experience significant spreading loss as compared with lower
frequencies [57]. According to the Friis’ law [20], spreading
loss is given as

Lspr(d, f ) = 20 log10

(
4πd
λ

)
dB, (1)

where f (GHz), d (m) and λ (m) are the transmission distance,
and wavelength, respectively. Typical values of spreading
loss with respect to the operating frequency are indicated in
Fig. 6 [47]. It can be seen from the figure that, the spreading
loss is greater than 80 dB even for d = 1 meter.

Regarding rain and gasses attenuation, ITU-R documents
provide concrete models reflecting various environmen-
tal parameters, see ITU-R P. 530-17 [45] and ITU-R
P.676-12 [46] formore details. Fig. 7 plots the rain attenuation

1The transmit power is inversely proportional to the operating frequency
by the Friis’ law [20].

2Current semiconductor technology is unable to deliver high transmission
power [51].
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FIGURE 7. Rain attenuation with respect to the operating frequency in
ITU-R P. 530-17, where R0.01% is the rain rate (50 mm/h) exceeded for
0.01% of the (average annual year) time while Latitude and longitude
indicate the location on the map with corresponding rain rate.

FIGURE 8. Gasses attenuation with respect to the operating frequency in
ITU-R P. 676-11, where the total attenuation is the sum attenuation of dry
air and water vapour.

simulation in ITU-R P. 530-17 [45]. As seen in the figure,
a maximum of 20 dB/km attenuation is observed at the rain
rate of 50 mm/h and frequency of 100 GHz. Fig. 8 plots
the gasses attenuation simulation in ITU-R P.676-12 [46].
It can be observed that the frequency bands of 183 GHz and
325 GHz receive severe attenuation due to gas losses and,
thus, might restrict the communication to a short distance.

2) PATH-LOSS MODELS IN ITU-R P.1411-10 [58]
Under the street canyons scenario, ITU-R documents provide
path-loss models that can be used to model mmWave and
sub-THz channel path-losses.

a: SITE-GENERAL MODEL
According to the site-general model, the basic transmission
loss is given by [58]

Lb(d, f ) = 10α log10(d) + β + 10γ log10(f ) dB, (2)

where, d (m) is the transmission distance, f (GHz) is the
operating frequency, α is the path-loss exponent, β indicates
the basic transmission loss offset, and γ indicates the basic
transmission loss offset associated with frequency. For the
site-general model, typical ranges of parameter values are
f ≈ 0.8 to 82 GHz, α ≈ 2.12 to 5.06, β ≈ -4.68 to 29.2,

and γ ≈ 2.02 to 2.36 depending on line-of-sight (LoS) or
non-line-of-sight (NLoS) environments [58].

b: MILLIMETER-WAVE PROPAGATION MODEL
As a site-specific model, the mmWave propagation model
in [58] can be used at frequencies 28 and 60 GHz for LoS
situations. The basic transmission loss for the case of LoS
mmWave propagation is given by

LLoS (d, f ) = L0 (f )+ 10n log10
d
d0

+ Lrain(f ) + Lgas(f ) dB.

(3)

Here, n (≈ 1.9 to 2.21) indicates the basic transmission loss
exponent, d (m) is the transmission distance, L0(f ) indicates
the basic transmission loss at the reference distance d0 = 1
(m), given by L0(f ) = 20 log10 f − 28, where f in MHz.
Moreover, Lrain(·) and Lgas(·) indicate the rain and gasses
attenuation, respectively, see Figs. 7 and 8 for numerical
evaluation [45], [46]. Note that (3) can be evaluated for
various classes of frequencies, environments, and values of
n as indicated in [58, Table 7]. The site general and mmWave
propagation models are compared in Fig. 9 at frequencies
28 and 60 GHz. Note that higher path-loss is observed from
the mmWave propagation model due to additional rain and
gasses losses.

3) SCATTERING MODELS AT THz FREQUENCY
Scattering models are used to predict how signals will behave
when they encounter various types of objects and materials.
Typically, surfaces of walls, ceilings, and terrain are assumed
to be electrically smooth for wavelength greater than 5 cm
and, therefore, scattering is negligible for such cases [8].
However, scattering becomes an important phenomenon at
mmWave and THz frequencies because the variation of
surface height becomes comparable to the wavelength and,
thus, causes significant scattering effects [25]. Therefore,
such scattered waves need to be considered at mmWave
and THz frequencies, especially to evaluate their support for
NLoS links. For THz frequencies, the directive scattering
model [8], [25] and the Beckmann–kirchhoff scattering
model [50], [59] have been widely applied. In addition to
these scatteringmodels, ray-tracing channel models have also
been developed based on deterministic or statistical methods
in [13] and [60]. Specifically, [13] focuses on massiveMIMO
propagation models and [60] provides an in-depth analysis
of channel characteristics, including distance-varying and
frequency-selective properties, as well as propagation factors
in THz bands.

4) SHADOWING AND THERMAL NOISE
Shadowing is a phenomenon that occurs when a signal is
blocked or absorbed by an object, resulting in a reduction of
the signal strength at certain locations. At THz frequencies,
the wavelength of the signal is much shorter than at lower
frequencies. Similar to conventional communication, the
log-normal distribution is used to model shadowing at
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FIGURE 9. Path-loss comparison under the street canyons scenario ITU-R
P. 1411-10.

THz communications [61]. The log-normal distribution is
defined by Gaussian distribution with mean µ, and standard
deviation σ , around the mean path-loss in the logarithmic
scale. Moreover, σ is calculated according to the path-loss
and is given in [62, Table 7.4.1-1]. It has been reported
that this shadowing model is valid for frequencies 0.5 to
100 GHz [62].

