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Abstract—Full duplex (FD) radio has attracted extensive atten-
tion due to its co-time and co-frequency transceiving capability.
However, the potential gain brought by FD radios is closely re-
lated to the management of self-interference (SI), which imposes
high or even stringent requirements on SI cancellation (SIC) tech-
niques. When the FD deployment evolves into next-generation
mobile networking, the SI problem becomes more complicated,
significantly limiting its potential gains. In this paper, we conceive
a multi-cell FD networking scheme by deploying a reconfigurable
intelligent surface (RIS) at the cell boundary to configure the
radio environment proactively. To achieve the full potential of the
system, we aim to maximize the sum rate (SR) of multiple cells by
jointly optimizing the transmit precoding (TPC) matrices at FD
base stations (BSs) and users and the phase shift matrix at RIS.
Since the original problem is non-convex, we reformulate and
decouple it into a pair of subproblems by utilizing the relationship
between the SR and minimum mean square error (MMSE). The
optimal solutions of TPC matrices are obtained in closed form,
while both complex circle manifold (CCM) and successive convex
approximation (SCA) based algorithms are developed to resolve
the phase shift matrix suboptimally. Our simulation results show
that introducing an RIS into an FD networking system not
only improves the overall SR significantly but also enhances
the cell edge performance prominently. More importantly, we
validate that the RIS deployment with optimized phase shifts
can reduce the requirement for SIC and the number of BS
antennas, which further reduces the hardware cost and power
consumption, especially with a sufficient number of reflecting
elements. As a result, the utilization of an RIS enables the
originally cumbersome FD networking system to become efficient
and practical.

Index Terms—TFull-duplex (FD), mobile networking, recon-
figurable intelligent surface (RIS), self-interference cancellation
(SIC), sum rate (SR).
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HE ongoing explosive growth of data-hungry applications

puts forward ultimate requirements for wireless commu-
nications. However, with limited spectrum resources, improv-
ing the communication rate through legacy half-duplex (HD)
communications is quite difficult. To address this limitation,
the community has turned its attention to several emerging
technologies, such as millimeter wave (mmWave) communi-
cations, massive multiple-input multiple-output (MIMO), and
full duplex (FD) communications [1]. Among these, con-
sidering the appealing spectral efficiency (SE) and the co-
time co-frequency transceiving capability compared to its HD
counterpart, FD has attracted significant attention in the hope
of achieving its full potential.

Different from the HD mode, in FD communications, two
or more terminals can exchange information over the same
frequency band simultaneously. Therefore, in theory, FD radio
has the potential to double the SE [2], [3]. However, the
mechanism of allocating transmit and receive signals in co-
frequency and co-time inevitably introduces serious interfer-
ence problems. Among them, the most impactful one is the
self-interference (SI) from transmit to receive antennas, which
is far stronger than the received signal. The uplink (UL) rate
will suffer quite a loss if the SI is not eliminated sufficiently.
Consequently, significant research efforts have been devoted
to SI cancellation (SIC) techniques [4], [S], which advanced
the practicability of FD deployment, especially in single-cell
communications [6], [7].

Nevertheless, when the mobile deployment evolves into
next-generation FD networking, the receivers will suffer from
more additional interference, not only from their own trans-
mitters, but also from the neighboring cells, which greatly
limits the potential gains of using FD technology [8]. To
cope with the complex radio environment in networking, active
beamforming with antenna arrays is often proposed to apply a
directional beam and align the signal to the intended receiver
[9]. However, to further improve the system performance,
more antennas and radio frequency (RF) chains are needed,
requiring sophisticated signal processing techniques and fur-
ther resulting in lower energy efficiency (EE) and higher
hardware cost. Although hybrid beamforming can be applied
to reduce the RF chain cost, this still incurs high complexity to
avoid performance erosion. Therefore, the application of FD
radios in wireless networking remains problematic due to the
aforementioned issues.

With the revolution in micro-electrical-mechanical system
and programmable meta-materials, reconfigurable intelligent
surfaces (RISs) have latterly received extensive attention as



they can improve both SE and EE at low cost [10]. Specifi-
cally, an RIS comprises an array of nearly passive reflecting
elements, each of which can independently apply a phase
shift to an incident signal, and thus a favorable channel can
be designed for wireless transmission. By carefully adjusting
the phase shift matrix of an RIS, the reflected link can be
superimposed constructively at the desired receiver or added
deconstructively at unintended terminals. Hence, some recent
studies have incorporated RISs into wireless communication
systems to eliminate serious interference and demonstrated
its effectiveness in applications such as FD bi-directional
communication systems [11], unmanned aerial vehicles (UAV)
aided communications [12], integrated sensing and communi-
cations (ISAC) [13], and wireless edge caching [14]. Thus, RIS
technology has the potential to provide efficient solutions for
interference limited systems by shaping wireless propagation
environments proactively, which may serve as a feasible way
to improve FD networking systems. To reap the benefits of
using an RIS, the phase shift matrix of the RIS should be
properly optimized along with the active beamforming at FD
transceivers.

B. Related Works

1) FD in Wireless Networks: Because of the leaky signal
from the transmit antennas to the receive ones, SIC is a
pivotal technique in FD deployment [15]-[18]. In [15] the
authors reviewed the existing SI reduction techniques, and
validated the attenuation level through hardware prototype. An
optical domain (OD)-based analog SIC was studied in [16] to
reduce both the space and cost. In [17], a truncated singular
value decomposition (TSVD)-based digital SIC method was
explored by Islam et al., focusing on the leading terms of resid-
ual SI, thus reducing the estimated parameters. In [18], the
authors introduced a hybrid beamforming method to prevent
residual SI signals from saturating under hardware conditions.
Inspired by the substantial SE gain brought by FD radios, there
exist a large number of works investigating the interaction
between FD with other emerging technologies, e.g., UAVs
[19], wireless edge caching [20], backscatter communication
[21], wireless powered communication network (WPCN) [22],
and ISAC [23]. Specifically, Zhu et al. [19] proposed to deploy
an FD-UAV relay with large antenna arrays to enhance the
mmWave channels. In [20], FD relaying was merged into the
content hitting and retrieving procedures. The derived success-
ful probability validated that FD benefits the wireless caching
systems under a certain degree of SIC capability. Jafari et al.
[21] investigated the optimal time and energy allocation to
maximize the sum throughput in an FD cognitive backscatter
communication network. In [22], the authors studied transmit
beamforming and receive combing at the FD access point,
as well as user equipments (UEs) scheduling in WPCN to
overcome the doubly near-far effect. Furthermore, Xiao et al.
[23] applied FD radios to ISAC by fully utilizing the waiting
time of the conventional pulse radar to transmit the commu-
nication signal. It was validated that, when the SIC is greater
than a threshold, the communication and sensing performance
are both improved. From the above mentioned works, we

deduce that the potential gain brought by FD radios is
closely related to the SI management, which imposes high
or even severe requirements on SIC capabilities.

