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Abstract—Different from conventional reconfigurable intelligent
surfaces (RIS), a recent innovation called simultaneous transmit-
ting and reflecting reconfigurable intelligent surface (STAR-RIS)
has emerged, aimed at achieving complete 360-degree coverage
in communication networks. Additionally, full-duplex (FD) tech-
nology is recognized as a potent approach for enhancing spectral
efficiency by enabling simultaneous transmission and reception
within the same time and frequency resources. In this study, we
investigate the performance of a STAR-RIS-assisted FD commu-
nication system. The STAR-RIS is strategically placed at the cell-
edge to facilitate communication for users located in this challeng-
ing region, while cell-center users can communicate directly with
the FD base station (BS). We employ a non-orthogonal multiple
access pairing scheme and account for system impairments, such
as self-interference at the BS and imperfect successive interference
cancellation. We derive closed-form expressions for the ergodic
rates in both the up-link and down-link communications and
extend our analysis to bidirectional communication between cell-
center and cell-edge users. Furthermore, we formulate an opti-
mization problem aimed at maximizing the ergodic sum-rate. This
optimization involves adjusting the amplitudes and phase-shifts
of the STAR-RIS elements and allocating total transmit power
efficiently. To gain deeper insights into the achievable rates of
STAR-RIS-aided FD systems, we explore the impact of various
system parameters through numerical results.

Index Terms—Full-duplex, simultaneous transmitting and re-
flecting reconfigurable intelligent surface, non-orthogonal multiple
access.

I. INTRODUCTION

Reconfigurable intelligent surface (RIS) has been recognized
as a key technique for the upcoming sixth-generation (6G)
wireless communication networks [1]-[4]. The conventional
RIS is equipped with controllable reflecting elements, that can
adjust the phase shifts of the incident signals to improve the
received signals’ quality [1]—[3]. Therefore, RIS can make the
propagation environments smart and controllable. The perfor-
mance of RIS has been extensively studied in the literature for
different applications [5]-[8]. However, the conventional RIS
can provide only half-space coverage, and thus the transmitters
and receivers should be located on the same side of the aided
RIS. To tackle this issue and extend the RIS coverage area,
simultaneous transmitting and reflecting RIS (STAR-RIS) has
been proposed recently [9]-[20]. STAR-RIS can transmit and
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reflect the signals into both sides of the surface, and thus
it can provide full-space coverage. The concept of STAR-
RIS was introduced and discussed in [9], [10] where three
operating protocols for the STAR-RIS have been proposed,
namely, energy splitting (ES), mode switching (MS), and time
switching (TS). In ES, the energy of the incident wave on
each STAR-RIS element is split into energy of the transmitted
signals and energy of the reflected signals, and in the MS
protocol, the STAR-RIS elements are divided into two groups:
one group operates in transmission mode, while the other group
operates in reflecting mode. Also, in the TS protocol, the
STAR-RIS elements periodically switch between transmission
mode and reflection mode in different time slots. The authors
in [11] analyzed the ergodic rates of the STAR-RIS-assisted
non-orthogonal multiple access (NOMA) systems, where a
STAR-RIS was implemented to assist the cell-edge users. In
[12], the performance of STAR-RIS-aided NOMA systems was
studied to support low-latency communications. In [13], an
analytical expression of the coverage probability for a STAR-
RIS aided massive multiple input multiple output (mMIMO)
communication systems was derived. Further work in [14] pro-
vided an analytical framework of the coverage probability and
ergodic rate of STAR-RIS assisted NOMA multi-cell networks.
A power minimization problem for STAR-RIS-aided up-link
NOMA systems was considered in [15]. The authors in [16]
considered the energy efficiency of a STAR-RIS-empowered
MIMO-NOMA systems. In [17], an approximate analytical
expression of the ergodic rate of STAR-RIS-aided NOMA
downlink communication system was derived. A new joint
optimization problem to maximize the achievable sum rate of
STAR-RIS NOMA system has been formulated and solved in
[18]. In [19], a STAR-RIS-assisted two-user communication
systems has been considered for both orthogonal multiple ac-
cess (OMA) and NOMA schemes. The performance of STAR-
RIS aided NOMA systems over Rician fading channels has
been analyzed in [20].

Moreover, full-duplex (FD) technique allows the communi-
cation nodes to transmit and receive data simultaneously in the
same frequency and time resources [21]-[23]. Thus, FD can
enhance the achievable rates and provide a more flexible use
of the spectrum. Interestingly, the performance of RIS-aided FD
communication systems has been considered recently in several
works [24]-[30]. For instance, in [24], a passive beamforming
design for RIS-assisted FD communication was investigated,
where a FD access point communicates with an uplink (UL)
user and a downlink (DL) user simultaneously with the help
of RIS. In [25], the resource allocation design for RIS-assisted



FD communication systems was considered. In [26], the authors
proposed deploying an RIS in a FD two-way communication
systems to provide signal coverage for the users in the dead
areas. A joint beamforming design for a RIS-assisted FD
communication systems was considered in [27], where the
total transmit power was minimized by optimizing the active
beamforming at the transmitter and passive beamforming at the
RIS. In [28] a RIS-aided FD communication system has been
analyzed, where a FD-BS communicates with FD-users through
a dedicated RIS.

