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Analytical Performance Evaluation of STAR-RIS
Assisted Terahertz Wireless Communications

Ahmad Massud Tota Khel, and Khairi Ashour Hamdi, Senior Member, IEEE

Abstract—This paper considers simultaneous transmitting and
reflecting reconfigurable intelligent surface (STAR-RIS) assisted
terahertz communications, in which a multi-antenna full-duplex
base station serves two half-duplex users (Ul and U2) in the
downlink and uplink, respectively. It is assumed that Ul and U2
are located in the reflection and transmission spaces. The STAR-
RIS is considered under energy splitting (ES) and mode switching
(MS) protocols to provide simultaneous full-space coverage to
both users, but at the expense of inter-user interference (IUI). The
paper aims to evaluate the impacts of various practical factors on
the system performance, including IUI, quantization errors due
to discrete phase shifters of the STAR-RIS, beam misalignment
due to highly-directive antennas, and random fog. Thus, it derives
accurate expressions for the ergodic capacity, outage probability,
and symbol error rate. Numerical and simulation results reveal
that the system performance is more severely impacted by beam
misalighment and random fog than by other factors. It is also
observed that the ES protocol outperforms the MS protocol in
the downlink, but the situation is reversed in the uplink due to
coupled phase shifts. Moreover, in the high-signal-to-noise ratio
regime, the system performance is restricted due to IUI signals.

Index Terms—Beam misalignment, interference, phase errors,
random fog, reconfigurable intelligent surfaces, terahertz.

I. INTRODUCTION

UTURE sixth-generation (6G) wireless networks are an-

ticipated to exceed 1 terabit per second, revolutionizing
communication for advanced technologies like virtual reality,
holographic communication, and autonomous vehicles [1], [2].
The terahertz (THz) band, spanning from 0.1 THz to 10 THz,
holds promise for achieving the ultra-high data rate require-
ments of 6G [3]. To meet the ever-growing data rate demands,
it is crucial to not only expand the transmission bandwidth,
but also improve the spectral efficiency [2]. Therefore, by
exploiting the full-duplex (FD) technology which allows two
or more users to simultaneously communicate over the same
bandwidth, the spectral efficiency is remarkably improved [4].
Although the FD process introduces self-interference (SI),
which is a major limiting factor if left unresolved, it can be
significantly mitigated by employing various SI cancellation
(SIC) techniques, such as increasing the separation distance of
transmit-receive antennas of an FD node, employing antenna
diversity with beamforming, utilizing digital SIC methods, and
intelligently modifying the propagation environment [4]-[8].
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Despite offering ultra-high data rates, THz communications
are highly vulnerable to obstructions and environmental fac-
tors. For instance, the presence of molecules and small parti-
cles, e.g. water vapor and oxygen, in the atmosphere results
in the absorption of THz signals’ energy [9]-[12]. Moreover,
the narrow beamwidth THz waves are prone to beam mis-
alignment caused by thermal expansions, building sways, and
dynamic wind loads, leading to significant signal attenuation
[9], [12], [13]. Furthermore, random foggy weather conditions
also result in substantial attenuation of THz signal power [14]-
[18]. Therefore, it is essential to effectively mitigate these
challenges to improve the reliability of THz systems. As such,
among various technologies, deploying a vast array of antennas
is a potential solution; however, the deployment of numerous
active components leads to increased hardware and signal
processing complexity, energy consumption, and cost [1], [19].

Reconfigurable intelligent surfaces (RISs) are a promising
solution composed of a low-cost and passive array of elements,
allowing for the smart manipulation of the propagation envi-
ronment and directing incident signals to desired destinations
[1], [20], [21]. Although a reflecting-only RIS improves the
performance of wireless systems, its effectiveness is limited
due to its reliance on users and base stations (BSs) being
within the RIS’s reflection space. In contrast, a simultaneous
transmitting and reflecting RIS (STAR-RIS) is a two-sided
transparent surface that can simultaneously reflect and transmit
signals by providing indirect paths to users and BSs located
on both sides (reflection and transmission spaces) [19], [22].
Moreover, several studies have shown that by intelligently
designing the phase shifts of RISs, it is possible to combine
the reflected/transmitted signals constructively at the desired
destination and destructively at the undesired destination,
which leads to simultaneous performance improvement and
effective interference mitigation [23]—-[25]. In particular, when
accounting for the effects of distance-dependent path-loss,
RISs can substantially mitigate the inter-cell interference (ICI).

The authors of [19] have proposed three protocols for the
operation of STAR-RISs: time switching protocol, where the
elements at each instance of time can either reflect or transmit
the incident signals; mode switching (MS) protocol, where the
elements are divided into two groups, each one for reflection
and transmission only; and the energy splitting (ES) protocol,
where each element simultaneously reflects and transmits the
incident signals. Moreover, the authors in [30]-[32] have
shown that a STAR-RIS can support dual-sided simultaneous
reflection and transmission. This capability allows a STAR-
RIS to reflect and transmit signals incident on both sides,
making it a promising solution for simultaneous uplink and
downlink communication [22], [26]-[29], [33], [34].
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TABLE I Summary of Existing Literature

Ref. THz | STAR-RIS | Reflecting-only RIS | Phase Error

Beam Misalignment | Random Fog | Interference Metric
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v': considered, v'* : compared with conventional reflecting-only RIS or HD, X : not considered, — : not applicable, EC : ergodic capacity,
OP : outage probability, BLER : block length error rate, and SER : symbol error rate.

A. Prior Works

As shown in TABLE I, a number of studies on the analytical
performance evaluation of conventional reflecting-only RIS-
assisted half-duplex (HD) THz communications have been
reported (e.g. [9], [10], [13], [20], [21]). In more details,
the authors in [9] have analyzed the capacity and outage
performance of a reflecting-only RIS-assisted THz system in
the presence of beam misalignment. However, the presented
analytical expressions are based on the assumption of optimal
phase shifts, and upper-bounded channel gain. In [10], the
symbol error rate (SER) of reflecting-only RIS-assisted THz
satellite communications in the presence of beam misalign-
ment under the assumption of optimal RIS phase shifts has
been studied. The authors in [13] have assessed the secrecy
capacity of a reflecting-only RIS-assisted THz system in the
presence of beam misalignment and phase shift quantization
errors. The SER, outage probability and ergodic capacity of
a reflecting-only RIS-assisted THz system in the presence of
beam misalignment under the assumption of optimal phase
shifts have been studied in [20]. Moreover, the authors in [21]
have considered reflecting-only RIS-assisted THz systems in
the presence of beam misalignment under ideal phase shifts,
where they have statistically characterized the RIS channels
and analyzed the outage probability in different scenarios.

Several works on the beamforming design, transmit power
minimization and rate maximization of STAR-RIS assisted
conventional wireless systems have been reported (e.g. [22],
[26]-[29], [35], [36]). The authors in [22] and [26] have
considered a STAR-RIS assisted conventional FD system in
the presence of interference between HD uplink and downlink
users, where they have optimized the reflection coefficients to
maximize the sum rate. In [27], by considering interference
from an uplink user, a new algorithm for beamforming design
and power minimization of a STAR-RIS assisted conventional
FD system has been proposed, where its superiority has
been verified by comparing the performance of STAR-RISs

and conventional RISs. The authors in [28] and [29] have
performed beamforming design and optimized the amplitude
coefficients, phase shifts, and transmit power to maximize the
weighted sum rate of a STAR-RIS assisted conventional FD
communication system in the presence of interference.

The authors in [35] have considered a STAR-RIS as-
sisted conventional wireless system, where by considering the
coupled reflection and transmission phase shifts, they have
presented new optimization and deep reinforcement learning-
based algorithms for the joint active and passive beamforming
to minimize the power consumption. Furthermore, in [36],
a STAR-RIS assisted conventional non-orthogonal multiple
access communication system in the presence of coupled phase
shifts has been considered. To improve the quality of service
for the user located in the reflection space, a new joint power
and discrete amplitude allocation scheme has been presented,
and then the outage performance has been evaluated.

B. Motivations and Contributions

As discussed above and shown in TABLE I, the vast ma-
jority of the studies on the analytical performance evaluation
of reflecting-only RIS assisted THz systems are based on the
assumption of optimal phase shifts. Whereas, in practice, due
to inherent constraints of the RIS hardware, it is unrealistic
and not feasible. In fact, practical RISs are equipped with
discrete phase shifters, where they can only apply discrete
quantized phase shifts, and thus the incident signals are
reflected/transmitted with phase shift quantization errors [36]—
[38]. Moreover, in practical STAR-RISs, the phase shifts ap-
plied by the reflecting and transmitting elements are coupled to
each other, which has been ignored in the vast majority of the
aforementioned studies. Furthermore, none of the previously
mentioned literature has examined the effects of random fog
on the performance of RIS-assisted THz systems. Therefore,
given the vulnerability of THz waves, it is necessary to analyze
the impacts of various foggy weather conditions. In addition,
taking into account the practical factors of THz, the impacts of
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interference on the performance of THz communications have
not been investigated. To the best of our knowledge, in the
existing literature, no work on the analytical performance eval-
uation of STAR-RIS assisted THz communications has been
reported, specifically in the presence of beam misalignment,
phase shift quantization errors, interference, and random fog.

