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Abstract—This paper explores a multi-cell multiple-input
single-output (MISO) downlink communication system enabled
by a unique transmissive reconfigurable intelligent surface
(TRIS) transceiver configuration. Within this system framework,
we formulate an optimization problem for the purpose of max-
imizing the minimum rate of users for each cell via designing
the transmit beamforming of the TRIS transceiver, subject to
the power constraints of each TRIS transceiver unit. Since
the objective function is non-differentiable, the max-min rate
problem is difficult to solve. In order to tackle this challenging
optimization problem, an efficient low-complexity optimization
algorithm is developed. Specifically, the log-form rate function is
transformed into a tractable form by employing the fractional
programming (FP) methodology. Next, the max-min objective
function can be approximated using a differentiable function de-
rived from smooth approximation theory. Moreover, by applying
the majorization-minimization (MM) technique and examining
the optimality conditions, a solution is proposed that updates all
variables analytically without relying on any numerical solvers.
Numerical results are presented to demonstrate the convergence
and effectiveness of the proposed low-complexity algorithm.
Additionally, the algorithm can significantly reduce the com-
putational complexity without performance loss. Furthermore,
the simulation results illustrate the clear superiority of the
deployment of the TRIS transceiver over the benchmark schemes.

Index Terms—Transmissive reconfigurable intelligent surface
(TRIS) transceiver, multi-cell, max-min rate, low-complexity
algorithm.

I. INTRODUCTION

In recent years, the concept of reconfigurable intelligent
surface (RIS) [1]] has gained considerable momentum as a
promising technology for sixth-generation (6G) wireless com-
munication networks. This technology, which is also widely
known as intelligent surface (IS) [2], has attracted signifi-
cant attention from both academic researchers and industry
practitioners. The unique features of RIS position it as a
key enabler for overcoming fundamental challenges in future
wireless systems.
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Typically, the RIS is a planar surface formed by an extensive
array of tunable elements, which are commonly implemented
via semiconductor components such as varactor diodes and/or
positive intrinsic negative (PIN) diodes. Each unit can indepen-
dently and controllably alter the phase and/or amplitude of the
incident signals. The inherent adaptability of RIS technology
allows for its flexible integration into various intricate wire-
less environments, including urban canyons, indoor scenarios,
and dense network deployments. This flexibility allows RIS
to effectively manipulate electromagnetic wave propagation,
leading to significant improvements in signal coverage, quality,
and overall wireless channel characteristics. Besides, as a
passive device, RIS does not require active radio-frequency
(RF) chains or high power consumption, which drastically
lowers both the energy requirements and hardware complexity
of the network. Consequently, RIS-based systems can provide
a highly cost-effective and energy-efficient alternative for
future wireless network deployments.

Motivated by the numerous advantages of the RIS architec-
ture, a substantial and rapidly expanding body of research has
focused on investigating the deployment of RIS in wireless
networks from multiple perspectives, aiming to significantly
improve overall system performance, e.g., [3]—[20]. For in-
stance, the authors of [3] addressed the challenge of maximiz-
ing the weighted sum-rate in RIS-enabled multi-cell systems
with the goal of enhancing downlink communication for users
at the cell edge while mitigating interference across cells.
The paper [4]] aimed to maximize the sum-rate of all multi-
cast groups by jointly optimizing base station (BS) precoding
and RIS reflection coefficients. Two efficient algorithms with
second-order cone program (SOCP) and closed-form solutions
are proposed, and numerical results demonstrate significant
improvements in spectral and energy efficiency with reduced
computational complexity. The work [5] adopted the RIS to
enhance the sum-rate of the multi-cell non-orthogonal multiple
access (NOMA) networks by jointly optimizing user asso-
ciation, resource allocation, and RIS phase shifts, achieving
significant improvements in sum-rate and energy efficiency.
The literature [6] designed joint transmit and reflective beam-
forming for RIS-aided multi-cell multiple-input single-output
(MISO) systems using an alternating optimization algorithm. It
outperforms the benchmark zero-forcing scheme and ensures
user fairness via signal-to-interference-plus-noise ratio (SINR)
balancing. The authors in [7]] studied an RIS-assisted secure
multi-user communication system with hardware impairments,
aiming to maximize the weighted minimum approximate er-