The combination of STAR-RIS and FD-BS can boost the
spectral efficiency and expand the DL and UL communication
ranges at the same time. However, the STAR-RIS aided FD
communication systems faces extra challenges. Transmitting
the UL signals through the STAR-RIS causes interference to the
DL users on the other side. Thus, the transmission and reflec-
tion coefficients of the STAR-RIS should be designed to aid the
DL and UL communications while mitigating the interference
at the same time, which is difficult and challenging. In addition,
to the best of the authors’ knowledge, the performance analysis
of STAR-RIS aided FD wireless communication systems with
DL and UL cell-center users and DL and UL cell-edge users,
considering all the interference in the system, has not yet been
studied in the literature because of the analytical complexity.
Thus, there is a lack of in-depth study of the performance
benefits of STAR-RIS aided FD communication systems.

Motivated by the aforementioned discussion, this work con-
siders a STAR-RIS aided FD communication system, where the
FD-BS serves the cell-center users and cell-edge users using
NOMA pairing scheme. The BS communicates with the cell-
edge users via passive STAR-RIS, while the cell-center users
can communicate directly with the BS. We concentrate on the
ergodic rate analysis, the STAR-RIS design and the power
allocation, by employing statistical channel state information
(CSI). We first derive closed-form expressions for the ergodic
rates of the DL and UL users in the system. Then, we apply
our analysis to the bidirectional communication between the
cell-center and cell-edge users. In addition, the sum-rate of
both scenarios are maximized by optimizing the STAR-RIS
reflection coefficients and the power allocation between the DL
and UL users. For clarity, the main contributions are listed as
follows:

1) We investigate the performance of STAR-RIS aided FD-
BS communication systems, where the STAR-RIS is imple-
mented to assist the cell-edge users.

2) New closed-form analytical expressions for the ergodic
rates of the DL and UL users are derived when the cell-
center users are paired with the cell-edge users under Rician
fading channels. This channel model is more general but also
very challenging to analyze. Also, the impact of imperfect
successive interference cancellation (SIC) and all interferences
including the self interference at the FD-BS are considered in
the analysis. The derived ergodic rate expressions are explicit
and provide several important practical design insights. In
addition, asymptotic ergodic rate expressions in high SNR
region are also provided.

3) Besides many applications, our analysis is then applied to
the bidirectional communication scenario, where the UL cell-

center user and UL cell-edge user communicate with the DL
cell-edge user and DL cell-center user, respectively. Simple
closed form expressions for the ergodic rates of the DL users
are derived. To gain more insights, asymptotic expressions of
the ergodic rates in high SNR region are also provided.

4) We formulate and solve a sum-rate maximization problem
by jointly optimizing the phase shifts and amplitudes at the
STAR-RIS and the power allocation coefficients. To efficiently
solve this challenging problem, we divide the main problem
into two sub-problems, i.e., phase shift and amplitude optimiza-
tion, and power allocation optimization, then we solve them
alternatively. In addition, based on the derived rate expressions,
we introduce sub-optimal designs of the STAR-RIS and the
power allocation schemes.

5) Monte-Carlo simulations are performed to validate the
analytical expressions. Then, the impact of several parameters
on the system performance are investigated.

The results in this work show that increasing the transmit
signal to noise ratio (SNR) always enhances the achievable
users’ rates, and using a large number of STAR-RIS units
improves the performance of the cell-edge users. In addition,
high power should be allocated to the DL users to overcome
the interference caused by the UL users. The imperfect SIC
degrades the achievable rates of the DL cell-center user and
the UL cell-edge user, while a high variance of the residual
self interference at the BS leads to degrade the performance of
the UL users significantly.

Next, in Section II the system model is presented. In Section
III, we derive the ergodic rates of the DL and UL users in the
NOMA pairing scheme. The ergodic rates of the DL users in the
bidirectional communication scenario are provided in Section
IV. Section VI discusses the optimal system design. Section
VII depicts our numerical results. Our main conclusions are
summarized in Section VIII.

II. SYSTEM MODEL

We consider a STAR-RIS-aided FD NOMA communication
system as shown in Fig 1. The FD-BS is deployed at the cell-
center region with a coverage radius R;, while a STAR-RIS
with N reconfigurable elements is deployed at the cell-edge
region to assist the cell-edge users with a coverage radius R,.
Based on the BS and the STAR-RIS deployments, the total
coverage area R; is divided into two areas, i.e., the cell-center
region with radius R, and the cell-edge region with radius
R,.. The cell edge area is divided into cell-edge transmission
region, and cell edge reflection region. The FD-BS is assumed
to be equipped with two antennas, one for transmission and
one for reception, and each user in the system works in half
duplex mode and equipped with a single antenna. Number of
the UL and DL users in the cell-center region are K, and K4,
respectively, where K., + K.q = K., while number of the UL
users in the cell-edge transmission region is K, and the DL
users in the cell-edge transmission region is K4, respectively,
where K., + K.q = K. The users are uniformly distributed,
where the cell-center users can communicate directly with
the BS, while the cell-edge users transmit and receive their
messages only through the STAR-RIS. To study more practical
scenario, in our analysis we assumed that the DL cell-center
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Figure 1: A STAR-RIS assisted FD communication system.

users can receive their signals from the direct path and the
reflection mode of the STAR-RIS, and the the UL cell-center
users can transmit their signals to the BS via the direct path
and the transmission mode of the STAR-RIS. In this work
we consider a block fading channel model where the channel
remains constant over a coherent interval 7., and the pilot
contains 7, symbol durations. It is known that the STAR-RIS
is most likely to be installed on the buildings, and hence it can
create channels dominated by the line-of-sight (LoS) path along
with the scatterers. Thus, Rician fading model is considered for
the STAR-RIS related channels. On the other hand, Rayleigh
fading is assumed for the BS to users and user to user channels
due to the wealth of scatterers.