Motivated by these considerations, we aim to evaluate the
combined effects of beam misalignment and various random
foggy conditions on the performance of STAR-RIS assisted
THz systems under different STAR-RIS operation protocols.
Moreover, we aim to investigate the advantages of employing a
STAR-RIS to mitigate the limitations of THz communications.
We also intend to evaluate the effects of phase shift quanti-
zation errors and interference signals transmitted/reflected by
STAR-RISs. Therefore, the main contributions and findings of
this paper can be described as follows.

« This paper focuses on the central cell of a multi-cell THz
wireless network, consisting of a STAR-RIS and multi-
antenna FD BS, simultaneously serving two HD users
in the uplink and downlink. The STAR-RIS is examined
under two protocols: (i) the ES protocol, and (ii) the
MS protocol, where the users are assumed to be in the
same cell and in close proximity to the STAR-RIS, and
thus the uplink user causes considerable intra-cell or
inter-user interference (IUI), affecting the downlink user’s
performance. Therefore, to evaluate the effects of IUI
and practical factors of THz communications, it primarily
focuses on evaluating the downlink user’s performance.

o Deriving the exact probability density functions (PDFs)
for the power of both the desired and interference signals
is extremely difficult and almost intractable due to the
involvement of a large number of random variables (RVs).
Therefore, this paper approximates their PDFs using the
Laguerre expansion, and the accuracy of the approxi-
mated PDFs for different numbers of STAR-RIS elements
is verified by numerical and computer simulation results.

« It derives analytical expressions for the ergodic capacity,
outage probability, and SER in terms of the character-
istic functions (CHFs) and moment generating functions
(MGFs) of desired and interference signals. Moreover, for
deeper performance insights, it analyzes these metrics in
the high-signal-to-noise ratio (high-SNR) regime.

o Although for brevity, this paper evaluates the impacts
of TUI along with the practical factors of THz on the
downlink user’s performance, a subsection is provided
to demonstrate that the analytical expressions can also be
used to assess the performance of the FD BS in the uplink
scenario with imperfect SIC and coupled phase shifts.

o In practical THz systems, the ICI signals are extremely
weak and negligible due to several factors, such as phase
shifts and severe path attenuation associated with rela-
tively large inter-cell distances, obstacles, energy absorp-
tion, beam misalignment, and random fog [3], [23]-[25],
[39]. Nonetheless, it is demonstrated that the analytical
expressions are also applicable to cases in which the
STAR-RIS reflects and/or transmits the ICI signals caused
by multiple users and BSs located in neighboring cells.

Numerical and computer simulation results highlight the su-
periority of the ES protocol over the MS protocol in the
downlink scenario, as the latter decreases not only the number
of STAR-RIS elements randomly transmitting the IUI sig-
nals but also the elements reflecting the beamformed desired
signals. However, in the uplink scenario, the MS protocol
outperforms the ES protocol, since the latter is affected by
selection errors associated with coupled downlink and uplink
phase shifts. The results reveal that beam misalignment and
random fog significantly degrade the system performance,
more severely than IUI and phase shift quantization errors. It is
also shown that achieving a normalized beamwidth of less than
or equal to 0.5 (indicating very narrow beamwidth THz waves)
can significantly improve the performance, making it almost
identical to the performance achieved with perfectly aligned
antennas. Therefore, attentive calibration of both transmit and
receive antennas along with the STAR-RIS is crucial for
reliable and effective THz communications. Moreover, it is
observed that the adverse effects of random foggy weather and
beam misalignment are mitigated by increasing the number of
antennas and STAR-RIS elements.

It is observed that the system performance under non-
optimal phase shifts is remarkably inferior to that achieved
under optimal phase shifts. However, this effect can be greatly
mitigated by increasing the quantization levels, albeit at the
price of hardware complexity and cost. Moreover, the system
performance reaches a limit in the high-SNR regime due to [UI
signals, which remains unaffected by SNR enhancement but
can be scaled by factors such as number of antennas, STAR-
RIS elements, quantization levels, protocols, and amplitude
coefficients. The effects of ICI signals arising from adjacent
cells’ users and BSs are also assessed, and they are found to be
extremely minimal and negligible due to relatively large inter-
cell distances, STAR-RIS phase shifts, and limiting factors of
THz. It is also shown that the effects of IUI are alleviated by
increasing the reflection amplitude coefficients of the STAR-
RIS elements. Nonetheless, this along with the selection errors
due to coupled phase shifts deteriorates the performance of up-
link communication. Thus, it raises an optimization problem of
improving users’ performance while suppressing interference,
which exceeds the scope of this paper.

Finally, it is observed that under both ES and MS proto-
cols, the total capacity of the STAR-RIS assisted FD system
significantly surpasses that of the reflecting-only RIS-assisted
HD system, albeit at the expense of higher outage proba-
bility and SER. However, increasing the STAR-RIS phase
shift quantization levels improves the outage probability and
SER, outperforming the HD system in the relatively low-SNR
regime, yet constrained by IUI signals in the high-SNR regime.

C. Organization and Notations

The system model and channels characterization are pre-
sented in Section II. Section III presents the statistical distri-
butions of both the desired and interference signals’ power,
and the analytical expressions for the ergodic capacity, outage
probability and SER. Section IV and Section V present the
results and conclusion of the paper, respectively. In addition,
the mathematical notations are illustrated in TABLE II.
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TABLE II Mathematical Notations

Notation Description Notation Description
] absolute value [1.]] Frobenius norm
7 Hermitian transpose diag (.) diagonal matrix
Re {z} real part of Im {z} imaginary part of x
E[z] expectation of x P.(x) probability of x
Elz|y] expectation of x P.(z|y) probability of x
conditioned on y conditioned on y
Viz] variance of x fa(z) PDF of x
D, (w) CHF of x Mz (—s) MGF of z
Notation Description
x ~ CN(a,b) circularly symmetric complex Gaussian RV with a
mean and variance of a and b
I(.) gamma function [40, Eq. (8.310)]
Lyso(.) Laguerre polynomial with an order of ¢/2 [40,
Eq. (8.970.1)]
erf(.) error function [40, Eq. (8.250.1)]
erfc(.) complementary error function [40, Eq. (8.250.4)]
1P, .,.) confluent hypergeometric function [40,
Eq. (9.210.1)]

II. SYSTEM MODEL AND CHANNEL CHARACTERIZATION
A. System Model Description

As shown in Fig. 1, we consider a multi-cell THz wireless
network and focus on the central cell comprising an FD BS
with M transmit and M, receive antennas, a STAR-RIS with
N elements!, and two single-antenna HD users (U1 and U2).
The FD BS simultaneously serves Ul and U2 in the downlink
and uplink, respectively. Due to blockage-prone nature of THz
systems, we assume that the direct BS-U1/U2 and U1-U2
links are blocked. Moreover, Ul is assumed to be in the
reflection space, where it receives the desired signals from the
FD BS. Additionally, U2 is assumed to be in the transmission
space, where it transmits to the FD BS. Since both users
are in the same cell and close to the STAR-RIS, the signals
from U2 also reach U1, resulting in non-negligible TUI?. The
power of signals reflected/transmitted multiple times is ignored
due to severe path-loss [13]. Let H € CM*¥ given in (1),
h = (hy,...,hy) € C*¥ and g = (g1,...,g9n5) € CVX!
respectively represent the BS-STAR-RIS, U2-STAR-RIS and
STAR-RIS-U1 small-scale fading channels, which are assumed
to be non-zero mean complex Gaussian RVs as h,,; ~

CN(Mhm,i70%Wl,i)’ hi ~ CN(NM,U%) and g; ~ CN(Mg“U;i)
Vi=1,. .. N ¥m=1,...,M[10], [11], [13].
hii  hig hi,n
ha1  hoo ha, N
= ) ) (H
hari hare har,n

To achieve full-space coverage and serve both users si-
multaneously, the STAR-RIS is considered under the ES
and MS protocols. Therefore, the reflection and trans-
mission coefficient matrices are respectively denoted by

o - diag(\/ﬁeﬁi‘,...,,ﬁaywej%r) and ©F =

IThe Euclidean distance between adjacent elements is considered to be
greater than half of the wavelength, which allows us to make the assumption
of independent and identically distributed (IID) channels [8], [41].

2The effects of ICI signals are negligible due to inter-cell distances, STAR-
RIS phase shifts and limiting factors of THz communications [3], [23]-[25],
[39]. However, Section III-G demonstrates the applicability of the analytical
expressions when accounting for ICI caused by multiple users and BSs.

P

.-~ _\f,u Multi-antenna FDBS™ "~
/ N\
/ \
/ STAR-RIS ‘\

\ [T} - imn
( mm = UL user (U2), g
N '!-' DL user (U1) P

“A. —_— = -

EE ... . =
.f === DLuser === STAR-RIS
- D

UL user F

Fig. 1 STAR-RIS assisted terahertz wireless communication network.

diag (\/gejei, e \/Kej%t , where in the case of ES,
N = N, = Ny, and in the case of MS, N = N, +N;, with N,
and N, representing the number of elements operating under
reflection and transmission modes, respectively. Moreover,
07,0! € [0,27) are the phase shifts, and &7, 6! € [0, 1] are the
amplitude coefficients applied by the i-th element. It is to note,
6! and 67 are respectively applied to steer the incident signals
towards the BS (in the uplink) and Ul (in the downlink).
Furthermore, in the case of MS, the reflecting and transmitting
elements can independently configure the phase shifts and
amplitude coefficients. However, in the case of ES, based
on the boundary conditions, the phase shifts applied by the
reflecting and transmitting elements are coupled to each other,
such that they should satisfy |0! — 67| = 7/2 or 37/2 [35],
[36]. Additionally, based on the law of energy conservation,
the amplitude coefficients are constrained by 87 + 47 = 1 [19].