In addition to SI, there also exists other interference brought
by FD radios waiting to be tackled. Typically, there are a
number of works that study the FD operation in a single cell
(see [6], [24], [25]). When the FD technique is employed in
a more practical deployment, typically in a multi-cell multi-
user network, it would face a much more complicated radio
environment. Explicitly, the inter-cell interference becomes
prominent in an FD cellular network. To cope with this issue,
many prior works have been carried out for exploration [1],
[9], [26]-[30]. In [1], the authors designed the beamforming
at FD BSs and HD users (evolve to FD terminals in [27]) to
suppress both intra-cell and inter-cell interference in a multi-
small-cell network. Bai et al. [9] characterized the ergodic
rate performance for the multi-cell FD network, and showed
the double gain brought by FD when the number of BS
antennas goes infinite. Zou et al. [26] proposed coordinated
beamforming at FD BSs to cope with BS-BS interference,
while UE-UE interference was suppressed by users’ schedul-
ing. However, beamforming armed with large antenna
arrays brings better interference management at a price of
complicated structure and high power consumption as well
as hardware cost. Alternatively, the authors in [28] proposed a
robust hybrid beamforming design for an FD mmWave multi-
cell system. However, it assumed perfect SIC, and required
the phase shifter with qualified quantization resolution. The
authors in [29] proposed a two-step hybrid beamforming
method to further eliminate the residual SI and compensate
for the SE loss, while it required all transceivers upgrade into
hybrid mode. Ma et al. [30] developed a prototype of the FD
networking system that applies distributed transmit and receive
antenna arrays at each FD BS to suppress the SI and BS-
BS interference. However, such bistatic deployment increases
the hardware cost, and the proposed two-step beamforming
design achieves limited performance. How to manage the
interference environment efficiently in FD networking
systems still remains to be explored.

2) RIS-Empowered Wireless Networks: From the perspec-
tive of RIS, quantities of work have been devoted to getting
the utmost out of it [31]-[36]. Due to the lack of signal
processing capability and abundant reflecting elements on RIS,
efficient channel estimation methods are required. Particularly,
in [31], one reference user with the FD functionality was
selected as an anchor point to estimate the common RIS-BS
channel, hence reducing the required training overhead. Zhang
et al. [32] assumed that several elements as a group share an
identical channel and utilized deep learning for estimation,
further lessening the overhead. Besides, the studies of [33]
and [34] explored the optimal orientation and location of RIS
to earn extra degrees of freedom and coverage extension,
respectively. On account of the twice large-scale fading in the
RIS-aided link, the authors in [35] proposed an active RIS
model, which is capable of amplifying the reflected incident
signal to resist the double path loss. Meanwhile, a group of
researches focused on integrating RIS into other emerging
topics [12], [13], [37]-[40]. The authors in [12] put forward



an RIS-aided FD UAV communication, using RIS to mitigate
the co-channel interference from the UL user, while regarding
the residual SI as noise. Wang et al. [13] designed an RIS-
assisted ISAC system to minimize the multi-user interference
(MUI). Zaghdoud et al. [37] proposed to heighten the jamming
signal transmitted by the FD device and the legitimate signal
for the intended receiver with the assistance of RIS. To reap
the benefits of both RIS and cooperative relay, the authors
in [38] proposed to apply them in a multi-user multiple-input
single-output (MISO) downlink (DL) system. It proved that
RIS could play its role more effectively with the existence
of a relay. The robustness of the RIS aided system was also
studied under imperfect channel state information (CSI) and
hardware impairments in [39] and [40], respectively.

Moreover, significant contributions have been devoted to
empowering the legacy wireless communication networks with
RIS [11], [36], [41]-[44]. A point-to-point RIS-aided com-
munication system with only a reflected link was studied in
[41], where two devices communicate in FD mode. It showed
that the proposed scheme could reduce up to two-thirds of
the transmit power compared to that operating in HD mode
when SIC is powerful enough. Further, the authors in [42]
considered direct and reflected links, where both continuous
and discrete phase shifts are optimized. Guo et al. [43] maxi-
mized the weighted sum rate (SR) of an RIS-aided multi-user
MISO DL communication system. A multi-user FD two-way
communication system was explored in [11], where the formu-
lated non-convex problem is first decoupled and then solved
by the block coordinate descent (BCD) and minorization-
maximization (MM) algorithms. However, the residual noise
resulting from the interference cancellation at FD transceivers
was simplified as pure additive white Gaussian noise (AWGN),
which fails to reflect the impact of SIC capability. Nguyen
et al. [36] studied a bidirectional FD communication system
with multiple RISs assisted. Their analytical outage probability
and ergodic capacity results showed that the impact of SI
can be reduced by enlarging the size of RISs. Unlike the
aforementioned works considering one single cell, the study
of [44] designed a multi-cell RIS-aided HD communication
network, which takes intra- and inter-cell interference into
full consideration for the DL data transmission. However, the
UL rate will suffer quite a loss due to the severe BS-BS
interference. At the time of writing, there is a paucity of
results on the utilization of RIS to the sophisticated multi-
cell FD networking system.

C. Contributions and Organizations

Against this background, our main contributions in this

paper are three-fold:

« Firstly, this is an early exploration of empowering a multi-
cell FD networking system with the assistance of RIS.
The problem of maximizing the SR of all cells is for-
mulated to optimize both active beamforming at FD BSs
and HD users and passive beamforming at RIS, subject
to the power budget and unit modulus constraints. The
formulated problem cannot be solved straightforwardly,
since the transmit precoding (TPC) matrices and the
phase shift matrix are highly coupled.

Communication link
Interference link
Reflected link

UL users DL users

Fig. 1: The proposed RIS-aided multi-user multi-cell FD
mobile networking system.

o Secondly, we decouple the original objective function
(OF) by exploiting the relationship between SR and
minimum mean square error (MMSE), and then optimize
the TPC matrices and phase shifts in a BCD manner.
Given the fixed phase shift matrix, the optimal solutions
for TPC matrices are derived in closed form through La-
grangian multiplier method and the bisection search. For
the phase shift optimization, we develop a complex circle
manifold (CCM) and a successive convex approximation
(SCA)-based method to obtain the suboptimal solution,
respectively, where the latter is validated to have low
complexity.

« Finally, we present numerical validations and evaluations.
It is shown that the RIS-empowered FD scheme could
achieve the same performance with a much moderate SIC
capability as the scheme without RIS whilst requiring
stringent SIC. Meanwhile, the proposed scheme achieves
prominent cell-edge performance enhancement and can
decrease the antenna array size at BS transceivers, es-
pecially with a sufficient number of reflecting elements.
All these observations validate that deploying RIS can
promote FD radios to evolve into mobile networking
efficiently.

Again, instead of simply applying RIS to FD radios, we
intrinsically harness the potential provided by RIS to promote
the practical deployment of FD networking. The rest of this
treatise is organized as follows. Section II presents the system
model and optimization problem for RIS empowered FD
networking. Next, Section III discusses the design of TPC
matrices at FD BSs, while Section IV provides a pair of
algorithms to optimize the phase shifts. Simulation results
and discussions are provided in Section V. Finally, Section
VI draws a conclusion. The most frequent notations are listed
here for convenience.