In this work, the ES protocol has been implemented at the
STAR-RIS. In the ES scheme, the signal incident upon each
STAR-RIS element is split into transmitted (¢) and reflected (r)
signals with ES coefficients (also named amplitude coefficients)
pf,I and p],, respectively. Thus, the transmission and reflection
coefficient matrices of the STAR-RIS can be written as O, =
diag (p56y, ... ,pNGk) k € {t,r}, where 6% = ¢ |6k | =
1, pF > 0 and (o) + (pfl)2 = 1. Since the STAR-RIS is
passive, the impact of self interference at the STAR-RIS is
ignorable [31], [32].

III. DATA TRANSMISSION AND ERGODIC RATES

In the system model under consideration, the FD-BS serves
the DL and UL users by employing NOMA-pairing scheme
as follows. In each time slot, the BS transmits signals to two
DL users, a DL cell-center user (near/strong user), and a DL
cell-edge user (far/weak user), and in the same time slot, the
BS receives signals from two UL users, an UL cell-center user
(near/strong user), and an UL cell-edge user (far/weak user).
It is worth mentioning that, the users benefit from NOMA
transmissions over OMA transmission by satisfying the nec-
essary condition that the achievable rate of NOMA (RY©M4)
is larger than that of OMA, ROMA This condition can
be expressed as, log, (1+ 7Y MA) > 1Llog, (1+~9M4),

which can be simplified to yYOMA > | /1 + yOMA —

Yu,18 the signal to interference and noise ratio (SINR) at user
1 [33], [34].

1, where

A. DL

In the DL mode, in a given time slot, the BS transmits the
following superimposed signal

2
s =Y VT, ()
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where «; is the power allocation coefficient of user ¢ with a;; +
ag =1, and x,,, is the information signal of user 7 with unit
variance.

1) Cell-center/strong user: The DL cell-center users can
receive their signals from the direct links and the reflection
mode of the STAR-RIS, and the interference from the UL users
via the direct links and the reflection mode of STAR-RIS. Thus
the received signal at the DL cell-center/strong user (user 1) can
be expressed as
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where P,, = o;F,, P, is the BS transmit power, a;j,as
are the power coefficients of the cell-center and cell-edge
users, respectively, with a1 < a9, I, " 1, ", 10 repre-
sent the path-loss between the BS and DL cell-center user,
BS and RIS, RIS and DL cell-center user, respectively, m
is the path-loss exponent, hy,,, ~ CN(0,1) is the chan-
nel between the BS and DL cell-center user, and g, , =~ =

Rrouyg = 1 ~ I1xN _
(\/ Ky g1 8ruia + \/ m,uld-i-lg“uu) e C y8byr =

(\/ ,{Zi’ll 8v.r + ﬁgb,r cCN*1 are the channel vectors
between the DL cell-center user and the RIS, and the BS and
the RIS, respectively, /., and k. are the Rician factors,
g,.,, and gy, are the LoS components and g, , . 8, are
the non-LoS (NLoS) components, n,,, is the additive white
Gaussian noise (AWGN) at the user, n,,, ~ CN(
and [,
by

’ uld)
is the interference caused by the UL users and given
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interference from UL cell center user

interference from UL cell center user
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interference from UL cell edge user

where Py, Dusy s Tusys Tug, are the transmit powers
and signals of the UL cell-center and cell-edge
users, h ~ CN(0,1) is the channel between

Uld,Ulu
the cell-center users in UL and DL modes, and
K gy, 1

Koy ulu"l‘l g7 YUy Ko, uh +1 g7 yUT g ’g7 JUDqy
Kor ugy

(\/ Krug,, 1 gT u2y }/ K u2u+ 8. “2u the  channel

vectors between the UL cell-center user and the RIS, and the

UL cell-edge user and the RIS, respectively.
The SINR at the DL cell-center user can be written as
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Pbl Auld
Esz Auld + Duy. Culd + Dus., Duld + 02

Uid

’Yu1d = I’ (3)



2(1+R)7m(_1+R2+mR(1+R)+(1+R)m) —-m U U AT
e (m —2) (m —1) R? "t (wbirldfbfrld + wbirld) ’ ©)
Y, = (0+ T (@riinruts + @ruis) 6)
21+ R) " (-1+ R2+mR, (1+R) 4+ (1+ R)™) Y (w308 wse + @rss) ;
y2u1d (m — 2) (m - 1) R,Q_ ( )
5 ok |? 5 ok |? 5 ok |?
where % — e Ky Ax Ky n=1 Ky n=1 1 n=1 gz _ |g @g |2
Y Ko+l Ky+1 Ky+1l Ke+1 Ket+l Ky+1 5y T Y

Ko+l ky+1° w; -
C
T=> H; (1+(Rr;+R)
j=1
2r({

g g+ b {51} 4R?)
(2—3m+m?2)R?

[N

_ 2 _
0=\ T BmtmR?