B. Molecular Absorption and Large-scale Path-loss

In the THz band, in addition to large-scale path-loss,
atmospheric molecules such as water vapor and oxygen in
the propagation medium lead to energy absorption and signal
attenuation [11], [12]. Using [13] and [9], the molecular ab-
sorption and large-scale path-losses for the desired (reflection)
and IUI (transmission) links are respectively expressed as

_ [GBsGr ¢ Ko (f) (dps +d)
e =\ 6ams Fsd, P (_ 2 > @
o GG, c Ka (f) (dt + dr)
M =\ 6um® Fdya, P (_ 2 ) )

where Ggs, G, and G, are respectively the antenna gains of
the BS, Ul and U2, f is the carrier frequency, c is the speed of
light, and dps, d, and d; are the distances for the BS-STAR-
RIS, STAR-RIS-Ul and U2-STAR-RIS links, respectively.
Moreover, £, (f), the absorption coefficient, is obtained from
the high resolution transmission (HITRAN) database [9]. In
the 0.275-0.4 THz band, it’s precisely defined as [12]

oo (f) = a1(p) i az(p) i
az(p) + (ﬁ *Cl) as(p) + (ﬁ *Cz>
+01f% + 02f* + 03 f + 04, 4

0.2205p(0.1303p + 0.0294), as(p) =
2.014p(0.1702p + 0.0303),

where ai(p) =
(0.4093p + 0.0925)%, as(p) =
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as(p) = (0.537p + 0.0956)%, C; = 10.835 cm™ !, Cy =
12.664 cm™!, o1 = 5.54 x 10737 Hz73, g = —3.94 x
1072° Hz72, p3 = 9.06 x 10~ Hz™ !, o4 = —6.36 x 1073,
and p is the volume mixing ratio of the water vapor which is
characterized based on the Buck’s equation as [13]

4y (206116 | 21148 17.502T )
— X
p=on 0 107 )P\ 2109747

where ¢g7, o and T' are the relative humidity, the atmospheric
pressure and the temperature, respectively.

C. Misalignment Fading Coefficients

In THz communications, the transmit and receive antennas
are highly directional which need to be properly aligned.
However, in practice, the random buildings sways and environ-
mental factors such as thermal expansions and dynamic wind
loads result in beam misalignment or pointing errors at the
receiver end [9], [12], [13]. To characterize the misalignment
fadings, we assume that all nodes have circular beams [9],
[10], [12], [13], where the radius of Ul’s effective area is
denoted by a,, and the maximum radius of BS’s and U2’s
beams at the distances of dps and d; are denoted by wgg
and wy, , respectively. Let h,, ,,, and h,, ; respectively represent
the misalignment fadings affecting the desired and IUI THz
signals, where their PDFs are expressed as [12, Eq. (22)]

Frpom (@) = EnAEm a7 0<2 < A,  (6)
frpo (1) = EATS 257 0 <o < Ay, (7
with 2
A = [erf (f ar )} : ®)
2 deS
T Qa 2
e (E
2 wyq,

where &, = 402 , & = 2, w,, and w, are the equivalent
2

beamwidths, 02 and o} are the variances of the pointing
errors displacement, and A,, and A; are the fractions of
power collected by Ul under optimal alignment for the desired
wi erf(xm) VT

. . 2 .
and IU1211nks, respectively. Moreover, w;, = D (=2’
2 wdterf(Xt)ﬁ

T _ar
w2 = d
t T 2xcexp(—x3)’

2 deS ’

and x; =

D. Random Foggy Conditions

THz signals are significantly affected by random foggy
conditions, and the degree of signal attenuation is determined
by fog density, which represents the concentration or amount
of atmospheric water droplets and ice crystals within the
propagation medium [14]-[16], [18]. Let hf ,,, and h; respec-
tively represent the attenuation due to random fog affecting the
desired and IUI signals, which are expressed as [14, Eq. (5)]

_ B (dps +d)

fim = exp <_4343) ' (10)
B ~ B(di +dr)

e = e (2. an

The parameter ( represents various levels of random foggy
conditions, ranging from light fog and moderate fog to thick
fog and the most severe condition, dense fog. The authors
in [14] have experimentally shown that S can be modelled
by gamma distribution, where its PDF is written as fg(8) =
%e_%, and the parameters k and € characterize the fog
density. For instance, for light fog (k,0) = (2.32,13.12), for
moderate fog (k,8) = (5.49,12.06), for thick fog (k,0) =
(6,23), and for dense fog (k,0) = (36.05,11.91) [14], [16].

E. Received Signal and SINR

To study the impacts of IUI and the practical factors of THz,
the received signal at the downlink user?, Ul, is expressed as

y=(g"OHwr, +(g"Ohz+ n_, (12
Desired signal TUI signal AWGN
where z, with E[|x,.|?] = P, is the desired data symbol,

z; with E[|z;|?] = P is the IUI data symbol, w is the
transmit beamforming vector with E [||w]|?] = 1 [42], n ~
CN(0,Ny) is the additive white Gaussian noise (AWGN),
Cr = hrhp,mhf,m and Ct = hthp,thf,t-

In practice, STAR-RISs are equipped with discrete phase
shifters, where each element applies quantized phase shift to
steer the incident signals towards the desired destinations [36].
Therefore, each phase shift takes a finite number from the

set of S £ O,QQ’T,...,% , where Q = 29 is the
quantization level and ¢ is the number of quantization bits.
Although the phases of h,, ; and g; are assumed to be perfectly
known at the STAR-RIS, as a result of quantized phase shifts
applied by the reflecting elements, an optimal phase shift
model is not feasible, and thus the STAR-RIS reflects the
desired incident signals with quantization errors. Let ¢ =
07 —arg(h,,,;) —arg(g;) represent the phase shift quantization
errors impacting the desired downlink transmission, which are
uniformly distributed in the interval of [—7/Q,w/Q] [13].
Since for the uplink transmission, the transmitting elements
of the STAR-RIS are configured to direct the incident signals
of U2 towards the FD BS, the IUI signals randomly arrive at
Ul, and thus it is assumed that the phase shifts for the IUI
signals are random and uniformly distributed in the interval
of [0,2m) [13], [43]. Therefore, the instantaneous signal-to-
interference-plus-noise ratio (SINR) is expressed as

7}‘2 Xm=1 X’”, (13)
SIRY + SNR
where SIR £ £=, SNR £ £&, and

N 2
Xon 2 \Ppmhigm Y [l |gi] /57 €7 (14)

=1 . )
2 hyihpe 3 hinJot%al . a9)

i=1

3In a classical HD downlink system, the received signal is not affected by
IUI as U2 does not transmit at the same time as the BS, and the RIS reflection
amplitude coefficients are set to unity. Moreover, Section IV compares the
performance under both the FD (with ES and MS) and HD scenarios.
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III. PERFORMANCE ANALYSIS

This section characterizes the statistical distributions of X,
and Y, and derives analytical expressions for the ergodic
capacity, outage probability, and SER of the downlink user.
It also demonstrates the applicability of these expressions to
both the uplink scenario and the downlink scenario with ICI
caused by multiple users and BSs situated in neighboring cells.

A. Statistical Distributions of X, and Y

1) Statistical Distribution of X,,: Since X,, given in (14)
includes sums and product of a large number of different RVs,
deriving its exact PDF is extremely difficult, if not impossible.
Nonetheless, by exploiting the orthogonality of Laguerre poly-
nomials on the positive real axis, several studies have shown
that the distribution of a positive RV, whose PDF has a single
maximum with fast-decaying tails, can be approximated by the
Laguerre polynomial expansion, which is a moment-matching
approximation method (e.g. [6], [37], [44]-[47]). Therefore, to
approximate the PDF of X, let X,, £ h2 h2 mAm, Where
A = A%+ 22 with Ag £ Zl 1 1R, il |gl ﬁcosgbr and
A 2 ZZ\; |Pm,i| 9] \/0F sin 7. Since Ry, hpm, and Ay,
are positive RVs, it follows that X, is also a positive RV.
Thus, the PDF of X, can be approximated using the first
branch of the Laguerre expansion as [47 Eq. (2.76)]

Xfcc - 711
Latlp

ne" T (& + 1)7

where £z =p2/0% -1, 0, = 02 /u, [47, Eq. (2.74)], and i,
and o2 are the mean and variance of X,,, respectively.