godic secrecy rate. They proposed both SOCP-based and low-
complexity algorithms to efficiently solve this problem. In [,
a secure RIS-assisted simultaneous wireless information and
power transfer (SWIPT) network with arbitrary information
and energy receivers was studied, where the weighted sum
transferred power is maximized via a novel iterative algorithm.
The work [9] investigated a novel double-faced active (DFA)-
RIS structure-aided secure communication system. The paper
[10] considered an elements allocation problem in a joint ac-
tive and passive RIS-assisted communication system. A dual-
RIS aided SWIPT system was researched in [[11]]. Based on
statistical channel state information (CSI), a low-complexity
phase-shift optimization and power allocation method for
RIS-aided multi-cell massive multiple-input multiple-output
(MIMO) systems was proposed in [12]], providing closed-
form rate formulas and user-fairness guarantees. The authors
of [13] introduced an end-to-end deep learning beamform-
ing approach for RIS-assisted wideband MIMO systems that
operates without explicit CSI, and proposed both true time
delay (TTD)-based and subarray-based RIS architectures to
mitigate near-field beam split and improve spectral efficiency.
The paper [[14]] demonstrated that a novel distortion-and-aging-
aware minimum-mean-square-error (DAA-MMSE) receiver
proposed for an RIS-aided multi-cell massive MIMO system
significantly increases spectral efficiency while reducing the
pilot overhead. The work [15] developed a low-complexity
solution for RIS-aided full-duplex integrated sensing and
communication (ISAC) systems, addressing joint optimization
challenges and demonstrating notable performance gains via
RIS deployment. The literature [16] integrated the novel intel-
ligent omni surface (IOS) architecture into the ISAC system to
achieve the full-view coverage, aiming to maximize the min-
imum sensing SINR while guaranteeing the quality of multi-
user communications. The authors in [|17] considered the sum-
rate maximization problem in multi-cell systems assisted by
simultaneously transmitting and reflecting (STAR)-RIS with
multiple operational modes. The beyond diagonal (BD)-RIS
assisted multi-band multi-cell MIMO system considering the
frequency-dependent properties was researched in L8]], which
demonstrates the superior performance of BD-RIS over tradi-
tional single-connected designs. The authors of [[19] introduced
an RIS into a cooperative multi-cell ISAC network containing
multi-user and multi-target to enhance communication and
sensing performances. The paper [20] studied RIS-assisted
multi-cell MIMO networks that combine over-the-air (OTA)
computation and aim at minimizing the MSE.

Beyond the typical RIS employed as an auxiliary mod-
ule in wireless systems, a novel transmissive RIS (TRIS)
transceiver architecture was presented in [21]. The proposed
TRIS transceiver architecture differs from conventional multi-
antenna transmitters by integrating a passive transmissive RIS
alongside a single horn antenna feed, thereby avoiding the
use of numerous RF chains and complex signal processing
units, and achieving superior system performance with lower
power consumption. In addition, relative to the reflective RIS
transmitters detailed in [22]] —[23]], the unique TRIS transceiver
design is capable of resolving the following two major prob-
lems:

1) feed source blockage: For a reflective-type RIS transmitter,
positioning both the horn antenna and the user on the same
side of the RIS causes a feed source blockage effect on the
incident electromagnetic (EM) wave. In the TRIS transceiver
architecture, the horn antenna is placed on one side of the RIS,
while the user is located on the opposite side. Therefore, this
effect can be eliminated;

2) echo interference: Reflective RIS transceivers suffer from
echo interference since the incident and reflected EM waves
coexist on the same side of the RIS. The TRIS transceiver
architecture alleviates this challenge by spatially separating
the incident and transmitted waves across opposite sides of
the RIS. Therefore, the TRIS transceiver represents a novel
technology facilitating sustainable capacity growth with im-
proved cost efficiency.

A. Prior Works

Leveraging the advantages of the TRIS transceiver archi-
tecture, recent works have explored TRIS transceiver-assisted
wireless networks across different aspects to boost overall
system performance, e.g., [24]—[33]]. For instance, the au-
thors of [24] investigated a TRIS transceiver-enhanced multi-
stream downlink communication framework leveraging the
time-modulated array (TMA) technique, and proposed a linear-
complexity algorithm to solve the max-min SINR optimization
problem. The paper [25] adopted a TRIS transceiver-based
receiver architecture for the uplink communication system,
in which uplink users employ orthogonal frequency division
multiple access (OFDMA). Besides, [25] aimed to maximize
the sum-rate of uplink users while guaranteeing the individual
quality-of-service (QoS). Focusing on the TRIS transceiver-
assisted SWIPT system, the work [26] studied the sum-rate
maximization problem and presented an algorithm whose
enhanced performance was demonstrated through simulation
results. The literature [27] aimed to minimize the total energy
consumption while satisfying communication and computing
resource requirements in a TRIS transceiver-aided multi-tier
computing network. The authors in [28|] designed a hybrid
TRIS transceiver framework combining active and passive
RIS elements, each capable of switching modes dynamically.
Their numerical analysis revealed notable improvements in
energy efficiency (EE) for downlink multi-user communication
scenarios. In [29], the authors utilized the TRIS transceiver
to enable multi-beam transmission alongside directional beam
suppression by optimizing a max-min objective subject to non-
linear constraints. Furthermore, to connect the beamforming
approach with practical implementation, the study proposed
a realistic model capturing the TRIS transceiver’s behavior
at both input and output. A TRIS transceiver-aided secure
communication system was researched in [30], which vali-
dated that the TRIS transceiver can significantly improve the
weighted sum secrecy rate. The authors of [31] developed a
time-division sensing and communication protocol for a TRIS
transceiver-assisted robust and secure ISAC system. In addi-
tion, rate-splitting multiple access (RSMA) was employed to
enhance interference management and bolster security against
eavesdropping. The paper [32] investigated a distributed co-