The noise in THz originated from two main sources,
i.e., conventional thermal noise (or system noise) and
frequency-dependent molecular absorption noise [63].
Besides molecular absorption noise, thermal noise is a major
contributor to the total noise at THz [64]. The thermal noise
power at THz can be approximated as white Gaussian noise
and can be given as

PN = 10 log10 (KBTB) , (4)

where K is the Boltzmann’s constant, T is the temperature,
and B is the bandwidth [65], [66].

III. RF FRONT-END NONLINEARITIES AT THz
Wireless transceivers operating in the THz frequency spec-
trum are susceptible to intricate distortions, resulting from
the combined effects of several factors such as PN, nonlinear
PA, I/Q imbalance, CFO, and low resolution ADCs as
shown in Fig. 10 [26], [27], [28], [29], [30], [31], [32],
[33]. The aforementioned impairments are caused by (i)
higher operating frequency (mmWave/THz) and (ii) low cost
transceivers [26], [67]. Such RF front-end impairments limit
the system performance by causing in-band and out-of-band
interference, higher error vector magnitude, and significant
adjacent channel leakage ratio [33]. This section explores the
RF front-end impairments along with their signal models.
In particular, the effects of these impairments on state-of-the-
art communication technologies are discussed.

A. PHASE NOISE
Note that PN in the THz frequency range is a critical consider-
ation in high-precision signal processing. This phenomenon
refers to the deviation in the phase of a sinusoidal waveform
and is caused by fluctuations in the local oscillator (LO)
frequency [68]. More specifically, PN causes the signal

to spread in the frequency domain and, hence, results in
inter-channel interference [26]. Therefore, signal spreading
due to PN injects the interfering signal into signal bandwidth
which degrades system performance (see Fig. 11). Thus,
accurate modeling and mitigation of PN are crucial for
the development of robust THz communication and sensing
systems. Next, we discuss the characteristics and modeling of
PN in MIMO channels.

1) PN IN MIMO CHANNELS
For the N ×M traditional point-to-point MIMO channel, the
received signal vector at time t is given as [69]

y[t] = H[t]x[t] + n[t], (5)

where H ∈ CN×M denotes the MIMO channel matrix, x ∈

CM×1 is the transmit signal vector and, n denotes the AWGN
noise vector such that each element follows CN

(
0, σ 2

n
)
.

If both transmitter and receiver are affected by PN, (5) can
be modeled as

y[t] = 2[t]H[t]8[t]x[t] + n[t], (6)

where

8[t] = diag
(
ejφ1[t], . . . , ejφM [t]

)
,

2[t] = diag
(
ejθ1[t], . . . , ejθN [t]

)
. (7)

Here, 2 ∈ CN×N and 8 ∈ CM×M indicate the PN diagonal
matrices at the receiver and transmitter, respectively (see
Fig. 12). Next, correlated and uncorrelated PN models with
respect to SISO models are discussed. The extension to the
MIMO case is straightforwardly given [70], [71].

2) PN MODELING
The PN of an oscillator generally has two model represen-
tations: an uncorrelated model and a correlated model. The
uncorrelated model is simpler but less accurate and arises
from white noise sources such as thermal noise and shot
noise within the oscillator circuitry. The correlated model,
on the other hand, is more accurate and results from white
and colored noise sources (e.g., flicker noise).

• Uncorrelated PN model
The uncorrelated model is relatively simple and only
describes the white PN floor. However, the accuracy
of this model is not as that of the correlated model.
Nevertheless, it is shown that the uncorrelated model
is suitable for sub-THz systems [70]. The uncorrelated
PN at the transmitter side can be expressed by truncated
Gaussian distribution as φ[t] = N

(
0, σ 2

φg

)
.

Since the phase φ[t] is naturally bounded by (0, 2π ],
therefore, the resulting distribution is called truncated
Gaussian distribution. Similar to the transmitter side,
PN at the receiver side is expressed as θ [t] = N

(
0, σ 2

θg

)
.

• Correlated PN model
The correlated model is widely used for mmWave
systems due to its accuracy [72]. It is described by
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FIGURE 10. Direct conversion transceiver structure and RF front-end nonlinearities.

FIGURE 11. LO injected PN introduces spurious signals that interfere
within the bandwidth of the desired signal.

FIGURE 12. PN in MIMO systems.

both uncorrelated contributions such as white PN floor
and also correlated PN contributions such as colored
PN floor as well. Generally, when the free-running
oscillators are stabilized by means of phase-locked loop
(PLL), PN is generated which is lower in magnitude
and consequently modeled as zero mean, stationary,
finite power random process [71]. Moreover, PLL
works as a high-pass filter for free-running oscillators’
PN and, thus, suppresses PN below a certain cut-off
frequency [73]. While employing PLL, the cumulative
and correlated nature of oscillators’ PN, φ[t], can be

modeled by superposition of the Wiener process, φw[t],
and Gaussian process, φg[t], as [70], [71], [74]

φ[t] = φw[t] + φg[t], (8)

where φg[t] ∼ N
(
0, σ 2

φg

)
is caused by the thermal noise

in the oscillator. Further, φw[t] is given as

φw[t] = φw[t − 1] +1[t], (9)

where 1w[t] ∼ N
(
0, σ 2

φw

)
denotes the Wiener

increment. Noted that as σ 2
φw

increases, the probability
of wrapping also increases. For wireless transceivers,
the value of σ 2

φw
typically falls within a range where the

deviation 1[t] can be well approximated by a Gaussian
random variable.