In addltlon since A2 .. hz’m and )\, are independent RVs,
the mean and variance of X,,, are respectively written as

Ho = B [l ] B [ ] E[Am]

E [Bpm] B [Wfm] (VIAm] + B2 Am])

where the corresponding mean, moments and variance terms
required for (17) and (18) are provided in Appendix A. N
2) Statistical Distribution of Y: Similar to X,,, deriving
the exact PDF of Y is also extremely difficult. Let Y £
h2 k2% A2 with A 2 S iy /0ed% g;, which is a positive
RV. Therefore, its PDF can also be approximated by the
expansion of Laguerre polynomials as [47, Eq. (2.76)]

SX (X)) & (16)

A7)

ol = -y, (18)

V& 67%

EREASUIES
0y T (&, + 1)

where &, = p2 /o2 — 1, 1, = 0./, and p, and o are the
mean and variance of Y written as

fy (V)= 19)

py = E [ E [0, E [INP]. 20)

o =E[ng JE [b3,] (V[IN] + B2 [1AP]) - 2, )

where the corresponding mean, moments and variance terms
required for (20) and (21) are provided in Appendix B. W

In order to validate the accuracy of the approximated PDFs
given in (16) and (19), we compare them with their exact PDFs

through numerical and computer simulation results. The results
are obtained for dgs = 15 m, d; = d, = 10 m, §* = 6" = 0.5,
Q=2 pin, =pn=pg =10, =op=o0,=1k=6,
0 =23, N= {10,20,30,50,100} om = oy = 0.01 m, and
the normalized beamwidths of wg,/a, = wq, /a, = 6. Fig. 2
illustrates a comparison between the approximated and exact
PDFs of X, for different numbers of STAR-RIS elements.
In particular, Fig. 2 (a), Fig. 2 (b), and Fig. 2 (c) present the
comparisons for N = {10,20}, N = {30,50}, and N = 100,
respectively. Moreover, Fig. 3 provides a comparison between
the approximated and exact PDFs of Y for various numbers of
STAR-RIS elements. Specifically, Fig. 3 (a), Fig. 3 (b), Fig.
3 (c¢), and Fig. 3 (d) present the comparisons for N = 10,
N =30, N =50, and N = 100, respectively.

As shown in the figures, for different numbers of STAR-RIS
elements, the PDFs of the positive RVs, X,,, and Y, exhibit
a single maximum and fast-decaying tails. This observation
confirms that they can be approximated by the Laguerre
expansion [6], [37], [44]-[47]. It is also shown that for a small
number of STAR-RIS elements, i.e. N = 10, the approximated
PDFs are less accurate, but they can still be utilized. In
contrast, for a moderate number of STAR-RIS elements, i.e.
N = 30, the approximations exhibit great agreement with
the exact simulated PDFs, where the accuracy is significantly
improved by increasing the number of elements to N = 50
and N = 100. Therefore, it confirms that the PDFs provided in
(16) and (19), converge effectively when the number of STAR-
RIS elements equals or exceeds 30 (N > 30). This highlights
the accuracy and appropriateness of the Laguerre expansion as
an effective approximation for practical STAR-RISs that are
equipped with a large number of elements.

[ Exact PDF (N=10
Approximated PDF

)

(

[ Exact PDF (N = 20)
Approximated PDF (N = 20)

N =10)

0.3

Xm
(a)
[ Exact PDF =30)
. Approxnmatcd PDF (N = 30)
5 [ Exact PDF (N = 50)
=y Approximated PDF (N = 50) ||
=
<
0 1 2 3
X7n
(b)
[ Fxact PDF (N = 100)
= Approximated PDF (N = 100) [}
o)
&

Xum

(©)

Fig. 2 Comparison of exact and approximated PDFs of X,,,. (a) N =
{10,20} (b) N ={30,50} (c) N = 100.
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Fig. 3 Comparison of exact and approximated PDFs of Y. (a) N = 10
(b) N =30 (¢) N =50 (d) N =100.
B. Ergodic Capacity
In order to evaluate the capacity performance, the following

lemma is presented.

Lemma 1. Using the SINR given in (13), the ergodic capacity,
C = E [log, (1 4 7)], is obtained as

1
1 o0 {1 - P M(Tm)} s
= 3 (1+ h2;7 ) o e SNE ds. (22)
1 0 sh?n v
(1 + ety )

It is to note, (22) is efficiently evaluated via numerical
integration. Alternatively, a closed-form expression for (22) in
terms of the sample points and weights factors of the Laguerre
orthogonal polynomial is expressed as [48, Eq. (25.4.45)]

1o [1_ <1+gzhanzslNR>M<f$+”}
In2 Geh2n,SNR ) &v 1 + R, (23)
=1 G (1—1—7’5 L )
where G, and €y are respectively the sample
points and the weights factors tabulated in [48,
TABLE (25.9)], Ry, = (gi)),f(u)() is a remainder,

and f(L)(t) is the 2L-th derivative of f(t) =
_ th2n,SNR) ~¢v 1
Lo )

N2
It can be written that hm RL = lim ( )

1
[1 T+t h%nzSNR)M(ﬁerl)} t
f(2L) (t) ~ 0.

L2

5L and

This is because as we increase L, both the term E

the higher-order derivative, f(%) (t), decrease significantly,
causing the remainder to become negligible.

Proof: By exploiting [49, Eq. (4)] and (13), the ergodic
capacity is written as

RYM X,
(1 8

1
SIRY + SNR
hE Sy Xm

- LE / 1 1—e¢ sh;z,” SNR
In2 0o Z
Let z £ s (SIRY + SNR) and thus (24) is rewritten as
o0 - S 2
C— %E [/ e~ SNE (1 EPEED DH 1X7n> e—shs"i;{,ds] _
n o s
(25)

By virtue of Fubini’s and Tonelli’s theorems, it is possible to
exchange the integral and expectation in (25), as the integrand
is positive and exists for all s > 0 [49], [50]. Moreover, by
virtue of [13], [38, Appendix A], [43] and [51, Appendix B],
for a sufficiently large number of STAR-RIS elements, X,
and Y are assumed to be independent RVs. As a result, (25)
can be equivalently written as

C=E

e *dz (24)

LTy My (~s)ds, (26
—mg | ol MMy (s, 26
where Mx(—s) is the MGF of X £ h2 Zm 1 X, and

My (—s) is the MGF of Y.

Since X,, and Y are approximated by the Laguerre ex-
pansion, using [44, Eq. (13)], the MGFs of X and Y are
respectively written as

MX(—S) =K |:€_Sh?' Ef:{:l Xm] = (]_ + Sh%nx)iM(§z+1) .

(27)

—sh?Y 5h277 &yl
—s)=F STR =11 £y . 28
o= ()
Finally, by substituting the MGF expressions, (27) and (28),
into (26), the expression given in (22) is obtained. |

C. Outage Probability
The following lemma is provided which facilitates an accu-
rate evaluation of the outage probability.

Lemma 2. Let v, represent the SINR threshold, and thus the
outage probability, P, = P, (v < ), is obtained as

2 [ P Im{®
o2 [TRelbxlniy @y, g
™ Jo w
wYip . wyenh3n —&y—1
where @y (w) = e/sER (1 — JW) and

Re{®x (w)} is given in (33).

The integral of (29) is easily evaluated by numerical inte-
gration, which is much faster than Monte-Carlo simulations.
Alternatively, for a more efficient numerical integration, by
interchange of w = tan « in (29), it is equivalently written as

4 /72r Re{®x (tan )} Im { Py (tana)}da
; .

P, =—
™ sin 2«

(30)
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Proof: Since the SINR given in (13) is the ratio of positive
RVs, we first need to derive the conditional outage probability.
In addition, according to [52, Eq. (5)], using the Gil-Pelaez’s
inversion formula for non-negative RVs, the probability of
a posmve RV, x > 0, can be computed as P, (z <a) =

> M sin(wa)dw. Therefore, the outage probability

0
cond1t1oned on Y is expressed as

R2YM X
PolY =P, (7"2:"117” < %h|y>

LY + o
M h
P (125 X, < Y 4+ —— ‘Y
<”Z —%h(sm +SNR) )

SIR SNR
m=1

9 /oo Re{®x (w)} sin [wfyth (%Y + ﬁ)} .
= — W,
0

s w

(3D
where Re {®y (w)} = Re {IE [eﬂwh m— 1X’"H represents
the real part of the CHF of X £ B2 M X, .

m=1

From (27), the MGF of X is written as Mx(—s) =
(1+sh?n$)_M(f”+1), and thus by applying the inverse
Laplace transform [48, Eq. (29.3.11)], its PDF is obtained as

X
XM (EAD)—1, " Ty
Fx(X) = M +D)
(M (& + 1)) (hine)™ ™"
By applying [40, Eq. (3.944.6)], Re {®x (w)} is derived as

Re{®Px (w)}= /000 cos(wX) fx (X)dX

(32)

X
Jo cos(wX ) XMEAD=1em ine dX

I'(M (& +1)) (hgm)M(fo)

_ cos (M (& + 1) arctan (wh?m)) (33)

M(Ez+1)
(1 +w?hynz) 2

In order to derive the unconditional outage probability,
we need to take the expectation of (31) with respect to Y.
Moreover, the integrand of (31) for w > 0 exists and is
positive, and thus based on the Fubini’s and Tonelli’s theorems,
the expectation and integral are interchangeable [50]. As a
result, the unconditional outage probability is expressed as

2 [P Re{®x (W)} [. [wyunhlY  wyn
P, = 7"/0 » E |sin + SNR dw,

SIR
(34)
where Im {®y (W)} = ]Eisin (W;ﬁ;y + S5 )| is the
imaginary part of the CHF of Y, and similar to

My (—s) given in (28), we can write that Py (w) =

\ 2, 0\ "6l -
eI SR (1 — jw'y‘s’}%‘mg , and thus the outage probability
expression given in (29) is obtained. ]
D. Symbol Error Rate (SER)

By exploiting [42, Eq. (22)] and (13), the average SER for
different coherent modulation schemes can be expressed as

bh2 Zm 1 Xm

SIR Y + SNR

P, =~ aFE |erfc ) (35)

where ¢ and b are modulation related constants. For instance,
for binary phase shift keying (BPSK) a = b = 1, for quadra-
ture phase shift keying (QPSK) a = 2 and b = 1, for M-ary
phase shift keying (MPSK) a = 2 and b = sin? (7/M), for
Me.-ary pulse amplitude modulation (MPAM) a = 2 — 2/ M
and b = 3/(M? — 1), and for square M-ary quadrature
amplitude modulation (MQAM) a = 4 (1 -1/ \//\7) and
b=3/(2M — 2) [53, TABLE 6.1].