Notations: Uppercase and lowercase bold-faced letters indi-
cate matrices and vectors, respectively. A € CM*N denotes
a complex-element matrix with dimensions M x N. Iy rep-
resents the N x N dimensional identity matrix. Let AT AT
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Fig. 2: An illustration of the RIS-aided FD communication
system between two cells.

and A* refer to the Hermitian, transpose and conjugate of the
matrix A, respectively. The Hadamard product is denoted by
©®. Tr (-) and det (+) are the trace and determinant operators of
a complex argument, respectively. Symbol diag(-) denotes the
diagonalization operation. The expectation and real part of a
complex matrix are denoted by E [A] and Re(A), respectively.
For a complex scalar, |a| denotes the absolute value of a. For
a vector, the Euclidean norm is denoted as ||al|,. For a matrix,
[A]; ; denote the ith diagonal element of matrix A. Finally,
z~CN (u, 02) indicates that the random variable = obeys a
complex Gaussian distribution with mean y and variance o2.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

As shown in Fig. 1, we conceive a multi-user multi-cell
FD networking system empowered by RISs, where each cell
includes one BS, multiple UL and DL users. The BS and users
are assumed to operate in the FD and HD modes, respectively.
On the edge of cells, we deploy RISs with sufficient passive
reflecting elements. The seminal idea of the conceived system
is to configure the phase shifts at RISs and precoding at
BSs and user transceivers to provide a favorable wireless
environment for transmissions. Particularly, we assume that in
the networking system, each BS is equipped with M/§ transmit
and My receive antennas, while all users are equipped with
M}, transmit and MAf{; receive antennas, respectively. Each
RIS has M passive reflecting elements. Clearly, the radio
environment of the considered system is complicated, due to
the coexistence of multiple direct and reflected links as well
as various intra- and inter-cell interference.

To have a close look, Fig. 2 depicts a two-cells FD system
with one RIS deployed.! To improve the receiving perfor-

'In the following, we investigate the system with multiple FD cells and
one RIS plane, in the hope of gaining insights on the feasibility firstly. The
overall design for the scheme with multiple RIS planes would be left for
future discussions.

mance, we aim to adjust the phase shift matrix at RIS and
the TPC matrices at BSs and users jointly to configure the
wireless environments proactively. Specifically, we consider
there are L cells, where each cell has K¢ DL users and K*
UL users. For simplicity, we use d and u as superscript to
indicate the DL and UL users, respectively, and denote a set
= {u, d}. Hence k} implies the kth DL or UL user in the

Ith cell, where v € V and | € {1,---,L} 2. Specifically,
the signal transmitted to the k{'th DL user from the /th BS is
given by

Xpp = FraSpa, (1

where Spd € Cbe*1 denotes the (bg)-dimensional symbol
vector with unit power transmitted by the /th BS to the kldth
DL user, and Fja € CMp %ba s the corresponding TPC
matrix, meeting the constraint of the maximum power budget
Pp at the BS side as follow

K
S T (Fy Bl ) < Po. @)
k=1

Similarly, the transmit signal of the k;‘th UL user is given by

Xpp = Frp Sgyps 3)

where s;.. € Cb= *! denotes the data symbol vector with unit
power, transmitted by the k;'th UL user to the /th BS, and
Fy is the related TPC matrix, meeting the following power
constraint

Tr (Fyy FfL) < Pu- “

Besides, we define the configuration of the mth reflecting
element on RIS as ¢,, = e/, where 0,, € [0,27) is
the corresponding phase shift, and m € {1,---,M} =
M. Hence, the conﬁTguration vector of RIS is ¢ =
[1,° ,¢@m, -+ ,pm] , which can be expressed equivalently
in a matrix form as ® = diag (¢). For convenience, all end-
to-end wireless channels are denoted as H,ccei trans. The first
subscript represents the receiver, while the second one indi-
cates the transmitter. Particularly, the baseband channels from
the jth BS to the k{'th DL user and the [th BS are denoted by
Hyq; € CMi % Mp and H, ; € CM5 % Mb | respectively. The
channels from the £;*th UL user to the jth BS and i;lth DL user
are denoted by Hy € CM5 * Mo and Hj o € CMG * Mg,
respectively. The channels from the RIS to the /th BS and
Igfth DL user, from the /th BS and k;'th UL user to the
RIS are denoted by Gip € CMs*M Gjir € CMi xM

Gr, € CM*Ms_ and Gryr € CMxMp | regpectively. We
assume that the CSI of all channels has been obtained at BSs.?
These BSs calculate the optimal phase matrix cooperatively
and send it to the controller of RIS.

2Though it is challenging to acquire the perfect CST knowledge considering
the abundant reflecting elements, existing works have proposed some practical
low-complexity schemes to provide qualified CSI estimation with applicable
pilot overheads (see [31] and [32] for more details). Besides, our proposed
scheme with full CSI can provide a performance upper bound for realistic
scenarios and robust designs.



Explicitly, the signal received at the [th BS is given by
Yi= (Hige + GLr® GRroy) Xpp

desired signal
K
+ E (Hiir + GLr ® Grip) X1

=1
i#k

intra—cell interference from uplink
L Kj
+ Z Z (Hl,i}‘ +Gir® GR,Z‘;) Xy
j=1 i=1
il (5)

inter—cell interference from neighbor UL users

K7
+1/P (Hii+Gir ® Gra) Z X

i=1

self —interference

d
Kj

(Hl,j +G.r® GR,j) szf +n;,
=1

+

oL,
10 Mh
~ =

inter—cell interference from neighbor BSs

where p;; > 1 is the SIC coefficient, and n; is the AWGN
vector following the distribution of CN (0,0’% I Mg)~ Simi-
larly, the signal received at the k{'th DL user is given by

Yia = (Hk;‘,l + G r® GR,Z) Xpd

desired signal
K7
+ (Hk,d,l +Grip® GRJ) E X;d
1=1
1#k

intra—cell interference from downlink

Kd

L J
+ Z (Hk;i,j + G r® GRJ)
j=1
J#l

inter—cell interference from neighbor BSs

Xi?
1

1=

u

l
+ (ka’,i? + Gy r ® GR,i}‘) Xiu
=1

intra—cell interference from uplink
L Kj
+ E E (Hkm? + ledﬂ ® GR,Z-;) Xiu +nk§i7

j=1 i=1
J#l

inter—cell interference from neighbor UL users

(6)
where nq denotes the AWGN at the user side and
obeys the distribution of CAN(0,07 Ip;).  From (5)
and (6) we can find that, the interference environment
confronted is complicated, which poses a great challenge
to improve the system performance. To simply the
e_xpressions, let us define kayj:Hkii_’jﬁ’szi’R@GR’j,
H;=Hi;+G.r®Gr;» Hiw=Hi +Gir®Gr, e

and Hyo ;o =Hpg ;o + Gyo g @GRy as the equivalent
channels correspondingly, which are the superposition of the
direct and reflected links. Consequently, y; can be rewritten
briefly as

L Kj L Kj
y, = Z pljjl H; ; Zsz Sid + ZH“; Fiy sy + 1,
j=1 i=1 j=1i=1
)
where coefficient p; ; is defined as
s it 5=
Pl 1, otherwise.