B. NONLINEAR POWER AMPLIFIER
For mmWave/THz frequencies, highly power-efficient PAs
are typically required at transmitters to overcome (i) sig-
nificant path-losses, (ii) lower multipath components, and
(iii) higher absorption losses [75], [76]. Moreover, future
wireless systems require PAs to operate near their saturation
to improve power efficiency which, however, leads to
significant nonlinear distortion (NLD) [74], [75]. The NLD
is further exacerbated by (i) the use of input signals with a
higher peak-to-average power ratio and (ii) wider bandwidth
allocation at mmWave/THz frequencies [77]. Because of
that, significant signal spreading occurs which results in out-
of-band distortion. In the following, different nonlinear PA
models are discussed while focusing on MIMO systems.

1) NONLINEAR PA MODELLING
In general, nonlinear PAs are categorized into two
main groups: frequency-dependent models and frequency-
independent models. This categorization is shown in Fig. 13.
The frequency-dependent models can be further divided into
Saleh’s model and Hammerstein–Volterra (HV) series model.
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FIGURE 13. Nonlinear PA models.

FIGURE 14. CFO representation at the receiver.

On the other hand, the frequency-independent models can be
further classified into Rapp’s model, the Polynomial model,
the White model, and so on.

It is important to note that while both frequency-dependent
and frequency-independent models can be used to model
nonlinear PAs, frequency-dependent models are generally
better at capturing frequency-dependent distortion [76], [78].

2) NONLINEAR PA AND MIMO SYSTEM
As discussed earlier, there are various types of models
used for the modeling of nonlinear PAs [27], [28], [79].
Among them, a polynomialmodel withmemory is considered
to be the simplest and most widely used model [28].
Considering the same MIMO channel model as of (5)
assuming flat fading, the received signal vector is given
as [80]

y = H (3x + d)+ n (10)

using Bussgang’s theorem.3 Here,

3 = diag (α1, α2, . . . , αM ) ∈ CM×M ,

d = [d1, d2, . . . , dM ]T ∈ CM×1,

i.e., the ith PA output is given by αixi + di, for all i ∈

[1, 2, . . . ,M ], whereαi is a constant which depends on the PA
gain function and its input power [80], and di is the distortion
noise in the PA such that di ∼ N

(
0, σ 2

di

)
. Moreover, di is

uncorrelated with the input signal xi.

3Nonlinear effects on massive MIMO can be characterized by math-
ematical analysis tools, such as the Bussgang theorem and classical
inter-modulation products analysis [75].

C. CARRIER FREQUENCY OFFSET
Note that CFO occurs when the frequency of the carrier
signal from the LO in a receiver is not perfectly matched
with the incoming signal’s carrier frequency [32], [74],
[81], which is caused by (i) Doppler shifts and (ii) LO
imperfections [74]. The representation of the CFO effect is
indicated in Fig. 14, where 1f , fR, and fC are the CFO,
incoming signal’s frequency, and carrier frequency at the
receiver’s LO, respectively. Note that 1f is the difference
between the incoming signal frequency and the frequency at
LO i.e., 1f = fR − fC . At higher frequencies such as THz,
the impact of CFO on the phase and amplitude of the signal
is more pronounced, leading to larger errors in the received
signal. Additionally, the sensitivity of THz systems to CFO
is often higher due to the wide bandwidth available in the
THz range, which can exacerbate the impact of frequency
offsets. In the following, we discuss the effect of CFO in
MIMO-OFDM systems.

1) CFO IN MIMO-OFDM SYSTEMS
Since CFO is extremely sensitive to OFDM systems,
we consider MIMO-OFDM modeling in this section [82].
The received signal for the kth sub-carrier at the mth antenna
in the MIMO-OFDM system can be given as

ym,k [t] = ejθCFOt
M∑
m=1

hn,m,k [t]xm,k [t] + wn,k [t], (11)

where, hn,m,k [t] denotes the channel coefficient of the kth
sub-carrier with m ∈ [1, . . . ,M ] and n ∈ [1, . . . ,N ]
denoting the transmit and receive antenna indices, respec-
tively. Moreover, M and N are the total number of transmit
and receive antennas. Furthermore, xm,k [t] is the transmitted
signal, and wn,k [t] denotes the additive white Gaussian noise.
The term ejθCFOt in (11) represent the CFO effect, that
causes the phase rotation of each OFDM symbol where
θCFO = 2π

(
1 +

Ncp
Nsub

)
ϵ, where Ncp and Nsub indicate the

number of cyclic prefix and sub-carriers, respectively and
ϵ represent the normalized CFO effect due to mobility [82],
[83].

D. I/Q IMBALANCE
The amplitudes and phases of the two physical signal
branches (in-phase (I) and quadrature-phase (Q)) typically
differ to some extent due to imperfections in the analog
front-end components such as mixers and filters. This
phenomenon is commonly known as the I/Q imbalance prob-
lem [84]. It causes modulation distortion, signal spreading,
and wide-spectrum sidelobes.

Ideally, I and Q branches must have equal amplitude and
90◦ phase difference [85]. However, non-ideal low pass filter,
90◦ phase shifter, and mixers at the transmitter and receiver
lead to mismatches in I and Q branches and, thus causes I/Q
imbalance [85]. I/Q imbalance caused by a low pass filter is
termed as I/Q gain imbalance (or amplitude imbalance), while
I/Q imbalance caused by non-ideal 90◦ phase shifter is termed
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as quadrature offset. I/Q gain imbalance and quadrature offset
are highlighted in Fig. 10.