—F(

—m 2(Rr;+R _ (Rrj+R)?—r2
) ( WR;F—) cos™ ! ((RTJJFR) (7’1 =+ —( 2J(R+r1) 1)>) and

11432 (18] 4R

157 97

+64mRF({2,%+%,1+%},{%,%},4R2) _eamRrRF({2,5+7.1+%7}.{5.5 ,4R2)>.

where
Aul d

—m —mj—m
’ ;/ lb,uldhbﬂtm + \/ lb,r lr7u1dgr,u1d®Tgb7T
Ulg —

d

—m —m —m
\/ lu1d7u1uhu1d;ulu + lr7u1uluT,uldgr,uldGTgr,ulu
= [-m [-m

Dy, = L0 1 18001 Orrus,|*s and 0 < = < 1 is the
fractional error factor that corresponds to a fraction of the
power that remains as interference due to imperfect SIC. In
NOMA pairing scheme, the rate for the strong user to detect
the weak user signal, R, ,—u,,, should be larger than or equal
to the rate of the weak user R,,,.
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Theorem 1. The ergodic DL rate of the cell-center user
in passive STAR-RIS-aided FD communication systems under
Rician fading channels can be calculated by

g [Ruld] N Te 10g2 (1+
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where 1, Yl Y2, aT€ defined in (5)-(7), shown at the
top of next page, F (.) is the hypergeometric function and . =
TC;T” is the ratio of the data transmission interval to the total
transmission slot [35].

Proof: The proof is provided in Appendix A. [ |
Remark: To gain more insights, the ergodic rate in (4) can
be approximated in high SNR regimes as

€ [Ruy,] log, (1+
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2) Cell-edge/weak user: The DL cell-edge users receive
their messages via the the reflection mode of the STAR-
RIS.Thus, the received signal at the DL cell-edge/weak user
(user 2) can be expressed as
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where n,,, is the AWGN at the user, n,,, ~ CN (0,02 )

U2d
and I,,, is the interference caused by the UL users and given
by
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interference from cell edge user

Thus the SINR at the DL cell-edge user can be written as
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Theorem 2. The ergodic DL rate of the cell-edge user in
passive STAR-RIS-aided FD communication systems under
Rician fading channels can be calculated by

g [Ru2d] R Te 10g2 (1+
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where Tluyyr Yluy, Y2u,, A€ defined in (12)-(14), shown at the
top of next page.

Proof: The proof is provided in Appendix B in [36]. H
Remark: To gain more insights, in high SNR regimes the
ergodic rate in (11) can be approximated as
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B. UL

In the UL mode, the received signal at the BS can be written
as

l m
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where n;, is the AWGN at the BS, n, ~ CN (0,07) and I, is
the interference term

Iy = /Pohpps + 1/ Boly "l 8- Ot8p,rs.
———

self interference

(16)

reflection of the downlink signal

Several self-interference suppression (SIS) methods have
been proposed in the literature to eliminate the self-interference
at the BS [37], [38]. Applying these interference cancellation
techniques can reduce the self-interference to the background
noise level. In this work, similar to [37], [38], the residual self-
interference is assumed to be zero-mean Gaussian distributed

b, uluhb)ulu + ll::nlrj{ﬁugbw@tgnum) +

with variance V, § ~ C'N (0,V)'. Based on the experimental
results, the variance of the residual self interference can be
considered mathematically as V = ﬁPb’\, where the constants
B and A (0 < X\ < 1) reflect the efficiency of the cancellation
technique.

1) Cell-Center user: The UL cell-center users transmit their
signals to the BS via the direct link and the transmission mode
the STAR-RIS. Therefore, we can write the SINR at the BS to
detect the UL cell-center/strong user message as

Pur, Aui,,
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Theorem 3. The ergodic UL rate of the cell-center user in

passive RIS-aided FD communication systems under Rician
fading channels can be calculated by

Puy L1y,
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where 1, , Y1,,,.Y2,,, are defined in (19)-(21), shown at the
top of this page.

Proof: The proof is provided in Appendix C in [36]. W
Remark: To gain more insights, the ergodic rate in (18) can
be approximated in high SNR regimes as
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'According to the central limit theorem, this Gaussian assumption might
occur in practice due to the several sources of imperfection cancellation stages.
Otherwise, the Gaussian assumption can represent the worst-case or lower-
bound of the achievable data rate.
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2) Cell-edge user: The UL cell-edge users transmit their
signals to the BS via the transmission mode of the STAR-RIS.
Thus the SINR at the BS to detect the UL cell-edge/weak user
message can be written as
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Theorem 4. The ergodic UL rate of the cell-edge user in
passive RIS-aided FD communication systems under Rician
fading channels can be calculated by
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[ u2 ] e 2 ( ‘—‘p’LLluylugu + Pby2u2 + V + Ub
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Remark: To gain more insights, in high SNR regimes the
ergodic rate in (24) can be approximated as
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IV. BIDIRECTIONAL COMMUNICATION

Besides other applications, the above results can be used
to analyze the performance of STAR-RIS networks with bidi-
rectional communication tasks, which can be interpreted as
bidirectional relaying where the BS plays the role of the relay
node [39]. In this context, we will focus on the most difficult
scenario, when the UL cell-center user communicates with the

DL cell-edge, and the UL cell-edge user communicates with
the DL cell-center user through the FD-BS. Particularly, in each
time slot the UL users transmit their data to the FD-BS, and the
BS broadcasts the data to the DL users using NOMA paring
scheme.