Similarly, Yja can be reformulated as

L Kj L K}
Yig = 2 gy D Fig g + 0 D Py iy Fiy oy + Mg
j=1 i=1 j=11i=1

®)

Then, the achievable data rate (bit/s/Hz) at the k;‘th UL user
is

Ry (F, ®) = logdet (Tyry + Fly Py FfL Hp Vi),
)
where F = {Fkld,,Fklu;Vk:,l} includes all UL and DL TPC
matrices, and

L Kj
— — H
Vig =) Y Higy Fiy FUH,
j=1 i=1 ’ '
(5,57k,1) (10)

L Kj
-1 13 HigH 2
+ Z Z P Hyj F;a Fja H,; +0opIng,
j=11i=1
represents the interference-plus-noise covariance matrix at the
k;'th UL user. Similarly, the achievable data rate at the kldth
DL user is given by

szi (F7 ‘1’) = logdet (IM{, + IjIk;i_’l Fk;i Fkal IjI]ij7l V,I;ldl) ,
(11)
where Ve is the interference-plus-noise covariance matrix at
the kj'th DL user and is given by

L K
f§ : 2 : " H 7l
Vkl = Hk,d,j Fi;i Fij Hk,é,j

j=1 i=1

(4,5#k,1)

L Kj
T HigH 2

DD g PP THyg o+ 07 Tagy

j=11i=1

(12)

B. Problem Formulation

To achieve the full potential of FD mobile networking, in
this paper, we aim to maximize the SR of all users and BSs by
jointly optimizing the overall TPC matrices F and the phase
shift configuration ® at RIS, subject to their corresponding



power budget and unit modulus constraint. Explicitly, the
overall problem is formulated as follows

L Kz L K
max ZZde (F,®)+> > Ry (F,®)  (13a)
=1 k=1 =1 k=1
st Tr (i Bk ) < Py kL (13b)
K
ST (P L) < PeL (13¢)
i F
0<6<2m, ¢ =1,Ym. (13d)

It can be observed that above problem is hard be solve for
the reason that the overall TPC matrices F' and the phase
shift matrix ® are deeply coupled, as shown in (9) and (11).
Additionally, the unit modulus constraint of the phase shift
matrix makes the feasible set of (13) non-convex. In the
following, we resort to a BCD-based method to address this
problem.

We make some reformulations with respect to the original
problem at first. Inspired by [45], we exploit the relationship
between the SR and MMSE to transform (13) into a more
tractable one. Particularly, upon introducing the decoding
matrices, the estimated signals of uplink and downlink are

respectively given by
ékz =Ugr ¥ ,§kd = de ykd . (14)

where Uy € Ct«* M5 and U € Chex M are the decoding
matrices for the UL and DL users, respectively. Therefore,
the mean square error (MSE) of the estimated signals are
expressed as

By = [(815 — ser) (e — i)

= (Upp Hige Frp —1,) (Upp Hygp Fir *Ibu)H
+ Ugp Vi Uk?,

H
Ekld =E |:(§kd 7Skzi> (§k21 7Skzi> :|

_ H
= (Uk'f Hk?,l Fk;] _Ibd,) (de kd 1 de Ibd,)

5)

(16)

We further introduce the weighting matrices W € Cbw > bu
and W € Cba % ba for the UL and DL users, respectively.
Then (9) and (11) are transformed into the following forms as
T (F, ®, Uy, Wy ) =logdet (W) — Tr (Wi Egp)
+ bu,
(17)
T <F, P, Uy, Wkii) =logdet (Wkii) —Tr (Wkld Ekii)
+ba -
(18)

Therefore, the original problem (13) can be transformed into

a more tractable one as follows

L K} L K

plax DD gt DD Tk (192)
=1 k=1 =1 k=1

s.t. Tr (Fk k) < Py VK1, (19b)
K
ST (R FL) <o L (19)
k=1
0<0<2m,|¢m| =1, Ym. (19d)

where U = {Uk;i,Uk;b;Vk,l} and W =

{Wk;i,WkLu;Vk,l}. We notice that the problem (19)
is equivalent to the original problem (13) since they have
the identical optimal solutions to F and ® [45, Theorem 1].
Furthermore, (19a) is a convex function for each group of the
variables. When all variables except Uy are fixed, we can
obtain the optimal solution of it directly. Similarly, we obtain
the optimal Ukld,, Wi and Wkld. Their solutions are shown
as below

T  H -

U = Fﬁt H, o {Hl,ki“ Fy FkHL Hy e + Vk‘i“} ;40
H" [f H gl -

Uy = Fk;fka.,l {kal,l Fyg Fkiinfi’l T Vkii} @D

Wi =B, Wiy =Eg. (22)
In the following, we focus on solving (19) with respect
to F and ® alternately, where other variables are obtained

according to (20)-(22).

III. TPC MATRICES OPTIMIZATION

In this section, we aim to optimize the overall TPC matrices
F, while fixing the other variables in (19). Specifically, by
substituting (15) and (16) into the OF of (19) and removing the
constant and irrelative terms, we obtain a new OF with respect
to F, where all {Fkld, Fy; VEk, l} are uncoupled. Explicitly,
the optimization problem with respect to the overall TPC
matrices F is given by

L K
. H —_—
Hiln E E (TI‘ (Fkld A Fkii) — 2ReTr (szi kaz Hk;i’l Fkii))

=1 k=1
L u
>

=1

A

(Tr Fk“ Aku Fk”) — 2ReTr (Wku Uk“ Hl k]u Fku))

b

=1

(23a)

st Tr (Fk; FkHlu) < Py kI, (23b)
K

(23¢)

S T (P Fri) < Po, V.
k=1



where

(24)

(25)

H
je Ul Wi Uy Hy e

+
Mt
ml

Obviously, (23) is a convex problem and can be solved
by using the mature CVX toolbox, though the computational
complexity may be high especially for a large antenna array
in a practical system design. To reduce the complexity, we
turn to a Lagrangian multiplier method to obtain a closed-
form solution. Specifically, denoting {\; > 0, \yx > 0;Vk, 1}
as the Lagrangian multipliers associated with the transmitted
power constraints, we get the Lagrangian function of (23) as

£(F ) =

(Tr( dAl ) — 2ReTr (Wk;i Ukii I:Ikzi,l Fk;i))

Il
—
£
Il
-

+
M=
)2

(Tl‘(FiIlu Akzm szl) — 2ReTr (szl UkzL ﬁl,kz‘ szL>>

Il
-
>
Il
—

+
M=
%

g (Tr(Ef Frp) - Po)
(ZTr( K Ffﬁ) —PB) ‘

By taking the derivative of (26) w.r.t. {F k> F k#} and setting
it to be zero, we obtain the optimal solution as a function of
Lagrangian multipliers as