Lemma 3. The average SER of the system given in (35) is
accurately evaluated as

Pe:2a/
0

w2 W2h2; &y
Lo (14 )
Im {®,(w)} dw,

w
(36)
with
2w KT (K Fi (Kg, 3: —w?K
R
(K2 = 3)
where K1 = W#"’ and Ko = M (§, + 1) +1/2.

The integral of (36) is easily assessed through numerical
integration. Furthermore, by interchange of w = tana in
(36), and after some algebraic manipulations, a more suitable
expression for numerical integration is obtained as

tan2 o

=z dalm {®y(tana)} [1 — e

(+K ()& 7T

P = ] da, (38)

0 sin 2o

tan? ah?n,
where K(a) = ——gg—2- . .
Proof: Based on the convolution theorem for the Fourier
sine transform, the average of an absolutely integrable func-

tion g( ), with a PDF of f.(x) can be obtained by

E[g = 2 [¥ Gs(w) Im{P,(w)} dw, where Gy(w) =
I sm( x)g(x)dz is the Fourier sine transform of g(z)
and ®,(w) is the CHF of z [54]. Therefore, let ¢ =

B2, X, and 0 2 \/m the SER condi-

tioned on ¢ is written as
Py = aE {erfc (%’19)}

:2ﬁ ~ OOSin(wcp)erfc hi do| Im{®,(w)} dw
1 (5)

™

Gs(w)

w292

2 *1—e"
_ 2 72 © I { @, (w)} dw,

™ Jo

(39)

where the integral of G (w ) is evaluated by [55, Eq. (4.5.5)].

By substituting 9 £ SIRY + s into (39), and then tak-
ing the expectation of (39) with respect to Y, the unconditional
SER is written as

2,2
—w2hiY

_u? i
— E4SNR 4SIR
9g [ 1—e E [e
P, =—
™ 0 w

—w2n2y 2,2 76 1
where E {emn{} = My (_4“811;?) (1_|_ 4Smy) Y

} Im {®,(w)} dw, (40)
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On the other hand, since ¢ = 4/bh?2 ZZ{:l X, = VbX,
where the PDF of X is given in (32). As a result, the PDF of

¢ is obtained through f,(¢) = Q%fx(‘/’;) as

o2
9p2M(€x+1)=1 " TiTns

T (M (& + 1) (bhzne) ™"
Therefore, using (41), Im {®,(w)} is derived as

T (B, ()} = / T sin (wp) £, () do

feo(9) = (41)

_2 Jo sin (wp) @2M(51+1)_16_ﬁd<ﬂ
T (M(&, + 1)) (bh2n,) &+

(42)

By applying [40, Eq. (3.952.7)] and [40, Eq. (9.212.1)],
the integral of (42) is evaluated, which yields (37). Finally,
by substituting the corresponding MGF and CHF expressions
into (40), the SER expression given in (36) is obtained. [ |

E. System Performance in the High-SNR Regime

In order to gain further insights into the system performance,
we analyze the performance metrics and SINR behaviour in
the high-SNR regime. Therefore, for SNR — oo, the SINR
expression given in (13) takes the following form.

M
= lim 7}1’% 2im=1 Xom

Y= 2
SNR—oo _Pi 1
sikY T sww
M
h23" X
_ . m=1~“*m
= e (43)
SIR

By exploiting (43) and following the same steps as used
in Lemma 1, Lemma 2, and Lemma 3, we obtain the ergodic
capacity, outage probability, and SER in the high-SNR regime,
given as (44), (45), and (46), respectively.

o0 {1 - e ]
oo __ 1 (1+3h3771)M(£I+1)
o €y+1
1n2 ’ 5 (1 + nglzy> y

z 4Re{Px (tana)}hn{%}
P — / ’ (A—ZE)= T f
0

ds. (44

)

7 sin 2«
(45)

where Re{®x (tana)} is given in (33), and Z(a) =
Yth hfny tan «
SIR

P> =

e

)

(46)

/g daIm {®,(tan o)} [1 - W
do
0

7 sin 2«

where Im {®,(w)} is given in (37), and K(«) = %.

Remark 1. From (43), (44), (45) and (46), it is evident that the
asymptotic SINR and performance metrics are independent of
SNR. This independence indicates that due to 1UI, the system
performance in the high-SNR regime reaches a limit, which
cannot be improved by increasing the SNR. However, it can
be scaled by other factors, such as the number of antennas and
STAR-RIS elements, and the STAR-RIS amplitude coefficients.

F. Uplink Transmission Scenario

We assume that the FD BS is equipped with M, receive
antennas, and employs the maximum ratio combining tech-
nique. In the uplink scenario, U2 transmits signals to the FD
BS by utilizing the transmitting elements of the STAR-RIS.
The FD BS also receives SI signals caused by its transmit
antennas. Without loss of generality, it is assumed that the FD
BS applies SIC to either completely eliminate or significantly
mitigate the SI signals [5], [7], [22], [26]. In the later case, the
effect of imperfect SIC is commonly modeled as a zero-mean
complex Gaussian RV, that acts as an additive noise power
[5], [71, [22], [26]. Therefore, let Rs; ~ CN(0,02) represent
the residual SI arising due to imperfect SIC, where 02 = v P,
is the residual SI power, P; is the power of the FD BS, and
v > 0 is a parameter that characterizes the severity of the
residual SI [5], [7]. As a result, the received signal after the
SIC process at the FD BS is expressed as

Y= éthIH(Bth z¢ + Rs1 + n, (C9))]

where C; = hithymhfm, n € CMr*1 is the AWGN with mean
zero and variance Ny, and w, € CMr*1 ig the receiving com-
bining vector with E U|W7"||2] = 1. Moreover, hy, ﬁpﬂn, and
ilf,m represent the the path-loss with molecular absorption,
the beam misalignment, and the random fog, which can be
expressed similar to (3), (6), and (10), respectively.

When the STAR-RIS is enabled with the ES protocol, the
phase shifts applied for the downlink and uplink are coupled
to each other, such that they should satisfy [0 — 67| €
{m/2,37/2} [35], [36]. Moreover, the authors in [36] have
shown that when considering optimal phase shifts for the re-
flecting elements, due to the coupled phase shifts, the incident
signals are transmitted with errors—referred to as selection
errors*—that exhibit one-bit phase errors with uniform dis-
tribution, i.e., 65! ~ U (—m/2,7/2) [36]. Since we consider
a practical STAR-RIS with discrete phase shifters, similar to
the downlink scenario discussed in Section II-E, the uplink
transmission is also impacted by phase shift quantization
errors, i.e. ¢t = 0t —arg(h,, ;) —arg(h;), which are uniformly
distributed in the interval of [—7/Q,7/Q)] [13]. Therefore,
the combined phase errors are written as U! = ¢! + 65, As
a result, by exploiting the received signal given in (47), the
instantaneous received SNR at the FD BS is expressed as

_ Ptﬁ% Zn]\f;l Xm (48)
- 024Ny

2
where X, 2 |hpmhifn Sore ) (B |hil /0ed ¥

By comparing (13) and (48), it is obvious that in the
uplink scenario, the RV Y does not exist (i.e. ¥ = 0).
Therefore, by setting SNR £ UQTNO, and the MGF and
CHF terms as My (—s) = E[e=*¥] = 1 and ®y(w) =
E[e/*Y] = 1 in Lemma 1, Lemma 2, and Lemma 3, the
ergodic capacity, outage probability, and SER of the FD BS
are readily obtained. Moreover, by considering the combined

#In the MS protocol, since one group of STAR-RIS elements only reflects
and the other only transmits, the phase shifts for the downlink and uplink can
be independently configured, and thus the selection errors do not exist.



IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY

phase errors due to quantization and selection errors, the mean
and variance given in (53) and (54) are applicable, but with
F1 = Elcos ¥!] = E [cos ¢! cos 5] — E [sin ¢! sin 6] =
29 sin (Q) and F2 = E [cos 2U!] = E [cos 2¢! cos 265] —

[Sll’l 2¢t sin 2956]} — q111(27"/Q) qm( ) —
tained by exploiting [13] and [42]

0, which are ob-

G. Downlink Transmission with Inter-cell Interference

As shown in Fig. 1, we consider the downlink transmis-
sion in the presence of IUI caused by U2 and ICI caused
by multiple users and BSs located in neighboring cells. It
is assumed that the reflecting and transmitting elements of
the STAR-RIS randomly reflect and transmit the signals of
L, and L; ICI interferers, respectively. It is also assumed
that each interfering user/BS located in the vicinity of the
reflection space is equipped with K transmit antennas, and
similarly, each interfering user/BS located in the vicinity of
the transmission space is equipped with K5 transmit anten-
nas. Moreover, let H; € CK1>xN vy = ., L, represent
the fading channels between the STAR-RIS and interfering
users/BSs located in the vicinity of the reflection space, and
H; € C*2*N V¢ = 1,..., L; represent the fading channels
between the STAR-RIS and interfering users/BSs located in
the vicinity of the transmission space. Therefore, the combined
received signal at Ul is expressed as

L,
y=¢g" O Hwz, + (18" 0w+ > (g" O Hw
=1

Desired signal IUI signal

ICI reflected by STAR-RIS

Ly
~ H t A ~ ~
+D_Ge O Hway + n_, (49)
=1 AWGN
ICI transmitted by STAR-RIS
where Q = hrlhpn lhf,n s CZ h hp T,éhf,T,é’ E le‘Z] =

P, and E [|z;]?] = P;. Moreover, {P,, P;} are the transmit
powers of L, and L, users/BSs, and {w;, w;} are the normal-
ized beamforming vectors. Additionally, {h,,h, ;} are the
path-losses with molecular absorption, {fy .1, h,, . ;} are the
beam misalignment, and {hy ., h mf} are the random fog,
which can described similar to (3), (6), and (10), respectively.
Therefore, using (49), the received SINR is expressed as

M
hiY X

v = o m=1 e
SIRY+ZZSI nl+ZZs YTZ+SNR
=1 n=1 _q1 =1
s M Xom
R S (50)
RSN

where X,, and Y are respectively given in2(14) and (15),
Yo = hp,nlhf,nlzy1 in,l 57"6]0591‘1 , SIR; = %,
/5 jot A P
YTE p,7,0 fozv 1 z‘r@ eJ ‘9:0 andSIR‘i_ﬁ

By comparing (13) and (50), it is 0bV1ous that in tﬁe
denominator, the RV Y is replaced with Z. This is because Z

takes into account not only the IUI signal power but also the
reflected and transmitted ICI signals. Therefore, by using the
MGF and CHF of Z instead of those of Y in Lemma 1, Lemma
2, and Lemma 3, the ergodic capacity, outage probability,
and SER of the downlink user in the presence of IUI and
ICI caused by multiple users/BSs are readily obtained. As a
result, the MGF of Z, Mz(—s) = E [e*#], and CHF of Z,

P (w) = E [e7*Z], can be respectively expressed as
L, Ly K
Mz(=s) = My (=) [T My, (=s)]" T] [My,(=9)]"*,
=1 =1
(5D
L, L, p
By (w) = Dy (@) [[ [@w ()] [] [® )], (52)
=1 i1
shin &y—1 . . .
where My (—s) = (1+ siRy) is given in (28),
~1
and Py (w) = (1 - jw%) . Moreover, for brevity,

r2, 2
—S$ = E e_SSIRl ”l = E 6_8%}/"',[
Myi(=5) . My, (~s) ,
. }L,%,l Y, B ht,z v
q)yl (w) — || stRy Yni , and (I)Yg (w) _ E{ejw—smz T,[} are

written similar to the MGF and CHF of Y.

IV. RESULTS AND DISCUSSION

We provide numerical and computer simulation results to
verify the accuracy of the analytical expressions and assess
the impacts of various factors on STAR-RIS assisted THz
systems, including beam misalignment, random foggy con-
ditions, phase shift quantization errors, reflection/transmission
amplitude coefficients of the STAR-RIS elements, TUT and ICI.
Moreover, the performance of the system is compared under
both ES and MS protocols with that of a classical reflecting-
only RIS-assisted HD system. The results are produced using
the parameters provided in TABLE III, unless otherwise stated.

Fig. 4 illustrates the ergodic capacity of Ul against SNR
for different numbers of transmit antennas and STAR-RIS
elements, where both the desired and IUI links suffer from
beam misalignment (pointing errors) and moderate foggy
weather. As shown in the figure, the analytical and simulation
results are identical, which confirms the accuracy of Lemma
1 given in (22). It also compares the capacity performance in
the presence of optimal (¢” = 0) and non-optimal STAR-
RIS phase shifts (¢" # 0), which shows the significant
impacts of phase shift quantization errors. For example, in
the ES protocol, for M = 2, N = 100, SIR = 10 dB and
§t = 6" = 0.5, the capacity achieved with a one-bit phase
shift quantizer/two quantization levels (@) = 2) is significantly
lower compared to that of the optimal phase shifts.

Furthermore, according to (13), increasing the number of
transmit antennas improves the SINR, which in turn leads to
improvements in the ergodic capacity. In addition, increasing
the number of STAR-RIS elements improves both the desired
and IUI signal powers. However, the improvement in the
desired signal power is much greater than that of the IUL
The reason for this is that the IUI signals are not beamformed
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TABLE 1II Simulation Parameters

Parameter Name Value
Number of transmit antennas M ={1,2,4}
Number of receive antennas M, =2

Number of STAR-RIS

N = {10, 20,30}

elements N = {50, 100, 200, 300}
STAR-RIS amplitude 6t =6"=1{0.5,1}
coefficients 6" = {0.65,0.75}

Carrier frequency

7 = 300 GHz

Antenna gains

Gps = 45 dBi, Gy = G, = 40 dBi

Speed of light

¢ =3 x 10% m/sec

Distances dgs = 15m,di =d =10 m
Relative humidity ¢ = 50% [13]
Temperature T =27°C [13]

Atmospheric pressure

0= 101325 Pa [12]

Standard deviations of
pointing errors displacement

om = or = 0.01 m [9]

Normalized beamwidths

W

ng.g),%:g[g]

Light fog parameters

ar ar
k=2.32,0=13.12 [14]

Moderate fog parameters

k =5.49, 0 = 12.06 [14]

Thick fog parameters

k=6,0=23][16]

Dense fog parameters

k = 36.05, § = 11.91 [16]

Complex Gaussian channels

Fom, b, g ~ CN(1, 1) [13]

Phase shift quantization levels

Q=1{2,4,8}

Signal-to-noise ratio

SNR = {35, 50} dB

Signal-to-interference ratio

SIR = {10, 20,30} dB

SINR threshold

Yen = 15,10} dB

Modulation parameters

(a7 b) = {(27 1)7 (37 %)} [53]

(QPSK and 16QAM)

towards Ul, as the transmitting elements of the STAR-RIS are
configured to direct the incident signals towards the BS, not
Ul. As aresult, the greater the number of STAR-RIS elements,
the higher the ergodic capacity is achieved. For instance, as
shown in Fig. 4, in the ES protocol, for the same SNR, M = 2
and @ = 2, the ergodic capacity exhibits a significant increase
by raising N from 100 to 200, and it is further improved by
increasing M from 2 to 4, which is consistent with (24).

Fig. 4 also compares the ergodic capacity achieved under
the ES and MS protocols, where the number of STAR-RIS
elements and amplitude coefficients are set as { N = 100, " =
5t = 0.5} and {N, = N, = N/2,6" = 6 = 1} for the ES
and MS protocols, respectively. The figure shows that the ES
protocol outperforms the MS protocol. This is because, under
the MS protocol, while the number of elements randomly
transmitting the IUI signals is reduced, the number of elements
reflecting the beamformed desired signal is also reduced. As
a result, this adversely affects the desired signal power and
ergodic capacity. Moreover, as shown in the figure, regardless
of the STAR-RIS protocols and system parameters, the ergodic
capacity in the high-SNR regime (i.e. SNR > 70 dB) due to
IUI signals reaches a limit (capacity ceiling). However, the
limit is scaled by various parameters, including the number
of antennas, STAR-RIS elements, protocols, and phase shifts;
consequently, this observation confirms Remark 1.

Fig. 5 compares the total system capacity of FD (under
ES and MS protocols) with the capacity of a reflecting-only
RIS-assisted HD downlink system in the presence of moderate
foggy weather, beam misalignment and non-optimal phase
shifts (@ = 2). In this comparison, the numbers of transmit
and receive antennas are set as M = M, = 2, SIR = 10
dB, and the numbers of STAR-RIS elements and amplitude
coefficients are set as {N = 100,6" = &' = 0.5} for the
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Fig. 4 Ergodic capacity versus SNR for optimal/non-optimal phase
shifts and different number of antennas and STAR-RIS elements.
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Fig. 5 Comparison of total capacity of STAR-RIS assisted FD system

(with ES and MS) and reflecting-only RIS-assisted HD system.

ES protocol, {N,, = N; = N/2,6" = §* = 1} for the MS
protocols, and {N = 100, " = 1} for the HD system.

Fig. 5 demonstrates that, regardless of the STAR-RIS oper-
ating protocol, the FD system achieves a significantly higher
capacity compared to the classical reflecting-only RIS-assisted
HD system. This is because, unlike the HD system that allows
only Ul to utilize the frequency resources, the FD process
enables both Ul and U2 to simultaneously utilize the same
frequency resources. Fig. 5 also reveals that while the uplink
capacity in the ES protocol is lower compared to that of
the MS protocol due to selection errors associated with the
coupled phase shifts, the total capacity of the FD system is
higher in the ES protocol. Moreover, it is observed that the
downlink capacity is higher in the relatively low-SNR regime
than that of the uplink, since the downlink user (Ul) is not
affected by selection errors. In contrast, the uplink capacity is
higher in the high-SNR regime, since IUI limits the downlink
user’s (U1’s) capacity in this regime.