A. UL Cell-edge user to DL Cell-center user

The received signal at the DL cell-center user can be ex-
pressed by

2
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where the interference term is given by
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Tu,, (i —7), where i denotes the ith time slot and 7 is
the decoding time of the message at the BS?. Assuming that
the processing delay caused by the detection process at the
BS is small compared to the duration of one channel use,
ie.,7 <t 1-t;, where ;41 and t; denote the (i + 1)th and
the 7th time slots, respectively. Thus, the cell-center user
receives the message x,,, from the BS and the cell-edge
user at approximately the same channel use. Hence, the user
can successfully combine the signal Z,,, transmitted from
the BS and the signal z,,, from the UL cell-edge user by a
proper diversity-combining technique such as maximum ratio
combining (MRC) [40]. Consequently, the achievable rate of
the DL cell-center user can be expressed by

m
uld;uluhu1d7u1u+

Recall

Ly, =

that

Pugy Quyg

2
1uCu1d +o

Uid

Ry, = 1. log, <1 +

2The signal Zu;, can also be presented by &, ,as it is the signal transmitted
to the DL user.
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Theorem 5. The ergodic rate of the DL cell-center user
in passive STAR-RIS-aided FD bidirectional communication
under Rician fading channels can be calculated by

R, = min (RU2u , Ruc) (28)
where
~ Pus, Y2,
Ruc =T, 10g2 1+ LMZ
puluyluld + Guld
Pb X1,
+= L — . (29)
':‘Pb2'r1u1d +pu1uy1u1d + Guld

and R,,, = £ [Ry,,] is given in (24), T1,, Y, Y2, are
defined in (5)-(7).

Proof: The proof is based on the analysis in Appendix A.
|

B. UL Cell-center user to DL Cell-edge user

The received signal at the cell edge user is given by

Lrag ety

Yusa = Purylriuza T7ulug7‘,u2d ®Tg7“,u1u‘ru1u

2

+ \/ Pbll:,:ll;{gdgr,um O,g,- Z VT, + Luyy + Mgy

i=1
(30)
where I,,, = pu2ul;;n2dl;g;ugr,u2d Or8r.us, Lus, - Similarly,

the achievable rate of the DL cell edge user can be expressed
by

Puiy Quga
R,, = T.log (1 +
2 Pusy Duzd + 0.121«241
P, A,
+ b 2d 5 > , 31
Pb1 Aum + Pus., Du2d + Ousg

— ]—m —m
Where au2d - lr,ugdlr,ulu |gT,u2d @Tgr7u1u

Theorem 6. The ergodic rate of the DL cell-edge user in pas-
sive STAR-RIS-aided FD bidirectional communication under
Rician fading channels can be calculated by

R. = min (Ry,,, Ry, ) (32)
where
R,, =~ 1. logy | 1+ _ Py, 5
PuzuY2u,, + Tltza
Py, 1,
+ 2 2d 5 , (33)
Pb1x1u2d +pu2uy2u2d t Oy

are
w2d

and R,,, = E[Ry,,] is given in (18), Ty Yluy, s Y2
defined in (12)-(14).

Proof: The proof is based on the analysis in Appendix B.
|

V. DISCUSSION

From the ergodic rate expressions provided in the Theorems,
and the asymptotic expressions in presented in the remarks we
can observe the following insights. The DL and UL ergodic
rates depend essentially on the network geometry, i.e., the
radius of the cell center and cell edge areas, the locations of
the BS, STAR-RIS and the users, the transmit powers, and
number of the STAR-RIS elements. Therefore, for a given
network topology, the DL and UL performance is highly
related to the STAR-RIS amplitudes and the phase shifts, the
transmit powers, and the system impairments, i.e., SIC error
and the self interference. From Theorems 1 and 2, the DL
performance depends essentially on the BS transmit power, P,
and the STAR-RIS elements. Thus the DL performance can be
enhanced by increasing the BS transmit power and/or number
of STAR-RIS units. However, number of STAR-RIS elements
has an impact on both the desired signal and the interference,
e.g., the nominator and denominator of the SINRs, and thus the
STAR-RIS elements should be optimized properly to enhance
the DL achievable rates. In addition, the DL ergodic rates
degrade with increasing the UL users power and the SIC errors.
From Theorems 3 and 4, the UL performance depends on the
user transmit power, and the STAR-RIS elements. Similarly
as in the DL, the UL users power and number of STAR-RIS
elements has an impact on both the desired signal and the
interference, and thus these parameters should be optimized to
enhance the UL performance. In addition, the UL ergodic rates
degrade with increasing the BS transmit power and the self
interference at the BS. Similar observations can be extracted
from Theorems 5 and 6 in the bidirectional scenario.

In summary, from both scenarios we can conclude that, the
optimal STAR-RIS design plays a crucial role in achieving
high data rates. In addition, as it is commonly observed in FD
communications, higher transmit power generally leads to a
stronger signal quality. However, increasing the transmit power
can also potentially result in higher interference levels. Thus,
the transmit power levels should also be adjusted to optimize
the DL and UL performance. Based on these observations, the
optimal system design will be investigated in the next Section.

VI. SYSTEMS DESIGN

As we can notice from the previous sections, the ergodic rates
are function of the STAR-RIS amplitudes and phase shifts and
the UL and DL transmit powers. Therefore, these parameters
can be optimized to maximize the total weighted sum rate.
Accordingly, the optimization problem for both scenarios can
be formulated as



max f (6, p, p)
p.0.p

2
(Cl) s.t Z Pui + Po; < Py puy,, =2 0,5, >0
i=1
(02) Ruld—>u2d 2 Ruzd
(0'3) RuZd > Rdth7Ru2u 2 Rum
(C.4) (0h)%+ (p4)* =1,¥n € N
(C.5) ph>0,|65 =1,Yyne N (34)
2 _ _
where  f (6, p,p) =3 (widRuM + meuw), and
_ =1 _
f0,p,p) = wu. Ry + wy Ry, for the bidirectional

communication scenario, 8 = [01,0"], p = [p'p"],
P = [PuysPuss Poys Po,]”, and P, is the total transmission
power P, = 7P, + (1 —7) Py, Py = puy +Dus», 0< 7 < 1, w;
are the weighting factors, which signify the priority assigned to
each user. The first constraint (C.1) upper bounds the network
transmit power, where the transmit powers are larger than zero,
while the second constraint (C.2) provides the fundamental
condition for the implementation of SIC>. The third constraint
(C.3) is required to provide a fair power allocation scheme for
the cell-edge users. The last two constraints (C.4) and (C.5)
for the amplitude and phase shift on each STAR-RIS element.
It is extremely difficult to find a solution for the problem due
to its non convexity in nature. However, the main problem
can be divided into two sub-problems: 1) Fix p and optimize
p, 0 to maximize the sum rate, 2) Fix p,# and reformulate the
problem to optimize p.