Il
=
>
Il
N

HMh

(26)

71
Fre () = (At aLyy) G USW, @)

T H
Frp (M) = (Ak;‘ + iy IMg,) Hl’k;LUkHZL Wi . (28)

From (24) and (25) we can observe that all { A, Ax; Yk, [}
are complex symmetric matrices, each of them can be decom-
posed by the eigenvalue decomposition (ED) as A= QAQH
where Q is an orthogonal matrix satisfying QQH QH Q =
I, and A is a diagonal matrix with non-negative elements.
Therefore, the power constraints of {F e Fy } can be refor-
mulated as

ZTY( o () Fya (Az))

(29)
M [Zl]i,i

-1 ([Al]” + )\z) v

Fop (i) =Tr (FkHl (k) Fy (Mz“))

_ el [Zklu]i,i (30)
2
T ([Ask],, + )
where
K}
— H —_
Zi =Y Q' UL Wy Wi Uy B Qi G1)
k=1
p— H p—
Ly = Q;CHF H ) UkHiu Wi W,’:}C Upr Hy e Qpe. (32)

It can be proved that (29) and (30) are monotonically decreas-
ing functions with respect to their corresponding Lagrangian
multipliers, which can be solved through bisection search. For
the determination of multipliers’ upper bound, readers can
refer to [44]. Here we omit the details due to the page limit.

IV. PHASE SHIFT MATRIX OPTIMIZATION
In this section, we aim to obtain the optimal phase shift
matrix ® in (19). Specifically, substituting (15)-(16) into (19)
and removing the constant and irrelevant terms, we obtain the
phase shift optimization problem as follows

L K L K

min 303 Tr (Wi B ) + 2D T (Wig By) - G3
l k 1 k

st. 0<0<2m |¢m| =1, Vm, (33b)

By expanding the equivalent channel matrices and using the
following equations [46]

Tr (2"D®E) = ¢” (D © E7) ¢, (34)
Tr (C®") =g c, Tr (C" @) =c" ¢, (35)
we reformulate (33) into a simpler form as follows
min f (¢) =c"'¢ + ¢"c + ¢"=¢ (362)
st. |Pm|=1,Ym. (36b)

T
where ¢ = \[\[Ch,p ..... ) [C]M,M} , C and E are shown at the
bottom of the next page.

The problem (36) is still non-convex due to the unit modulus
constraint on each component of ¢. Next, we propose a pair
of methods to solve it, and compare their convergence and
complexity performance in Section V.

A. Complex Circle Manifold (CCM) Algorithm Development

We find that the phase shift vector ¢ can be regarded as an
M -dimensional complex circle manifold

M=dpeC": |pp|=1m=12,-- ,M}. (39
Hence, the tangent space at the point ¢ € SM is
%SM:{ZG(CM:Re{z@qb}ZOM}. (40)

Similar to the gradient descent method used in Euclidean
space, the main idea of CCM is to find the gradient in a
manifold space and then descending along with the negative



Algorithm 1: CCM Algorithm

1 Set t = 0, initialize the maximum number of
iterations tccas and error tolerance ooy,
randomly generate ¢° and calculate the value of
function (36a) as f (¢°);

repeat

Calculate the Euclidean gradient n° in (42);

Calculate the Riemannian gradient Pr; i (n?)
in (43);

Calculate step size ¢! according to the Armijo
criterion;

Update over the tangent space according to (44);

Calculate ¢! * ! by retraction ¢! to the complex
circle manifold SM according to (46);

Calculate the objective function f (¢’ *');

Update ¢t <t + 1;

f(¢")-f(¢™)

f(@t+1)

Return ¢ = ¢' *+ 1.

until ' <eéeccm ort > tcom;

gradient direction. Typically, there are four main steps of the
CCM algorithm.

1) Euclidean Gradient:
clidean space is defined as

The gradient in a complex Eu-

_,0f (@)
Vi (@) =275,

Hence, the negative Euclidean gradient of the problem (36) in
the tth iteration is given by

(41)

2) Riemannian Gradient: By using the orthogonal projec-
tion operator, we can project the Euclidean gradient at point
@' onto the tangent space T4t S™, which is the space of the
Riemannian gradient at point ¢‘. Explicitly, it is calculated as

Prosu () =n'—Re{n" 0o'fog’. @3

3) Update over the Tangent Space: By applying certain line
search method, we obtain the updated point ¢ on the tangent
space Ty SM as follows

@' =¢" +('Prsu(n'),

where (! is the step size in the tth iteration. In this paper,
we utilize the exact line search, which would provide fine
resolution. Specifically, ¢! is determined according to the
Armijo criterion, which should satisfy the following criterion

F(8") = [ (8") < —7¢'Pr s (n') " Pr s (n) . 45)

The parameters above should be chosen to satisfy 7 € (0,0.5)
and (>0 [43].

(44)

4) Retraction Operator: Since the updated point @ is not
in S™, we apply a retraction operator to map ¢’ into the
complex circle manifold as follows

1
¢ =¢'® (46)
[ot]

With above steps, we can obtain a suboptimal solution to

the problem (36). The details of CCM algorithm are shown in

— —V f(¢') = —2E¢' —2c. (42)  Algorithm 1.
L K Kj
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B. Successive Convex Approximation (SCA) Algorithm Devel-
opment

In order to meet the unit modulus constraint, the afore-
mentioned CCM algorithm calculates the Euclidean gradient
to obtain the Riemannian one, and then retract the updated
points back into the manifold, which is relatively twisting. As
an alternative, we can deal with the unit modulus in a more
straightforward way. Particularly, since ¢,, = ¢’ is defined
and 6, is a continuous variable, we can solve the problem
(36) based on 8, where 8 = [, ...,HM}T. Inspired by this,
we rewrite (36) into an equivalent form as

mein f(0) =ctel® 4 (ejo)Hc + (eje)HEejg

st. 0<60,, <27,Ym.

(47a)
(47b)

Notice that the feasible set of the problem (47) is an M-
dimensional [0, 27) set, which is convex and denoted as Q.
However, it is challenging to obtain the optimal solution of
(47) directly. Here we turn to the SCA method by constructing
a series of convex problems and successively approximating
to a suboptimal solution. In the following, we show the main
idea of the SCA technique.