In general, the phenomenon of I/Q imbalance can be
represented through two distinct models, namely symmet-
rical and asymmetrical. In the symmetrical approach, both
I and Q branches are subjected to identical levels of phase
and amplitude errors, with each branch experiencing half
of the total error. On the other hand, the asymmetrical
approach involves modeling the I branch as perfect, while
incorporating the errors solely in the Q branch [86], [87],
[88]. However, it has been observed that the symmetrical
model can be derived from the asymmetrical one using a
linear transformation comprising a rotation matrix and a
scaling factor. This transformation allows for the conversion
of the asymmetrical model to its symmetrical counterpart.
Therefore, in the next section, we present asymmetrical I/Q
imbalance modeling with MIMO systems.

1) I/Q IMBALANCE IN MIMO SYSTEMS
Assume the point-to-point MIMO with flat fading as seen
in (5). Considering I/Q imbalance at the transmitter side, the
transmit signal vector can be modeled as

x = G1s + G2s∗, (12)

where

G1 =

g1,1 . . . 0
...
. . .

0 . . . g1,M

 ,G2 =

g2,1 . . . 0
...
. . .

0 . . . g2,M

 .
Here, g1,i =

1+ϵiejψi
2 and g2,i =

1−ϵiejψi
2 , for all i ∈

[1, 2, . . . ,M ] with ϵi and ψi representing the amplitude and
phase mismatch, respectively. The received signal vector in
the presence of the receiver-side I/Q imbalance is expressed
as

z = K1y + K2y∗, (13)

where

K1 =

k1,1 . . . 0
...
. . .

0 . . . k1,N

 ,K2 =

k2,1 . . . 0
...
. . .

0 . . . k2,N

 .
Here, k1,i =

1+ζiejϕi
2 and k2,i =

1−ζiejϕi
2 , for all i ∈

[1, 2, . . . ,N ] with ζi and ϕi representing the amplitude an
phase mismatch, respectively. From (12) and (13), we have

z = (K1HG1 + K2H∗G∗

2)s + (K1HG2 + K2H∗G∗

1)s
∗

+ K1n + K2n∗. (14)

E. LOW RESOLUTION ADCs
Besides I/Q imbalance and PAs, ADCs are considered the
most power-consuming components [89]. ADC’s cost and
power consumption grow significantly with (i) the number
of quantization bits and (ii) higher sampling rates required
at wider bandwidths [89]. Moreover, in MIMO systems,

the cost further increases dramatically due to large antenna
arrays and many ADCs’ employment. Therefore, in practice,
low resolution ADCs (i.e., 1-3 bits ADCs) are employed
for large-scale MIMO systems that provide a good tradeoff
between the energy efficiency and spectral efficiency [90],
[91], [92]. In the next section, we provide the modeling of
low resolution ADCs in MIMO systems.

1) LOW RESOLUTION ADC IN MIMO SYSTEMS
Considering the same MIMO channel as in (5) with flat
fading, the quantized signal after one-bit ADCs can be
represented as [89]

r = Q(y) = Q (Hx + n) , (15)

where Q (·) indicates the one-bit quantization operation and
is applied separately to real and imaginary parts of the signal
given by

Q (·) =
1

√
2
(sign(ℜ(·)) + jsign(ℑ(·))) . (16)

Hence, the one-bit quantization set will then beR =
1

√
2
{1+

j, 1 − j,−1 + j,−1 − j} which is equivalent to QPSK
constellation points.

IV. BEAMFORMING AND ITS SIGNIFICANCE IN THz
Moving up the frequencies in the RF spectrum brings several
challenges along with benefits. For THz, the wavelength
shortens up to a sub-millimeter which also makes the size
of the antenna element (fractions of wavelength) small [34],
[35], [36]. Hence, the use of the massive number of
antennas for THz will be the unavoidable option to grasp the
advantages provided by high frequencies. It is worth noting
that with the use of a massive number of antenna elements
(i.e., more than thousands for THz), a highly directive beam
can be generated also termed as pencil beam [37], [38], [93],
and [94]. The severe inherited path-loss effects in THz can be
compensated with the aid of such a pencil beam.

A. EXTREME MASSIVE MIMO TECHNOLOGIES
Extreme massive MIMO or ultra-massive MIMO is a
promising technology that involves the use of a large number
of antennas (usually more than 1024 antennas) at both
the transmit and receive ends to achieve high data rates
and enhance system performance [95]. Since the signals in
the THz band face severe propagation losses (discussed in
Section II), and are sub-millimeter wavelength sized, that
makes the effective areas of antennas small and hence paving
the way for extreme massive MIMO technologies. Extreme
massive MIMO happens to be the most suitable option to
increase the effective transmit/receive area and to mitigate the
propagation loss.

Despite the potential benefits, the implementation of
extreme massive MIMO for THz communication systems
faces several technical challenges. The high cost of inte-
grating a large number of antennas imposes a significant

VOLUME 11, 2023 117483



N. U. Saqib et al.: THz Communications: A Key Enabler for Future Cellular Networks

challenge. Furthermore, the signal processing algorithms
required for massive MIMO in THz systems are computa-
tionally demanding, requiring high-performance hardware to
implement effectively.