A. Simultaneous Amplitudes And Phase-Shifts Optimization

For a given power transmission, the main problem can be
simplified into a sub-problem to maximize the sum rate with
the amplitudes and phase-shifts as follows

max f (6, p)
p.,0
st (pn)? + ()" = 1,Vn € N,
pk > 0,]05] =1,vn € N, (35)

The two optimization variables in (35) with the non-
convexity make the problem hard to solve. However, the
projected gradient ascent method (PGAM), can be applied
to obtain the optimal amplitudes and the phase shifts si-
multaneously. To apply the PGAM, we denote, & =
{Ht e CNxL gr e CN*1|97| = |0t = 1}, and

Q= {p'p" € CV1|(ph) + (pf) = 1.pf 2 0}.

Then, we compute the gradients of f(6,p) with with re-
spect to 0, Vof (6, p"), and p, V,f (6°,p"). Next the RIS
phases and amplitudes are updated at each iteration using
the following expressions, 67! = (67 + ; Vo f (6", p')) and
Pt = (p' + iV, f (0%, p')), where p; and cyu; correspond
to the step sizes. Then we project them onto ® and @. The
overall algorithm is summarized in Algorithm 1.

3In UL the BS is the receiver, thus it can achieve SIC in any users order.

Algorithm 1 Optimization Algorithm.

Input: Given a tolerance € > 0 and the maximum number of
iterations L. Initialize p(°), and 6(°) . Set step size p = 0.5.
for : =0 to L do

Evaluate:  f (0%, p®)), then  Vgf (09,p®),  and
Y, (00),p0)
Update: 6°t' = (0" +puVyf (0',p")) and pitt =

(p' +auV,f (6, p))
Evaluate: f (90+1) pli+1)
Until Convergence: f (90+1), pli+D)) — £ (9, p()) < e

1) Sub-optimal Design: The phase shifts and amplitude co-

efficients can be obtained based on the ergodic rate expressions
and the cell-edge users channels as follows. The cell-edge users
have higher preference in the STAR-RIS design, thus as an
efficient simple design, the phase shifts of the elements, 0"
and 0!, can be aligned to the cell-edge users channels. Hence,
the phase shifts can be presented in terms of the BS-RIS and
RIS-user channels as, ¢F = —277% (Tntbusy T Ynlbus ) s k €
{t,r} where ty,, = singj, singp, —singp,  singf,
and ly,, = cosyp, —cosyy, . while ©F . @7 denote the
azimuth and elevation angles of arrival (AoA) from node z
to node y, A is the wavelength, d is the elements spacing,
and x, = (n—1) modv/N, y, = "—\/_Nl Then, the amplitude
coefficients p”, and pf, can be calculated from the ergodic rate
expressions in Theorems 2 and 4 according to the required data
rates at cell-edge users.
For the bidirectional communication scenario,the total SINR
is a combination of two parts, v = 1 + 72, where v; is
the SINR due to user-RIS-user link, and 7, is the SINR
for BS-RIS-user link. As a sub-optimal design, the STAR-
RIS can be designed based on the maximum SINR, i.e.,
max (y1,72). In case 77 is the maximum SINR the phase
shifts can be aligned to the user-RIS-user channels as, (bﬁ =
—271'% (a:ntulfwm + ynlu1E7U2k), and in case 79 is the maxi-
mum SINR, the phase shifts can be aligned to the BS-RIS-user
channels as, ¢f = =274 (z,th 00 + Ynlb,usy)-

B. Power Allocation

The optimal values of the transmission powers can be
obtained by reformulating the problem in (35) as

2
s.t Zpuiu+Pbi SPtapuiu ZOani >0
=1

Ruldﬂuzd 2 RuZd

Ruyy 2 Rayys Ruy, 2 R (36)

U2d Uth *

This problem can be solved optimally by applying several
schemes such as monotonic optimization, and block coordinate
descent (BCD) iterative algorithms as explained in [41], [42],
the details are omitted here due to paucity of space. Addition-
ally in this work, based on the derived ergodic rate expressions
we present a simple and efficient power allocation scheme.



1) Sub-optimal Design: The DL and UL power transmission
can be obtained by solving simple equations as follows. The
transmission power for the cell-edge users p,,,, and P, can be
obtained by satisfying the last fairness constraint with equahty,
e.g., Ry,, = Ra,,, Ru,, = Ry,, where R,,, and R,,, ar
presented in Theorems 2 and 4, respectively. Also, P, can be
found by achieving the required SIC condition Ruiysuny =

(pUZu + Z Pb

these equations together, we can find the DL and UL power
values as

Rg,,, and hence p,,, = P — . Considering

Py,

y2“2u

ai—eiRay, —eila,), Ruy,

Tlug,,

where b; = Ci =
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Proof: The proof is provided in Appendix D in [36]. ®

VII. NUMERICAL RESULTS

In this section, we present simulation and numerical results
to validate our analysis, and to examine the effects of different
parameters on the overall system performance. The radius of
the cell-center region is R = 50m, while the radius of the cell-
edge region is %, = 30m. For simplicity, the transmit SNR is
defined as § = %, the Rician factors are 3, 5 = 0.001, A = 0.1,
w = 0.8 and the path loss exponent is m = 2.7. Number of
RIS elements N = 20, number of users is K.=K., =6 [15],
[43]. In addition, it is assumed that the overhead of the pilot
is negligible compared to the amount of the transmitted data,
e.g., e > 7, [44].