Instead of minimizing the function f (@) directly, the algo-
rithm optimizes a series of surrogate functions that minimize
f(0). Here we denote the surrogate function for f (6%) by
f(6,8%). More specifically, starting from a feasible point 6°,
the algorithm generates a series of {6'} according to the
following update rule

t+1 _ S F t
0" =arg 31618 f (0, (7] ) (48)
where 6% is the point generated by the algorithm in the (¢ —
1)th iteration. The problem (48) is referred to as the surrogate
problem in the tth iteration. The iteration will stop until certain
criterion is met. Moreover, to guarantee the convergence of the
algorithm, the surrogate function f (6, 0%) should satisfy the
following four conditions

f(8,8") is continuous in 6 and 6", (49a)
7 (6,6%d)|,_p = /' (6%d),Vd with 0" +d € Q, (49b)
f(e',6") =r(6"),v6" € Q, (49¢)
f(0,0") > f(6),v0,6" € Q. (49d)

Condition (49b) ensures that the derivatives of the surrogate
function f(@,0?) and the original function f (@) must be
equivalent at point 8. Conditions (49c) and (49d) imply that
the surrogate function is a tight upper bound of the original
function. As a result, (49) ensures that (48) converges to a
stationary point, which is a suboptimal solution to (47) [47,
Theorem 1].

It is obvious that (47a) is continuously differentiable. There-
fore, by performing a second-order Taylor expansion of (47a),
we obtain a surrogate function as follows [43]

70,6 =1 (6" +vr(6)" (66"
+ oo

(50)
1>

where Vf(0') is the gradient of (47a) and V[ (0) =

Algorithm 2: SCA Algorithm

1 Set t = 0, initialize the maximum number of
iterations tsc 4 and error tolerance €g5c 4,
randomly generate 8° and calculate the value of
function (47a) as f (6°);

2 repeat

3 | Calculate the Euclidean gradient V f (6%);

4 Calculate 3! according to Armijo criterion:;
5 Update 6 * ! according to (51);

6 | Calculate the objective function f (6 *');
7 Update ¢ <t + 1;

H(0)-s(0")

s until ‘ IR <é&sca Or t Z tsca;
9 Return 0 = 6t + 1.
2Re{—jo* ® (E¢ + ¢)}. It is easy to prove that when pa-

rameters ¢ and E are determined, the four conditions in (49)
are satisfied with a sufficiently large 3. Finally, by taking the
first derivative of (50) w.r.t. @ and setting it to zeros, the
optimal @'*! could be obtained as follows

VI(6)
5

We also apply the Armijo criterion as shown in (44) to
determine a suitable 3. The steps of the SCA algorithm are
listed in Algorithm 2.

6"t = 0" — (51)

C. Overall Algorithm to Solve Problem (13)

Based on above analysis, the overall BCD-based method
proposed to solve (13) is summarized in Algorithm 3. In
each iteration, we optimize F and ® in an alternating way
while fixing U and W. When the phase shift matrix ® is
fixed, the Lagrangian multiplier method and bisection search
algorithm ensure the optimal overall TPC matrices F' of (13).
Then, by fixing F' and optimizing ® through the CCM or
SCA algorithm, we obtain its suboptimal solution. The two
groups of variables are alternately updated until the OF of the
problem (13) converges.

D. Complexity Analysis

In this part, we analyze the complexity of the overall
algorithm. Let us shed light on the complexity of the over-
all TPC matrices optimization firstly. In each iteration, the
main complexity lies in updatlng F according to (27) and
(28), which is O(L (e M® + K )).

of iterations to achieve convergence is determined by the
-\
Ebi

The number

bisection search algorithm, which is log, ( ) where ¢p;
, Ay, and \; are the error tolerance, the upper bound and lower
bound of the bisection search algorithm, respectively. Hence,
the overall complexity of calculating F' is on the order of
0 (1, (=) £ (0 ary"+ i1 ).

As for the phase shift optimization, the complexity of
calculating C and E is O (L? K K" M?), when the number
of reflecting elements M is much larger compared to the
antenna size at BSs and UEs. For the major four steps



Algorithm 3: The overall BCD-based Algorithm
Input : Hya ;, Hyg ;o Hij o Hiy
Gi.rsGR,GREp s G R
Output: F, &

1 Randomly initialize the feasible solution F? and ®°
, calculate the value of function (13a) as
Obj(F?,®Y) ;Set t = 0, the maximum number of
iterations t.,.x and the error tolerance &;

2 repeat

3 | With F* and ®°, compute the optimal decoding

matrices U? according to (21) and (20), and

then compute the optimal weighting matrices

W according to (22);

4 | With U? and W?, compute the optimal

precoding matrices F**! by solving problem

(23) with the Largangian multiplier method and

bisection search;

5 With U?, W and F'*!, compute the optimal

®'*! by solving problem (33) with Algorithm

1 or Algorithm 2;

6 Calculate the OF value of (13a) as

Obj(F!t @M1y and let t + t + 1;

7 until ¢ > t,,,, or

Obj(F**,&™*1)—Obj(F",®") | - .
Obj(Ft,®7) &

9 Return F = F**! and & = $*+1.

o®

of the CCM algorithm, the complexity depends on the
calculation of the Euclidean gradient ¢, which is given by
@ (M 2). Denoting Tccps as the iteration number of the
CCM algorithm, then the total complexity is O (Tocn M?).
Similarly, the complexity of the SCA algorithm in each
iteration mainly depends on the computation of the
Euclidean gradient and we denote Tsca as the related
iteration number. Denoting the number of the outer BCD
iteration is 7, we have the overall complexity at the order of
o (T log, (A“EZ?“) L(KMY® + K*ME®) + TecnM?
+L? KYK"M?)) and O (T (L? K¢ K" M?* 4+ TscaM?
+ log, (%) L(Kk4My® + K M%ﬁ))) for CCM and
SCA algorithm, respectively.

V. SIMULATIONS AND DISCUSSIONS

In this section, simulation results are provided for evalu-
ating the performance of the proposed RIS-empowered FD
networking design.

A. Simulation Settings

The system parameters are summarized as follows. The 3D-
coordinate illustration to the simulation deployment is given
in Fig. 3, where we set the number of cells to L = 2. The
coordinates of BS 1, RIS and BS 2 are (0,0, 30), (350, 0, 15),
and (700,0,30) meter, respectively. The DL and UL users
in the first and the second cell are randomly and uniformly
distributed in a circular region centered at (Zyser, TYuser; 1-5)
and (400 — Zyser, £Yuser, 1.5) with a radius of 20 meter,

(700,0,30)
BS2

(0,0,30) (350,0,15)
BS1 II RIS

(300,-50,1.5) |
UL users

(400,-50,1.5)

(400,50,1.5)
DL users

(300,50,1.5)
DL users

Fig. 3: Simulation scenario.

respectively. We set yser = 300 and yyser = 5H0 unless
otherwise stated. Notice that such user deployment is nearly
on the cell edge. As depicted in Fig. 3, the z-axis coordinate
of BSs, RIS, and the users indicates their heights, which are
30, 15, and 1.5 meter, respectively. Unless otherwise stated,
the other parameters are set as follows: carrier frequency
fe = 2.4 GHz, bandwidth B = 10 MHz, noise power density
03 = — 174 dBm/Hz, number of users K¢ = K" = 2, number
of the BS and user transmit antennas M = M{; = 6, number
of the BS and user receive antennas Mp = M, = 2, data
streams by = b, = 2, number of the reflecting elements
M = 100, SIC coefficient p;; = 90 dB, error tolerance
eccm = €sca = 107°. Finally, the power budgets at BSs
and users are 1 W and 200 mW, respectively.