The future 6G wireless communication systems are envi-
sioned to leverage THz frequency bands to provide extremely
high data rates, low-latency, and massive connectivity.
In order to fulfill these requirements, extrememassiveMIMO
technologies seem to be a basic building block of the
THz communication system. The work on 6G and extreme
massive MIMO has already been started and researchers
all around the world are focusing on the THz extreme
MIMO channel estimation, spatial multiplexing, spectral
efficiency, and other related issues [96], [97], [98], [99],
[100]. The typical number of antennas for extreme massive
MIMO can reach up to tens of thousands [100]. Therefore,
the conventional beamforming (digital and analog) schemes
could not able to meet the demands due to their limitations.
For instance, in digital beamforming, the extreme massive
MIMO implementation complexity is exceptionally large
since each antenna requires a dedicated RF-chain [101].
Alternatively, a conventional analog beamforming scheme is
also not feasible in terms of spectral efficiency since it is only
able to transmit a single stream [102], [103].
To address the limitations of both architectures, hybrid

beamforming has been considered as a viable solution.
By utilizing a limited number of RF-chains, hybrid beam-
forming offers a balance between fully digital and analog
beamforming. The details will be discussed in the subsequent
sections.

B. HYBRID BEAMFORMING
In order to overcome the challenges associated with
conventional beamforming architectures discussed earlier,
a possible solution is the adoption of hybrid beamforming
architecture [104], [105], [106], [107], [108], [109]. In a
general hybrid beamforming transmitter structure with M
antennas and MRF RF-chains, the input vector x ∈ CM×1

is constructed as [110]

x = FRFFBBs, (17)

where s ∈ CL×1 represents number of streams such that
E[ssH ] ≤

P
L IL with L ≤ MRF denotes the number of streams.

FRF is the M × MRF transmit analog beamforming matrix
and FBB is theMRF ×L digital beamforming matrix such that
∥FRFFBB∥2 ≤ L.
Mainly, there are two types of hybrid beamforming; one

is fully-connected and the other is sub-connected which are
described in detail as follows.

1) FULLY-CONNECTED STRUCTURES
Fully-connected is a very popular hybrid beamforming
structure because of its near-optimal performance [110].
It contains few RF-chains as compared to the total number
of antennas. Here, each RF-chain is connected to all the

FIGURE 15. Fully-connected and sub-connected hybrid beamforming
structures.

antennas with the help of phase shifters as shown in Fig. 15.
As can be seen from the figure, the baseband digital module
is implemented to control the spatial streams and to tackle
the interference among them in the digital domain. For the
fully-connected structure, a single RF-chain can control the
entire set of antennas. Hence, it has a more degree of freedom
to beamform the signal energy toward the desired directions.
From (17), the analog beamforming matrix can be given as

FRF =

[
f[RF]1 , f[RF]2 , . . . , f[RF]MRF

]
, (18)

where f[RF]i is the M × 1 analog precoding vector associated
with the ith RF-chain for i ∈ {1, . . . ,MRF }. The main
advantage of this architecture is that it can achieve the highest
beamforming gain, as all the RF-chains can be used to
steer the signal in any direction. Although this architecture
is very popular in sub-6 GHz and mmWave frequencies,
there are several works in the literature considering the
THz domain [104], [105], [106]. In [104], a modified fully-
connected structure is proposed for the THz frequencies
which can combat the various effects like path-loss of high
frequencies. In [105], under the single-user MIMO setup,
a new basis vector method is proposed for a wideband
OFDM system to mitigate beam squint effects. Although the
fully-connected structure can provide near-optimal perfor-
mance with reduced hardware complexity as compared to
the digital beamforming case, this structure still introduces
significant hardware complexity due to more phase shifters
per antenna (i.e MMRF phase shifters). This can make
fully-connected structures not feasible for extreme MIMO
techniques operated in the THz band in terms of hardware
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cost, power consumption, insertion losses of elements,
etc [106].

2) SUB-CONNECTED STRUCTURES
In order to overcome such limitations of fully-connected
structures, sub-connected structures have been considered
as a feasible option in THz communication. For the sub-
connected case, a dedicated set of antennas is assigned to
each RF-chain as shown in Fig. 15b. Thereby, decreasing
the complexity in terms of phase shifters can further
reduce the power consumption of the overall beamforming
system. From (17), the analog beamforming matrix for the
sub-connected structure is given as

FRF = diag
{
f[RF]1 , f[RF]2 , . . . , f[RF]MRF

}
, (19)

where f[RF]i is the M [i]
t × 1 analog precoding vector of

the sub-array associated with the ith RF-chain for i ∈

{1, . . . ,MRF }. Here, M [i]
t ≤ M denotes the number of

antennas in the ith sub-array.
In [106], a detailed comparison between fully-connected

and sub-connected structures is provided, demonstrating
that the sub-connected structure achieves improved perfor-
mance for THz in terms of spectral and energy efficiency.
A multi-carrier scheme is also introduced for wideband THz
systems using the sub-connected structure [104]. A dynamic
sub-connected structure with a switching mechanism is
introduced in [107] and hybrid precoding algorithms are
proposed for THz frequencies to optimize the performance
in terms of spectral efficiency and power consumption.
A detailed survey about hybrid beamforming techniques is
provided in [108], in which various challenges that can arise
in THz such as channel sparsity, spherical wave propagation,
blockage problem, etc., are discussed. A codebook-based
simultaneous beam training method for multiple users under
the sub-connected structure to extract the dominant channel
information is proposed in [109]. In [111], a wideband
multi-carrier hybrid beamforming is considered for THz
frequencies in which a two-stage beamforming concept is
developed.