UL celenter user

DL celcenter user

Ergodic Rate (bits/s/Hz)
Ergodic Rate (bits/s/Hz)

’
e

—utcelledge

e
20 25 30 35 40 45 50 20 25 20 35
' (dB) 7 (@B)

(a) Ergodic rates versus transmit SNR#,(b) Ergodic rates versus transmit SNR¥,

for NOMA with optimal phase shifts. ~ for NOMA with random phase shifts.

s 5
a5 45

4 / 4
UL cell-center user,

UL cell-center user_,
N

)

Ergodic Rate (bits/s/Hz)

N
UL geledge user

2 2 30 35 40 45 50 25 30 35 P 45
¥ (@8) + (d8)

(c) Ergodic rates versus transmit SNR#¥,(d) Ergodic rates versus transmit SNR¥,
for OMA with random phase shifts OMA.

for OMA with optimal phase shifts.

Figure 2: Ergodic rates versus transmit SNR,7, for NOMA and
OMA schemes with different phase shifts.

Firstly in Fig. 2 we illustrate the ergodic rates versus the
transmit SNR, #. In Fig. 2a and Fig. 2b we show the achievable
rates for NOMA pairing scheme using optimal phase shifts and
random phase shifts respectively. It is evident from these figures
that the analytical and simulation results are in good agreement,
which confirms the accuracy of the analysis. It is also clear that
the ergodic rates are enhanced with an increase in the transmit
SNR for both scenarios. In addition, it can be observed that
the ergodic rates of the edge users utilizing the optimal phase
shifts are higher than those utilizing random phase shifts. On
the other hand, the performance of the cell-center users does
not depend essentially on the STAR-RIS phase shifts. It has
been also noted that 80% of the total power has been allocated
to the DL transmission, while 20% to the UL. This is due to the
impact of the interference power at the DL users. Additionally
and for sake of comparison in Fig. 2c and Fig. 2d we plot the
achievable rates for OMA scheme using optimal and random
phase shifts, respectively. The results of the two schemes
confirm the superiority of NOMA over conventional OMA
technique in STAR-RIS assisted FD communication systems.

To demonstrate the impact of the system impairments on the
users performance, in Fig. 3 we plot the ergodic rates versus the
transmit SNR, 7, for different values of the SIC error factor, and
the variance of the residual self interference. Specifically, Fig.
3a depicts the impact of the imperfect SIC on the achievable
rates, while Fig. 3b investigates the impact of imperfect self
interference suppression, SIS, at the BS. Comparing Fig. 3a
and Fig. 2a, it can be noted that the imperfect SIC results
in degrading the ergodic rates of the DL cell center user and
the UL cell edge user, as their performance rely on the SIC
detection scheme. In addition, from Figs. 3b and Fig. 2a we
can see that, the performance of the UL users degrade greatly
as the variance of the residual self interference rises.
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when SIC error Z = 0.01 . when 8 =1, =0.1.

Figure 3: Ergodic rates versus transmit SNR 4 with SIC error
and self interference.

Furthermore, in Fig. 4, we depict the ergodic rates and sum-
rates versus number of STAR-RIS elements, NV, for different
edge users’ target rates, when 4 = 40 dB. Fig 4a represents
the high data rate requirement (case I), and Fig 4b represents
the low data rate requirement (case II). Firstly, in general,
increasing number of the STAR-RIS elements /N enhances the
ergodic rates of the edge users, while the performance of the
cell center users is dominant by the direct links between the
BS and the users, and their achievable rates almost fixed with
N. Having a closer look at these results, one can observe that,
when the data rate requirements of the edge users are relatively
high as in case I, more power will be allocated to the edge users
and less power to the cell-center users and as a result the total
sum rate will be relatively low as shown in Fig. 4c. On the
other hand, when the data rate requirements of the edge users
are relatively low as in case II, more power will be allocated
to the cell-center users and this leads to increase the total sum
rates as explained in Fig. 4c.

To explain clearly the impact of the power allocation between
the UL and DL transmissions on the total sum-rate, in Fig.
5 we plot the ergodic sum-rate versus the power allocation
coefficient, 7, for two different values of the maximum target
rate at the DL edge user 6 bits/s/Hz and 3 bits/s/Hz, when
P, = 50 dBW. Notably and as expected, when the target rate is
high (6 bits/s/Hz) more power will be allocated to the DL edge
user, and less power allocated to the DL cell center user. As a
result, the DL sum rate will be small and the total sum rate will
be dominated by the UL sum rate. For instance, when 7 = 0 all
power is allocated to the UL transmission and the achievable
sum rate is around 25.6 bits/s/Hz, while when 7 = 1 the all
power is allocated to the DL transmission and the achievable
sum rate is around 20.4 bits/s/Hz, and the optimal 7 is 0.2. On
the other hand, if the target rate at the DL cell edge user is small
(3 bits/s/Hz) more power can be allocated to the DL cell center
user. Thus, the DL sum rate will be high and the total sum rate
will be dominant by both UL and DL. For instance, when 7 = 1
the achievable sum rate is now around 27.3 bits/s/Hz, and the
optimal 7 in this case is around 0.65.