Fig. 6 illustrates the impacts of different foggy conditions
and beamwidth of the desired links on the ergodic capacity of
Ul, with @ = 4, SIR = 20 dB, SNR = 50 dB, M = 4, and
N = 200. As a benchmark, the ergodic capacity in the absence
of beam misalignment for the desired signal is also provided.
It can be clearly seen that, in all types of fog, an increase in the
normalized beamwidth, wgyg/a,, leads to a significant degra-
dation in the ergodic capacity. The reason behind this is that
according to (8), higher values of the normalized beamwidth
imply that a lower amount of the desired signal power is
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Fig. 6 Impacts of different foggy weather conditions and beamwidth
of the desired links on the ergodic capacity.

collected at U1, which results in significant pointing errors and
a reduction in the SINR. Moreover, various foggy conditions
may lead to different fading characteristics, and thus for thick
fog and dense fog conditions, the capacity is also depicted
for A, h,g ~ CN(0.75,1), illustrating the severe effects of
random fog on the capacity performance. Furthermore, the
figure indicates that for wg,/a, < 0.5, the ergodic capacity
remains stable and almost identical to that of the perfectly
aligned condition. This stability arises because, at values of
Wags /ar < 0.5, the fraction of power collected by Ul, as

2

described in (8), becomes A,, = {erf (\/g o )} ~ 1.
BS

Consequently, it implies that the desired signals arrive with

very narrow beamwidths, which enables Ul to capture almost

all of the desired power.

In order to evaluate the detrimental effects of random fog,
the ergodic capacity is compared to a benchmark established
under clear weather (non-foggy) condition, as shown in Fig.
6. It is observed that regardless of pointing errors, the deterio-
ration of the ergodic capacity depends on the fog density, i.e.
amount of atmospheric water droplets and ice crystals. For
instance, for different values of the normalized beamwidth,
as the fog density increases (from clear weather to light fog,
moderate fog, thick fog and finally dense fog), the ergodic
capacity decreases. This is because highly-dense fog particles
in the propagation environment result in significant signal
attenuation, which adversely affects the ergodic capacity.

Fig. 7 illustrates the outage probability under the ES pro-
tocol and thick fog with M = 2, N = {10,20, 30,50},
Y = 5 dB, and SIR = 30 dB. As shown, for a small
number of STAR-RIS elements (N = {10, 20}), the analytical
results are less accurate compared to the computer simulation
results. However, when increasing N to 30 and 50, their
agreement improves significantly, confirming the convergence
and accuracy of the Laguerre expansion approximations and
Lemma 2 given in (16), (19), and (29)/(30), respectively.
Moreover, the outage probability under optimal phase shifts
is used as a benchmark to evaluate the impact of phase shift
quantization errors. It is shown that non-optimal phase shifts
have remarkable impacts on the outage probability, as depicted
for N = 50 under beam misalignment. This is because,
non-optimal phase shifts result in non-optimal beamforming
towards Ul, leading to attenuation in the desired signal power

With(beam Imisa[ighment

Non-optimal phasej

N @=2

Outage probability
3 3
= w

-
]
&)
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Analytical

10-6 L L L s
30 35 40 45 50 55 60 65 70
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Fig. 7 Impacts of beam misalignment and non-optimal phase shift
along with the quantization levels on the outage probability.

and adverse effects on the SINR and outage probability.

Fig. 7 also shows that the impacts of phase shift quanti-
zation errors are greatly mitigated by increasing the level of
quantization. For instance, for N = 50 and optimal alignment,
non-optimal phase shifts with Q = 4 result in a much lower
outage probability compared to those with () = 2. However,
this improvement comes at the price of increased hardware
complexity and cost, as achieving higher precision requires
more quantization bits. The outage probability is further as-
sessed by evaluating the impacts of pointing errors or beam
misalignment, which are found to have a greater impact than
phase shift quantization errors. For example, for N = 50, it is
shown that in the presence of beam misalignment, an outage
probability of 10~ is achieved with optimal and non-optimal
phase shifts (Q = 2) at SNR values of 46 dB and 50 dB,
respectively. However, in the absence of beam misalignment
with non-optimal phase shifts () = 2), the same outage
probability is achieved at a much lower SNR of 38 dB, which
confirms the catastrophic impacts of beam misalignment.

Fig. 8 compares the outage probability of Ul assisted by
a STAR-RIS operating under ES and MS protocols, with that
of the reflecting-only RIS-assisted HD system in the presence
of beam misalignment, non-optimal phase shifts, and thick
fog with v, = SIR = 10 dB. In this comparison, the
number of STAR-RIS elements and amplitude coefficients
are set as {N = 50,0" = ' = 0.5} for the ES protocol,
{N, = Ny = N/2,6" = ¢" = 1} for the MS protocol, and
{N =50,¢" = 1} for the HD system. As shown in the figure,
for the same M = 2 and @ = 2, the ES protocol exhibits
better performance than the MS protocol. This is because in
the MS protocol, there is a decrease not only in the number
of STAR-RIS elements that randomly transmit the TUI signals
but also in the elements that reflect the beamformed desired
signals. As a result, this has a detrimental effect on the power
of the desired signals, leading to a higher outage probability.

Fig. 8 also demonstrates that the reflecting-only RIS-assisted
HD downlink system exhibits a lower outage probability, as
it is not affected by IUI signals. Nevertheless, by increasing
the quantization levels of the STAR-RIS employed for the FD
system (e.g. from Q = 2 to @@ = 8), the outage probability
of Ul significantly improves in the relatively low-SNR regime
(e.g. for SNR < 57 dB), surpassing that of the HD system.
This is because higher levels of phase shift quantization lead
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Fig. 8 Outage probability of Ul with STAR-RIS assisted FD system
(ES and MS protocols) and reflecting-only RIS-assisted HD system.

to accurate and strong beamforming towards Ul, resulting in
mitigation of IUI signals and improved SINR. Moreover, it
should be emphasized that the IUI signals introduce an outage
probability limit (outage floor) in the high-SNR regime, which
confirms Remark 1. However, it is scaled by quantization lev-
els, number of antennas, and STAR-RIS operating protocols.
Fig. 9 illustrates the outage probability of downlink and
uplink communications against the transmission amplitude
coefficients of the STAR-RIS in the presence of non-optimal
phase shifts, moderate foggy weather, and non-optimal beam
alignment, for M, = M = 2, N = 100, SIR = 5 dB,
SNR = 35 dB, and ~;, = 10 dB. It also assesses the impacts
of ICI signals reflected and transmitted by the STAR-RIS
towards Ul. In this assessment, the numbers of ICI users/BSs
located in the vicinity of the reflection and transmission spaces
are set as L, = 2 and L; = 2 respectively, with each having
K, = Ky = 2 transmit antennas. Additionally, the distances
of the interfering users/BSs to the STAR-RIS are assumed
to be 35 m, and the rest of the required parameters of ICI
users/BSs are set to be the same as those of IUIL. By recalling
the ES protocol and referring to (13) and (31), it can be stated
that an increase in the transmission amplitude coefficients
leads to an increase in the IUI signal power. As a result,
this leads to considerable deterioration in the SINR and the
outage probability of downlink communication, as shown in
Fig. 9. In contrast, it improves the outage probability of uplink
communication. The is due to fact that the STAR-RIS elements
transmit more energy of the incident signals than they reflect.
It should be noted that, in the considered setup, to mitigate
the effects of IUI, the downlink user is assumed to be the
primary beneficiary for phase shift design. Consequently, when
accounting for a practical STAR-RIS, the phase shifts of both
reflecting and transmitting elements are coupled, leading to
selection errors that greatly impact the outage performance
of uplink communication, as shown in Fig. 9. Therefore,
to achieve a reliable FD system, optimizing the STAR-RIS
amplitude coefficients for uplink and downlink with coupled
phase shifts is essential, but it exceeds the scope of this paper.
Moreover, Fig. 9 also shows that the effects of ICI signals
arising from adjacent cells’ users and BSs remain minimal and
negligible for varying values of §'. This outcome is primarily
attributed to the considerable inter-cell distances, STAR-RIS
phase shifts, and practical limitations of THz communications.
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Fig. 9 Impacts of IUI, ICI and STAR-RIS amplitude coefficients on
the outage probability of downlink and uplink communications.
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Fig. 10 Impacts of various foggy conditions on the outage probability
for different numbers of STAR-RIS elements and transmit antennas.

Figure 10 shows the outage probability of Ul against
the SINR threshold under various foggy conditions and ES
protocol for M = {2,4}, N = {200,300}, w%fs = 3,
“4 =6, SNR = 50 dB, SIR = 20 dB, and Q = 8. It also
shows the outage probability under clear weather condition
to evaluate the impacts of fog on the system reliability. As
shown in the figure, as the SINR threshold increases, the
outage probability increases. Moreover, as the fog density
increases, the outage probability worsens significantly, causing
severe unreliability in the communication. For example, for
(M, N) = (2,200), the minimum threshold values where the
outage probability becomes P, = 1 and the communication
cannot be established, are 28.5 dB, 27 dB, 26 dB, 24 dB, and
9 dB for clear weather, light fog, moderate fog, thick fog,
and dense fog, respectively. However, increasing the number
of transmit antennas and STAR-RIS elements, mitigates the
impacts of fog. For example, under dense fog, by increasing
M from 2 to 4, the threshold where P, = 1 is increased
from 9 dB to 12 dB, and it is further enhanced to 14 dB by
increasing NV from 200 to 300. This improvement is due to the
increase in desired signal power resulting from more transmit
antennas and STAR-RIS elements. Additionally, considering
the effects of random fog on the fading channels, the outage
probability is examined under thick and dense fog conditions
for hp,,h,g ~ CN(0.75,1), which greatly deteriorates the
system reliability compared to that of A, h, g ~ CN(1,1).