C. BEAMFORMING CHALLENGES AND POSSIBLE
SOLUTIONS
This subsection discusses several beamforming challenges
that arise in THz frequencies.

1) BEAM BLOCKAGE
One of the factors that can affect signal propagation at
the THz range is the limited number of available signal
paths. At these high frequencies, signals tend to travel in
straight lines and are subject to more significant losses due
to absorption and scattering. As a result, the number of
signal paths available for communication can be significantly
reduced (often less than five [104], [106]) and, consequently,
beamforming solutions alone are hard to resolve signal
blockages due to obstacles. Hence degrading the received

FIGURE 16. Wideband beam squint in THz.

signal-to-noise ratio results in reduced coverage. There are a
couple of ways tomitigate this issue, one is relay-based signal
transmission [112] and the other is to equip IRSs, which is
discussed in detail in Section V.

2) POWER CONSUMPTION DUE TO LARGE-SCALE ARRAYS
Despite of utilizing the most feasible option, i.e., sub-
connected hybrid structures, power consumption associated
with the antenna array with a massive number of antenna
elements is still a major challenge due to the use of a
massive number of phase shifters (60mW per unit) and
power amplifiers (42mW per unit) [107]. One solution that
is proposed in the literature is the use of one phase shifter for
a group of antenna elements, thereby reducing the number of
power consumption devices [111].

3) BEAM SQUINT
Another well-known problem that arises in wideband THz
communication systems is the beam squinting issue. In order
to attain inherent benefits from THz frequencies, one must
move toward the extreme massive MIMO setup. However,
increasing the number of antenna elements will create much
narrower beams known as pencil beams as shown in Fig. 16,
which must be aligned accurately in the desired direction to
achieve high data rates [113]. In general, the design of phase
shifters is based on the center operating frequency. For the
wideband consideration, the direction of such beams may
not be accurate due to the difference in the center frequency
and the corner frequencies. This phenomenon is called the
beam squint effect which can cause severe degradation in the
system performance. This beam squint effect can be removed
by using the true time delay lines instead of using phase
shifters [114] but at the cost of high power consumption
(80mW). Several deep learning solutions to overcome the
beam squint effects have been proposed in the literature, for
example, see [115] and the references therein.

D. MITIGATION APPROACHES FOR THz RF FRONT-END
NONLINEARITIES
In Section III, we extensively examined various MIMO
models for addressing the nonlinearities present in the RF
front-end. In this subsection, we review several mitigation
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techniques proposed in the existing literature to combat these
nonlinearities.

In [70], index modulation techniques are employed for
MIMO and the impact of PN is analyzed when using uniform
linear and rectangular antenna arrays. The study showed that
employing quadrature phase shift keying (QPSK) schemes
with generalized spatial modulation (GSM) can effectively
compensate for PN effects, offering a notable gain of up to
5 dB over alternative modulation schemes like double QPSK
with GSM (DQPSK-GSM) and 4-ary pulse amplitude modu-
lation with GSM (4PAM-GSM). The authors of [71] analyzed
the spectral characteristic of the oscillator and performed
measurements of the realistic PN generated by state-of-the-
art sub-THz oscillators. They showed that the uncorrelated
models are the best choice for sub-THz systems. In [73], the
authors presented a comprehensive digital communication
system, encompassing PN channel characterization, optimal
receiver design, and a robust modulation scheme capable
of withstanding PN effects. Their results demonstrated the
system’s capability to achieve high-rate communication
performance.

Numerous studies in the literature tackled the issues
related to PA nonlinearities. For example, [77] describes
various methods, such as output backoff (OBO) and digital
pre-distortion (DPD), that can counteract the nonlinearities
caused by PAs. These methods tried to keep the PAs
in the linear operating region, avoiding saturation-related
distortions. Similarly, [78] discussed techniques to reduce the
nonlinear distortions fromPAs, with the goal of improving the
overall throughput in OFDM-based systems.

To compensate for the effects of I/Q imbalance, several
studies have been conducted in the literature. In [85],
the authors present a pre-compensation scheme to address
nonlinear effects and I/Q imbalances in a low-cost transmitter
architecture within a THz system. The study introduced a
Maximum Likelihood Estimator, implemented through an
alternating estimation algorithm, and derived closed-form
expressions for estimating system parameters. The work
in [87] proposed a channel and I/Q imbalance coefficients
estimation scheme for an uplink multi-user single-input-
muliple-output (SIMO) system. The authors also presented an
I/Q imbalance compensation scheme based on the estimated
I/Q coefficients. In [87], the authors developed novel
precoding schemes for massive MIMO systems with I/Q
imbalance. The paper introduced a reduced-rank precoding
scheme, based on Krylov subspace methods, to lower the
computational complexity.

Efficient utilization of low-resolution ADCs is addressed
in [92], where an approximate analytical expression for
the uplink achievable rate of a massive MIMO system is
derived. The study revealed that the degradation in data rate
due to low ADC resolution can be mitigated by increasing
the number of receiving antennas. In [90], a novel channel
estimation approach is presented for an uplinkMIMO system
equipped with one-bit ADCs at the BS. This approach
is applicable to both flat fading and frequency-selective

fading channels, demonstrating superior performance when
compared to benchmark techniques.

Regarding CFO, [84] introduced a joint clock and fre-
quency synchronization technique aimed at compensating
for CFO effects arising from Doppler shifts between the
BS and user equipment in an OFDM-based cellular system.
Furthermore, [83] addressed CFO and I/Q imbalance concur-
rently within a MIMO OFDM-based system, proposing an
algorithm less susceptible to small CFO errors compared to
related studies.