Moreover, in Fig. 6 we plot the achievable rates of the
bidirectional communication scenario against number of the
STAR-RIS elements, N, for the ideal case (= = 0, V = 0),
imperfect SIC (£ = 0.5 ) and imperfect SIS (V = 1.25)
schemes, when vy = 40 dB. The ergodic rates of the cell-center

(a) Ergodic rates versus number of STAR-
RIS elements N , case 1.

Ergodic Rate (bits/s/Hz)

: DL celledge user
N Usgnuer_
e, prededgun
s 10 15 2 2 P - -
N

(b) Ergodic rates versus number of STAR-
RIS elements NN, case II.

16

,
e

Ergodic Sum Rate (b

(c) Ergodic sum rates versus number of
STAR-RIS elements N.

Figure 4: Ergodic rates versus number of STAR-RIS elements
N for different system design.

Ergodic Sum Rate (bits/s/Hz)

4Ry, =6bits/sHz

<Ry, =3 bitISIHz

Figure 5: Ergodic sum-rates versus power allocation coefficient.

user and cell-edge user enhance with increasing number of the
STAR-RIS units. However, the performance of the cell-center
user degrades significantly when the interference cancellation
schemes, SIC and SIS, are imperfect/unideal which is not the
case for the cell-edge user.

Fig. 7, illustrates the ergodic rates of the bidirectional com-
munication versus the transmit SNR, 4. In these results, the
required data rate of the edge user is higher than that in Fig.
6, thus high power has been allocated to the edge user at the
expense of the cell-center user. As expected, from Fig. 7, the
achievable rates of both users can be improved significantly by
increasing the transmit SNR.
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Figure 6: Ergodic rates of the bidirectional communication
versus number of STAR-RIS elements V.
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Figure 7: Ergodic rates of the bidirectional communication
versus transmit SNR #.

Finally, to investigate the impact of the power allocation
on the achievable rates of the bidirectional communication,
in Fig. 8 we plot the ergodic rates versus the power al-
location coefficient, 7, for different cases, case I: p,,
Du, = 05P,, P, = 01F, P, = 095, case I: p,, =
Puy, = 0.5P,, P, = 04P,, P, = 0.6F, and case III:
Puy = 0.6,pu2 = 0.4Pu,Pb1 = 0.1Pb,Pb2 = 0.9Pb, when
P, = 40 dBW. From these results, we can notice that the
performance of the DL cell-edge user is sensitive to the DL
power where increasing the power allocated to the DL cell-
edge user at the BS enhances the achievable rate at the user.
On the other side, the cell-center user is more sensitive to the
UL power and reducing the power allocated to the UL cell-edge
user degrades the data rate. Interestingly enough, for each user,
there exists an optimal power allocation coefficient. The DL
cell-center user reaches the optimal performance with a small
value of 7, e.g., high power allocated to the UL transmission,
while the DL cell-edge user achieves the optimal performance
with a high value of 7, e.g., high power allocated to the DL
transmission.

Ergodic Rate (bits/s/Hz)

0
0 01 02 03 04 05 06 07 08 09 1

Figure 8: Ergodic rates of the bidirectional communication
versus power allocation coefficient.
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VIII. CONCLUSIONS

This study investigated a STAR-RIS-assisted FD commu-
nication system, with the STAR-RIS deployed at the cell-
edge to support cell-edge users. We applied a NOMA pairing
scheme and derived closed-form expressions for the ergodic
rates. Additionally, our analysis was extended to encompass
bidirectional communication between cell-center and cell-edge
users. Furthermore, we formulated and solved an optimization
problem aimed at maximizing the achievable sum-rate by
determining the optimal STAR-RIS design and power allocation
scheme. The results demonstrated that increasing the transmit-
ted SNR enhances achievable rates, and using a large number
of STAR-RIS elements improves cell-edge user performance.
Additionally, we observed that imperfect SIC degrades the
achievable rates of the DL cell-center user and the UL cell-
edge user, while imperfect SIS significantly impacts UL user
performance.

APPENDIX A

By using Jensen inequality, the ergodic rate can be approx-
imated as & [Ry,,] = logy (1 + & {Vu,,})-
1- The average of the first term
Auy,,, can be calculated, after

expectation as€ {Au,, }

5 {lr uld} & {|gr md@gb r| }
£ {lb—;’jd B r} = &{i;,}. The probability density
function (PDF) of the strong user at distance r relative to the
BS is f4(r) = %5 [45]. Thus we can get,
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The second expectation, considering the distribution of the
distance between a fixed point outside a circle and a random
point inside the circle in [46], we can write
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where r; and H; are the j*" zero and the weighting factor of the
Laguerre polynomials, respectively [47]. The last expectation
can be written after removing the zero expectation terms as in
(43).

Now, the first term in (43) is
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where F(.) is Hypergeometric function. The second expec-

tation, E{ZT uld} is derived in (41) and (42). We can find
& {lr m }and 5{
as in (41) and (43).

3- The average of the term D,,, can be calculated by
E{Duld} _g{lruQH}g{lruld}g |gru1d®g7“u2u| } e
PDF of the weak user at radius 7, relative to the RIS is
fa (rr) = 25 [45]. Thus, we can get

(49)

2. .1.98, 1. |2} by following similar steps

£ 2(1+R,)"
Tuzu (m—2) (m —1) R?
x (~1+R2+mR, (1+R,)+(1+R)") (50
R is derived in (41) and (42), and

éo{ gmlngmQu’Q} can be found by following similar
steps as in (43).
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