We generate the wireless channels in each realization ac-
cording to the following description. For the large-scale fading,
itis given by PL(d) = pofl()alg(%), where pg = —30 dB is
the path loss at the reference distance [44], d is the Euclidean
distance between two terminals, and o > 0 represents the path
loss exponent.

As for the small-scale modeling, the Rayleigh fading is
assumed for all BS-user links, while the Rician model is
considered for the BS-RIS, RIS-user, BS-BS, and the SI links.
Typically, the small-scale channel of Rician fading is given by

1 ~
H]\fLOS7 (52)

5 K fLos 4
k+1

Ve+1
where  is the Rician factor, HL?S denotes the determin-
istic line of sight (LoS) or any dominant component, and
HNLoS denotes the non-LoS (NLoS) component that obeys
Rayleigh fading. The LoS component is given by HELoS —
ap, (9) af, (1)) with

apy () = [1’63'27"(1,1 sin(9) | oi K (Dr—1)da sin('&)}T7 53)

2m g G o . T
ap; (Y) = [1, ¢l K da sin(v) eI B (Dt=1)da bm(w)} (54)

where ¢ and ¢ are the angle of arrival and departure
(AoA/AoD), respectively. It is assumed that AoA and AoD
are randomly distributed within [0,27). Dr and Dt are the
numbers of antennas at the receiver side and transmitter side,
respectively. A is the signal wavelength, and d, is the spacing



30

25+ ===Prop.-FD-SCA | -
Prop.-FD-CCM

SR (bit/s/Hz)
N
o

=
a
T

5 . . . . . . . . .
0 10 20 30 40 50 60 70 80 90 100
Number of iterations

Fig. 4: Convergence performance of different algorithms.

between adjacent antennas. In our simulations, we set antenna
spacing d, = \/2. The path loss for the direct link of BS-user,
user-user and BS-BS, the reflected link of BS-RIS, RIS-user
are set to be apy = 3.7 , ayy = 3.9, ap,p = 3.2 and
QB,R = QU,R L ap =22, respectively. Since the transmit
and receive antennas are deployed closely at FD BSs, we
assume that the SI link does not suffer from the large-scale
fading, i.e., its path loss is 0 dB. The Rician factors are all set
to be 3. All simulation results are obtained by averaging over
400 independent realizations.

To investigate the performance gained by the proposed
design, we include the following benchmark schemes:

1) FD Networking without RIS: All phases of reflecting
elements are set to be zero and the TPC matrices are optimized
according to the method in Section III, i.e., CCM or SCA.

2) FD Networking with Random RIS: A randomly gener-
ated phase shift matrix is applied to RIS. The TPC matrices
at FD BSs and HD users are optimized according to Section
1.

3) HD Networking with Optimized RIS: The BSs and users
are all working in the HD mode. The TPC matrices at HD BSs
and users, and the phase shifts at RIS are optimized according
to Algorithm 3 with SCA applied.

4) HD Networking without RIS: Multiple HD BSs form
a mobile networking system, where the TPC matrices are
optimized according to the method in Section III.

B. Simulation Results

Firstly, we investigate the convergence of the proposed
scheme to solve the original problem in (13), that is, Algorithm
3 with CCM or SCA embedded. Figure 4 shows the SR versus
the number of iterations under different algorithms. It can
be observed that our proposed algorithms rise rapidly to a
stable value within 20 iterations, then converges within 100
iterations. Moreover, the SCA is slightly better than the CCM.
To further see the difference between SCA and CCM, Fig.
5 compares the optimization time under different numbers of
reflecting elements. It can be observed that for different size of
RIS, the proposed algorithm with SCA requires less time than
the CCM one. This is because the SCA scheme has a simpler
optimization structure, as we have mentioned in Section IV-B.

Optimizing time (s)

T T T
Bl Prop.-FD-SCA
Prop.-FD-CCM|
12F 1
10 b
8l 1
61 1
4k 1
oL 1
0 . . .
20 200

100
Number of reflecting elements M

Fig. 5: Optimization time comparison between different algo-
rithms.
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Fig. 6: Achievable SR versus the number of reflecting elements
M under different deployment schemes.

Figure 6 compares the SR versus the number of reflecting
elements M. It can be seen that our proposed schemes reach
the highest SR. Besides, the scheme FD-Without RIS is much
inferior to our proposed scheme. For the FD with Random RIS
scheme, it provides a much insignificant gain compared to that
of FD-Without RIS, indicating that the potential gain of RIS
could only be reaped by a well-designed phase configuration.
Observing the curves of HD-SCA and Prop.-FD-SCA, we can
see that with the increase of the reflecting elements, the SR
of both keeps growing, and the gap between them is enlarged
as well. All these observations imply that configuring RIS to
an FD networking system with designed phase shifts and TPC
matrices can manage the interference environment effectively.

In the following we study the impact of SIC capability on
system performance. Figure 7 depicts the SRs of downlink and
uplink versus the SIC capability. For the SIC coefficient p, ,
a larger value in dB implies a more powerful SIC capability.
It can be observed from Fig. 7 that the uplink SR of all
schemes except the HD ones raises rapidly with the increase
of SIC coefficient. Among them, for the FD scheme without
RIS, even if the SIC coefficient reaches 140 dB, the uplink
performance gain is still limited, and is even inferior to that of
the proposed scheme under 110 dB. This observation indicates
that with jointly well-designed TPC and phase shift matrices,
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our proposed scheme can alleviate the requirement of SIC
capability. Moreover, as the SIC coefficient increases, up to
130 dB, both the UL and DL sum rate of the optimized scheme
tend to be saturated. This is mainly because the power of
the residual SI becomes insignificant among all interference
perceived at the BS, and improving the SIC coefficient can
no longer bring a significant gain. We also notice that our
proposed scheme outperforms the HD without RIS and with
optimized RIS when SIC is greater than 100 dB and 105 dB,
respectively. Above observation validates the superiority of our
proposed scheme.

In all above simulations, RIS-related path loss exponent
ag is set as 2.2, which is close to the path loss exponent in
free space, and may become impractical in some application
scenarios. Therefore, we are motivated to study the influence
of RIS-related path loss on the system performance. Figure 8
shows the SRs of downlink and uplink versus the RIS-related
path loss exponent a . It can be observed that the SRs of both
links decrease as the RIS-related path loss exponent increases.
When ap is greater than 2.8, the SR gain obtained from RIS
becomes pretty marginal. This is because the reflected link
suffers from a double fading, leading to the result that the
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Fig. 9: Achievable SR versus the number of reflecting elements
M under different numbers of BS transmit antennas.
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Fig. 10: Achievable SR versus BS transmit power Pp.

power strength of the RIS reflected link is much smaller than
the direct one. Precisely, we find in our simulations that the
path loss of the direct link from BS to the DL user center in
Cell 1 is about —123.19 dB, while that of the reflected link is
—156.84 dB and —183.25 dB when ap is set as 2.2 and 2.8,
respectively. Obviously, with ap = 2.8, the deployment of
RISs on the coordinate of (350, 0, 15) makes nearly no sense.
This provides an engineering insight for us, that is when we
deploy the RIS in FD networks, it is better to choose the path
loss of the reflected link as small as possible. Otherwise, RISs
cannot bring significant performance gain, which is wasteful
of hardware resources.