V. INTELLIGENT REFLECTING SURFACES IN THz
In the previous section, we discussed the importance of
extreme massive MIMO and hybrid beamforming technolo-
gies for the THz systems to realize high data rates up to
Tbps in future 6G networks. One of the major challenges for
the implementation of such systems is that the reduction of
multipath components in THz leads to the dominance of the
LoS component. As a result, even a single blockage between
the transmitter and the receiver can substantially degrade the
communication performance. To design an effective extreme
massiveMIMOTHz-based communication system, IRS (also
termed as reconfigurable intelligent surface (RIS) in the
literature) is considered to be a promising new technology to
overcome the degradation caused by blockages and to provide
coverage extension [39], [40]. In general, IRS is a planar
structure made up of small, programmable elements that
can reflect incoming electromagnetic waves in a controlled
manner. In addition to that, these surfaces have many more
capabilities such as refraction, absorption, focusing of the
incoming signal, polarization alignment, splitting of the
incoming signal, analog processing, and collimation as shown
in Fig. 17. These surfaces are typically placed between
the transmitter and the receiver to enhance the wireless
communication link. It can utilize the NLoS path to reflect the
incident signals with a controlled phase shift and reflection
coefficient for a special direction and signal amplitude [41],
when the LoS path is blocked by an obstacle.

During the past few years, numerous works have been
carried out considering IRSs as a part of the communication
system. In particular, IRS has been extensively used (i) to
overcome the severe propagation attenuation, (ii) to upgrade
the spectral efficiency, and (iii) to expand the coverage
range at THz band frequencies [42], [43]. In general, IRS
is equipped with many metamaterial-based passive reconfig-
urable elements, which are controlled by a central controller
(usually controlled by BS). Also, IRS can exploit frequency,
phase, polarization, and other characteristics of reflected or
refracted electromagnetic waves and, thus, reconfiguration of
wireless channels is made possible. Each IRS element can
independently control and reflect the incident signal [116].
The structure of a single element of IRS can be seen in
Fig. 18. Mathematically the reflected signal from a single
IRS element can be expressed by y = (βejθ )x, where y and x
are the reflected signal and the incident signal, respectively. θ
and β represent the phase shift and amplitude of the reflected
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FIGURE 17. IRS capabilities.

FIGURE 18. Reflection model of an IRS element.

signal, respectively, where β ∈ [0, 1], θ ∈ [0, 2π ) [117].
Specifically, when β = 0 and β = 1 represent complete
absorption and total reflection of incident signal, respectively.
Multiple of these IRS elements is combined in a specific
geometry (commonly a planar structure) to form a reflecting
surface. These elements are usually placed with a spacing
d with each other as shown in Fig. 19. As seen in the
figure, when the spacing between elements approaches zero,
the ultra-dense IRS surface approximates to the continuous
surface [118].

A. IRS AND THz COMMUNICATION
Below are some of the IRS characteristics that make them a
feasible solution for THz communication systems.

• Passive: IRS does not require any RF-chains and power
amplifiers, therefore, contributing to developing a green
economic and reducing energy consumption [118].

• Easy to deploy: The hardware structure of IRS is thin
and lightweight, therefore, can be densely and easily
deployed on the walls (either, indoors or outdoors).

• Low thermal noise: IRS can achieve passive control
of electromagnetic waves, because of the absence of
high-power devices (ADCs/DACs, Amplifier, etc.) to
process the received signal, hence, no thermal noise is
injected.

• Full-band response: Due to its reconfigurable nature,
IRS can work at any operating frequency wave.

B. IRS MOTIVATION IN THz
The band of THz can provide plenty of bandwidth to
support higher data transmission rates. Despite having a
huge advantage in 6G communication, the THz band leads

FIGURE 19. Spacing effect between IRS elements (a) discrete IRS
(b) continuous aperture (d approaches 0).

FIGURE 20. System model of IRS-aided MIMO THz communication.

to (i) strong free-space path-losses and water molecules
absorption and (ii) the LoS path is easily blocked by
an obstacle, leading to unstable communications. Due to
the aforementioned disadvantages, making efficient THz
communication is a challenging task. Among all the solutions
of potential candidates for enhancing current methods of
beamforming, IRS technology has been widely recognized
as promising in THz wireless networks. IRS can achieve
passive beamforming, which can significantly improve the
gain of channel compared with active large-scale MIMO
antenna array, and achieve low cost and consumption of
power. In addition, the transmission distance of THz can
be extended at a low cost, especially in indoor application
scenarios with high user density and high space shielding,
such as stadiums, shopping centers, exhibition centers, and
airports, which have great prospects.

C. THz-BASED IRS AND MIMO TECHNIQUES
As mentioned in Section IV-A, massive or extreme massive
MIMO has been proven to generate highly directional
beams, compensate for its path-loss, achieve efficient active
beamforming, and provide high antenna gain to overcome
channel loss. However, its capabilities may not be sufficient
for the future THz spectrum, because high-frequency infor-
mation transmission brings higher propagation loss, lower
diffraction, and more congestion. As the number of antennas
increases, BSs need more RF-chains, which leads to higher
complexity and power consumption. Eventually, it greatly
increases the cost of the BS and limits the further increase
in the scale of massive MIMO antennas. Therefore, IRS can

VOLUME 11, 2023 117487



N. U. Saqib et al.: THz Communications: A Key Enabler for Future Cellular Networks

TABLE 2. Comparison between IRS, relay, and massive MIMO.