Fig. 11 illustrates the combined effects of beam misalign-
ment, random fog, and phase shift quantization errors on
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the SER of Ul under ES protocol and QPSK modulation
with M = 2, N = {10,20,30,50} and SIR = 30 dB.
It is shown that for a small number of STAR-RIS elements
(N = {10,20}), the analytical results are less accurate
compared to the exact simulation results. However, as N is
increased to 30 and 50, their agreement improves significantly.
This confirms the convergence and accuracy of the Laguerre
expansion approximations and Lemma 3 as given in (16),
(19), and (36)/(38), respectively. The comparison between the
SER achieved under optimal and non-optimal phase shifts
(Q = 2) highlights the notable impact of quantization errors,
as exemplified for N = 50.

Fig. 11 also provides a comparison between the SER
achieved under optimal clear weather and thick foggy weather,
revealing the significant effects of random fog on the SER.
The presence of concentrated fog particles in the propagation
environment results in notable signal attenuation, adversely
impacting both the desired and IUI signals. However, the
impact is more dominant on the beam-formed desired sig-
nals, leading to a greater adverse impact on the SINR and
SER. Finally, the SER performance under beam misalignment
and perfectly aligned desired links is compared. The results
indicate that beam misalignment has a significantly greater
impact than random fog and phase shift quantization errors,
as exemplified for N = 50. Therefore, to achieve better
performance, the antennas along with the STAR-RIS need to
be properly aligned. Since different foggy conditions may lead
to different fading characteristics, the SER performance under
thick fog, optimal alignment and N = 50 is also provided for
Runyhy g ~ CN(0.75,1). The obtained results demonstrate the
catastrophic impacts of random fog on the SER performance.

Fig. 12 compares the SER performance of Ul assisted by a
STAR-RIS operating under ES and MS protocols with that of
the reflecting-only RIS-assisted HD system, considering beam
misalignment, non-optimal phase shifts (@ = 2), thick fog,
M = 2, SIR = 10 dB, and 16QAM modulation. In this
comparison, the system parameters are set as follows: for the
ES protocol N = 50, 6" = {0.5,0.65,0.75} and §* =1 —4";
for the MS protocol {N,, = N, = N/2,6" = ¢ = 1}; and
for the HD system {N = 50,6" = 1}. As shown, the ES
protocol demonstrates superior SER performance compared
to the MS protocol. This situation arises because, in the MS
protocol, there is a decrease not only in the number of STAR-
RIS elements that randomly transmit the IUI signals but also
in the elements that reflect the beamformed desired signals.

Moreover, in both ES and MS protocols, the IUI signals
pose a limit on the SER in the high-SNR regime, which scales
with increasing the reflection amplitude coefficients and quan-
tization levels, validating Remark 1. In addition, Fig. 12 shows
that the reflecting-only RIS-assisted HD system provides a
lower SER compared to the FD STAR-RIS assisted system due
to the absence of IUI signals. However, by increasing the phase
shift quantization levels of the STAR-RIS operating under
the ES protocol (e.g. from Q) = 2 to ) = 8), a significant
improvement is observed in the SER performance of Ul. This
improvement enables it to outperform the HD system in the
relatively low-SNR regime (SNR < 62 dB), while it remains
restricted in the high-SNR regime due to IUI signals.
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Fig. 11 Effects of random fog, STAR-RIS phase shift errors and beam
misalignment on the SER for QPSK and different values of N.
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Fig. 12 SER of a STAR-RIS assisted FD system under ES and MS
protocols and reflecting-only RIS-assisted HD system for 16QAM.

V. CONCLUSION

This paper focused on the performance of a STAR-RIS
assisted THz system in the presence of interference, and
presented new expressions for the ergodic capacity, outage
probability and SER. It also accurately approximated the
statistical distributions of the desired and interference signals’
power using the Laguerre expansion. It was shown that the
adverse effects of beam misalignment and random fog are
more severe compared to interference and phase shift quanti-
zation errors under both ES and MS protocols. Nonetheless,
they can be reduced by increasing the number of antennas and
STAR-RIS elements. It was also shown that the ES protocol
outperforms the MS protocol, and under both protocols, the
system performance reaches a limit in the high-SNR regime
due to IUIL Moreover, it was shown that the effects of
interference stemming from multiple users and BSs situated
in neighboring cells are negligible. The total system capacity
of the FD STAR-RIS assisted system significantly outperforms
that of the reflecting-only RIS-assisted HD downlink system.
Furthermore, by increasing the quantization levels, the outage
probability and SER of the STAR-RIS also outperform those of
the HD system. Additionally, selection errors resulting from
coupled phase shifts notably affect the uplink performance,
which can be reduced by increasing the transmission amplitude
coefficients, but this raises IUI signal power and lowers down-
link performance. Therefore, this gives rise to an optimization
problem of enhancing users’ performance while mitigating
interference, taking into account the coupled phase shifts.
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APPENDIX A

In order to calculate p, and o2 given in (17) and (18),
we first need to calculate E [)\,,], V[A,,], and the moments

of By and By, ice. E[hf,] and E (1S,

A 2 2% + A7 with Ag 2 S il |9s] /0] cos ¢
and \; 2 Zi\;l \hum,il |9i] \/OF sin ¢7. Moreover, hy,; ~
CN(pn,, ..o, ) and g; ~ CN(pg,,07,) are assumed to be
non-zero mean complex Gaussian RVs, where their amplitudes
follow Rician distribution. As mentioned in Section II-A, when
the Euclidean distance between two adjacent RIS elements is
greater than half of the carrier wavelength, the assumption of
IID channels across the elements can be adopted [8], [41].
Therefore, for the sake of simplicity, we omit the subscript
i and write hm i & hm ~ CN(pn,.07 ). gi = g ~
CN (g, 02), 87 £ 67, and ¢ 2 ¢". Thus, using [13, Eq. (13)],

the mean and variance of \,, are respectively expressed as
E[\n] =E [MR] +E [Af]
= No" [ fiz + (N —

. Let’s rewrite

)/11,“%—7:1] (53)

Vil =V 1] + VD
= (N6")? [1135 (1+ Fo + 0.5F3) + (2N — 2) iz

xpipsFr (1+ Fo) — (AN = 2) pipa FL] . (54)

E(lgl], = Bl

E [lhml?
'u2 = EHg”’ ‘7:1 = and ‘7:2 = % [13].

Moreover, the /(-th moments of |hm| and |g| are writ-
ten as E [|h,[] = ﬁ U (144£/2) Lyjs (—p, /or ) and
E (lg|] = 04T (1 +€/2) Loz (—p2/02) [56].

The ¢-th moment of hy m is written as E [hf;’m] = 55”_1@ Al
[9, Eq. (A-2)]. Moreover, using (10), the ¢-th moment of

. . /3(4 +dr)
h¢m is written as E [he’m} E et~

] s ﬂ2 -
sin(7/Q)
/Q

where [i1 =

4313 . Since [ is a

gamma RV, by exploiting its MGF given in [56, TABLE 2.3-
—k
3], we can write that E h?_’m 1+ % , where

the values of # and k for different types of foggy conditions
are given in Section II-D. Finally, by substituting the corre-
sponding mean, variance and statistical moments terms into
(17) and (18), the mean and variance of X, are obtained. H

APPENDIX B

In order to calculate y,, and o2, we need to derive E [|)\|2] ,

¥
V[|)\|2} [he ;] and E [h ] It can be rewritten that
)\ 2

L hi fefe1gl where h; ~ CN(un,,0},) and
Gi ~ C/\/ (ugi, 2 ) are non-zero mean complex Gaussian RVs,
and 6! € [0, 271') Vi = 1,..., N are uniformly distributed RVs
[13], [43]. Moreover, for the sake of simplicity, similar to
Appendix A, we adopt the assumption of IID channels across
the STAR-RIS elements. As a result, we can omit the subscript
i and represent f; as h ~ CN (pun, 07,), gi as g ~ CN (pg, 02),
6! as 0!, and 6! as &'. Therefore, according to [43, Proposition
2], for a sufficiently large number of STAR-RIS elements, A
converges to a complex Gaussian RV, i.e. A ~ CN (,u)\, ai).

On the other hand, since 6 € [0,27), it can be
written that E[cos6!] = E[sin#'] = 0, E[cos?§'] =

1/2 + Efcos20*] /2 = 1/2 and E[sin®#!] = 1/2 —
E[cos26'] /2 = 1/2 [42], [43]. Therefore, pu) = 0 and

= N&' (o +pi7) (02 4 p2). Furthermore, ||* follows
exponential distribution with E [[A|?] = 0% and V [|\?] =

o%. In addition, the ¢-th moments of h;, and h,, are

00(dy+d,)\ "~

(1 + 333 )
E [ht,] = g’ieA" [9, Eq. (A-2)]. Finally, by substituting the
corresponding mean, variance and moments terms into (20)
and (21), the mean and variance of Y are obtained. |

respectively written as E [h?t] and
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