Figure 9 investigates the effect of different antenna configu-
rations at BSs. As is known to all, more transmit antennas will
bring more degrees of freedom, whilst the hardware cost also
increases. Firstly, it can be observed from Fig. 9 that the SR of
the whole system increases as )M becomes larger. Hence, it
is promising to combine RIS with massive MIMO to further
improve the system performance. From another perspective,
increasing the size of antenna arrays at BSs requires more RF
chains, which is much more costly than scaling up the RIS.
Explicitly, comparing the curves of M5 = 8 and Mp = 6
in Fig. 9, with nearly 80 more reflecting elements, the curve
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under M} = 6 reaches the SR as that under M} = 8.
Hence RIS may serve as an cost-efficient way to improve
the achievable performance, instead of upgrading whole BS
transceivers with more RF chains.

Figure 10 shows the SR versus different BS transmit power
Pp. It can be observed that as the transmit power increases,
the SR of all schemes improves. Comparing the proposed
scheme with the HD-SCA one, we find that the performance
gain brought by RIS becomes larger as Pp increases. This is
because when the transmit power at BSs becomes larger, more
power resources are allocated to the DL users while the UL
users suffer a partial loss. Thus, the increment and difference
at SR between them are both enlarged. This observation proves
that our proposed scheme is superior to the traditional ones.

In the FD networking system, when UL and DL users
are located closely to each other, the UE-UE interference
is significant, deteriorating the receiving performance of DL
users. Here we study the effect of varying the distance between
UL and DL users on the system performance. In specific, the
distance from the user center to the y-axis is denoted as Yyser,
and a larger value of yuse; implies that UL and DL users in
each cell are located more distantly. Figure 11 shows the DL
and UL SRs versus yuse;. Comparing our proposed scheme
with the one without RIS, the downlink SR performance has
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Fig. 13: Achievable SR versus the x-axis distance from user
center to cell center x,ger.

been improved effectively, which proves that RIS can well
handle the UE-UE interference. Further, we can observe that
when the yuser changes from 10 m to 70 m, the interference
between users gradually decreases, and the SR of DL increases
while that of UL decreases. There are two reasons for this, one
is that the UE-UE interference perceived at the DL users is
reduced, and the other is that the UL users are far away from
both BSs and RIS, which means that the path loss increase for
both direct and reflected links. When y,s¢; is larger than 70, the
interference from UL to DL users is no longer dominant, so the
SR of DL becomes saturated, while the SR of UL continues to
decrease since the distance between UL users and BSs keeps
increasing.

Denote the coordinate of RIS in the x-axis as xgys. In Fig.
12, we study the impact of the RIS location by moving the RIS
from xgis = 50 m to xris = 350 m, which is from the center
to the edge of cell 1. As shown in Fig. 12, all the schemes with
RIS perform well when RIS is placed near the midpoint of two
cells. Explicitly, the SR reaches its minimum and maximum at
zris = 150 and zgris = 300, respectively. Here we provide a
theoretical analysis to these results. When the RIS moves in the
first cell, it contributes more to the performance of cell 1. And
the uplink and downlink users are symmetrically distributed,
therefore, we mainly consider the path loss of the reflected link

of DL users in cell 1. Denote dp g = \/xRISQ + (30 — 15)2

and dry = \/(les —300) 4 (15 — 1.5)> + 50 as the Eu-
clidean distances between BS-RIS and RIS-user, respectively.
Ignoring the small-scale fading, we express the large-scale
channel gain of the reflected link from BS to users as PLgis =
2p0 — 10aglog,, (dp rdRr,u), which achieves its maximum
and minimum at xris = 158.7888 m and xris = 290.4796 m,
respectively. These analytical results agree with above obser-
vations. Though the SR reaches its maximum at xg;s = 300 m,
the performance of cell 2 will suffer a certain loss. To achieve
a performance balance in the practical system, RIS should be
deployed in the middle of two cells.

In Fig. 13, we study the impact of the x-axis distance from
the user center to the severed BS, denoted as x,gcr. AS shown
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direct links.

in Fig. 13, when users are distributed around the cell center,
i.e., Tuser 1S small, the gap between the proposed scheme
and the FD with random RIS or without RIS is insignificant,
indicating that RIS provides a limited regulatory effect even
with optimized phase shifts. When the users move forward the
cell edge, for both FD and HD, all schemes with optimized
RIS obtain a performance gain, compared to the counterparts
without RIS and random RIS. Among these, our proposed
scheme achieves the best cell-edge performance, validating
that RIS deployment can promote FD networking performance
at the edge coverage.

Considering some ultra-dense communication scenarios,
where direct links may be hindered by unintentional obstacles
or malicious blockage, we investigate the system performance
without direct links, that is when ap  tends to infinity, as
shown in Fig. 14. In this figure, we use suffix D&R or R to
represent the scheme with or without direct links, respectively.
Clearly, among all the schemes without direct links, our
proposed design achieves the highest SR. This is because the
RIS with optimized phase shifts provides a favorable reflected
link that complements the absence of direct link. Moreover,
comparing the D&R and R schemes both applied the pro-
posed algorithm, when M is equal to 100, the latter scheme
maintains the SE of 16 bit/s/Hz, which reaches more than
50 percent of the former one. This proportion will increase
when scaling up the RIS. This observation hints that, when
we deploy an RIS with enough reflecting elements and a well-
designed configuration, it can guarantee a decent experience
of communication rates even in the scenario without direct
links.

VI. CONCLUSIONS

In this paper, we have proposed a multi-cell FD system for
next-generation mobile networking by deploying RISs at cell
boundaries. To achieve the full potential of such deployment,
the SR maximization problem has been formulated to jointly
optimize the TPC matrices at BSs and users and phase shifts
at RIS under the power and unit modulus constraints. To solve
this non-convex problem, we have decoupled it into a pair of
subproblems by exploiting the relationship between SR and

MMSE. The optimal TPC matrices have been obtained in
closed form, while the phase shift matrix has been designed
to reach the suboptimal solution through a pair of efficient
algorithms, i.e., SCA and CCM. Simulation results have
shown that the SCA algorithm has lower complexity, and the
proposed scheme outperforms other traditional FD and HD
networking benchmarks. Besides, we have validated that the
RIS deployment could reduce the requirements for SIC and
the number of BS antennas in FD networks, which further
reduces the power consumption and hardware cost. Moreover,
applying the RIS with enough reflecting elements and well-
designed configurations can alleviate the UE-UE interference
especially at the cell edge, and guarantee a decent experience
in some blockage scenarios. In a nutshell, the utilization of
RIS has made the FD networking system become efficient
and practical.
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