be integrated into MIMO systems to significantly improve
the energy efficiency, spatial diversity and multiplexing
of MIMO [119] systems while reducing equipment costs.
Table 2 compares IRS with relay and massive MIMO.
As can be seen from the table, the loss generated by IRS
is very low due to there being no RF-chain. Since IRS
only passively reflects signal, there is no self-interfering
signal in full-duplex communication as there is in relay
devices [120].
Massive MIMO can overcome the severe signal attenua-

tion [121] by employing narrow beams to produce significant
beamforming gain and the combination of MIMO and IRS
can further enhance the scale of multi-antenna to obtain
higher beamforming gain [122]. Assuming the N ×M point-
to-point IRS-aided MIMO setup (see Fig. 20), the signal at
the receiver is given as

y = (Hd + Hr6Ht) x + n, (20)

where L denotes the number of IRS elements, Hd ∈ CN×M

denote the direct channel from the transmitter to the receiver,
Hr ∈ CN×L denotes the channel from the IRS to the receiver,
and Ht ∈ CL×M denotes the channel from the transmitter
to the IRS. Further, 6 = diag(β1ejθ1 , . . . , βLejθL ) is the
phase shifts matrix of the IRS, where βl and θl denotes
the amplitude and phase shift of the lth reflecting element
of the IRS.

D. DEPLOYMENT SCENARIOS FOR THz BASED IRS
Various scenarios have been reported in the literature for
the deployment of IRSs in THz communication systems
that include outdoor, indoor, and outdoor-to-indoor (O2I)
scenarios.

1) OUTDOOR SCENARIO
For outdoor scenarios, IRSs can be deployed on tall building
facades to reflect signals from BSs towards users in blind
spots, as shown in Fig. 21. Since the LoS path is a necessary
component of THz systems, IRSs on buildings, billboards,
and poles can provide virtual LoS paths [123], [124].
Furthermore, IRSs can also be deployed on transportation
vehicles such as buses, cars, low earth orbit satellites,
unmanned air vehicles, etc.

2) INDOOR SCENARIO
Indoor scenarios can be considered as one of themost feasible
setups for the IRSs deployment under THz communications

FIGURE 21. Outdoor IRS model.

FIGURE 22. Indoor IRS model.

[125], [126], [127]. This is due to the absence of severe
path-loss factors, such as rain losses, which tend to affect
THz communications. Additionally, user locations in indoor
scenarios are typically clustered in specific areas, thereby
enabling IRSs to provide more coverage toward densely
populated locations. A visual representation of a typical
indoor scenario in the presence of blockages is presented in
Fig. 22.

3) O2I SCENARIO
The deployment of IRSs under O2I scenarios can also
be beneficial in terms of providing the virtual LoS paths
to the indoor users incapable of receiving the direct LoS
transmissions as shown in Fig. 23. The penetration loss
caused by walls is often significant, particularly in modern
energy-efficient building architectures, which tend to hinder
the incoming signal from passing through them, leading to
very weak or no reception for users inside the building [128].
Fig. 23 demonstrates that placing an IRS in the LoS path
between the BS and users through a glass window can be
highly advantageous.
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FIGURE 23. O2I IRS model.

E. AI FOR IRS-AIDED THz SYSTEMS
Most of the existing research on IRS largely adheres to the
conventional model-driven beamforming design approach,
relying heavily on precise and real-time channel information.
However, obtaining accurate channel state information for
IRS-aided communication systems is quite challenging
due to factors such as complexity, cost, and protocol
compatibility [129]. To overcome such difficulties, several
studies have explored the application of neural networks
for channel estimation or beamforming of IRS [130], [131],
[132], [133], [134]. One approach is to combine both
techniques directly, enabling the learning of beamforming
based on received signals. This method, when used in
conjunction with deep learning, can extract relevant informa-
tion from the original data [131]. In particular, the authors
in [131] utilized an active sensing strategy to find the
beamforming vectors based on the long-short-term memory
(LSTM) networks. In [132], a deep neural network (DNN)
approach is applied to find the hybrid precoding matrix
in IRS-aided THz communication systems. The authors
proposed a DNN-based solution by considering the discrete
phase shifts of IRS. Similar works have also been proposed
in [133] and [134] by considering graph neural networks
(GNNs) to optimize the performance of themulti-userMIMO
setup in terms of fairness and rate maximization. Overall,
AI-based beamforming design strategies offer promising
solutions for IRS-aided THz systems, especially in scenarios
where channel estimation is difficult or hardware costs are
high.

VI. CONCLUSION
In this paper, we presented a comprehensive review of the
challenges and solutions in the THz communication systems.
We discussed the key characteristics of the THz chan-
nels, including free-space path-loss, atmospheric attenuation,
scattering, and frequency selectivity, and reviewed the state-
of-the-art modeling techniques. Moreover, we investigated
the impact of the RF front-end nonlinearities, such as PN,
nonlinear PAs, CFO, I/Q imbalance, and low resolution
ADCs, and reviewed their modeling for MIMO systems in
the light of state-of-the-art literature. We also highlighted
the significance of beamforming in the THz communication
systems, including extreme massive MIMO technology,
hybrid beamforming, fully-connected and sub-connected
structures, and identified potential solutions to mitigate
the inherent issues. Furthermore, we explored the use of

IRS and its potential to improve the THz communica-
tion performance through beamforming and signal quality
enhancement. Finally, we discussed the potential of IRS with
AI-based solutions for optimizing the performance of the
THz communication systems.
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