TABLE I: Comparison of Existing Works

References Beamforming Design | Low-Complexity Method | Multi-Cell System
(250, (261, [271, [28], [301], [31], [33] v X X
(241, 1291, [32] v v X
This paper v v v

operative ISAC network aided by the TRIS transceiver to im-
prove service coverage. The primary objective of the study was
to maximize the minimum radar mutual information (RMI)
to enhance system performance. The work [33] investigated
the maximization of sum-rate performance for multi-cluster
communications in a Low Earth Orbit (LEO) satellite sys-
tem employing nonorthogonal multiple access (NOMA) and
leveraging the TRIS transceiver architecture. The comparison
between this work and existing works is summarized in Table

it

B. Motivations and Contributions

Nevertheless, it is obvious that most of the works mentioned
above related to the TRIS transceiver [24]—[33]] have focused
on single-cell scenarios, whereas the general scenario involv-
ing multi-cell configurations remains unexplored. It is well
known that inter-cell interference is a non-negligible issue for
multi-cell users, leading to degraded system performance.

In this work, we deploy the TRIS transceiver architecture in
the multi-cell communication system with multiple users, as
shown in Fig. [Il Specifically, the contributions of this paper
are summarized as follows:

« This paper studies the beamforming design in a multi-cell
MISO downlink communication system enhanced by the
advanced TRIS transceiver architecture to boost wireless
communication performance and system reliability sig-
nificantly. Specifically, the objective is to maximize the
minimum rate of each cell by designing TRIS transceiver
beamforming, constrained by the per-element maximum
transmit power of the TRIS transceiver. To the best of our
knowledge, this problem has not yet been investigated in
the existing literature, e.g., [24]—[33].

¢ Due to the complex and non-differentiable nature of the
objective function, solving the highly non-convex max-
min rate problem is particularly challenging. In order to
effectively tackle this optimization problem, by using the
fractional programming (FP) framework, we first convert
the original rate function into a more tractable form. And
then, we approximate its max-min objective function with
a differentiable approximation function based on smooth
approximation theory. Furthermore, by leveraging the
majorization-minimization (MM) method and analyzing
optimality conditions, we successfully develop a low-
complexity algorithm that updates all variables analyti-
cally and does not rely on any numerical solvers.

o Last but not least, extensive simulation results are pro-
vided to demonstrate the effectiveness and efficiency
of our proposed low-complexity algorithm, which can
greatly lower computational complexity without sacrific-
ing communication performance. Furthermore, the results

Fig. 1. An illustration of the TRIS transceiver enabled multi-
cell MISO communication system.

validate that the deployment of the TRIS transceiver
markedly improves the performance of multi-cell com-
munication systems. In addition, when compared with
the conventional transceiver, the TRIS transceiver using
the proposed algorithm requires only approximately 66%
of the power consumption to achieve a similar sum-rate
level.

The rest of the paper is organized as follows. Section
IT will introduce the model of the TRIS transceiver-enabled
multi-cell communication system and propose the max-min
rate optimization problem. Section III will propose a low-
complexity solution to tackle the proposed problem. Sections
IV and V will present numerical results and conclusions of
the paper, respectively.

C. Notations

Lower-case and boldface capital letters are represented as
vectors and matrices; X*, X7, and X denote the conjugate,
transpose, and conjugate transpose of matrix X, respectively;
CN*1 represents the set of N x 1 complex vectors; 0 de-
notes the all zeros matrix; ||x||2 denotes the /> norm of the
vector x; £ and ~ signify “defined as” and “distributed as”,
respectively; E[-] denotes the statistical expectation; CN (x, X)
denotes the distribution of a circularly symmetric complex
Gaussian (CSCG) vector with mean vector x and covari-
ance matrix 3; diag(x) denotes a diagonal matrix whose
diagonal entries are given by the elements of the vector x;
blkdiag(Xy, - - - , X ) represents a block diagonal matrix with
X1, -+, Xy as its diagonal blocks.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model
As shown in Fig.[I] we consider a TRIS transceiver-enabled
downlink multi-user multi-cell communication system consist-

ing of G cells. Each cell has a TRIS transceiver equipped
with N units and K single-antenna downlink mobile users.



LetG2{1,---,G}, K2 {l,--- ,K}and N 2 {1,--- | N}
denote the set of cells, each cell’s users and TRIS transceiver
units, respectively.

The transmit signal of the g-th TRIS transceiver is written
as

K
Xg =) fakser, Yk €K, Vg €G, (1)

where s, ;; denotes the data symbol of the k-th user in the g-th
cell and satisfies E[|sq x|] = 1 and E[sg s} ;] = 0, {g,k} #
{i,7}, and the vector f; , € CN*! represents the beamformer
of the g-th TRIS transceiver for transmitting sg .

Furthermore, based on the nature of the TRIS transceiver
[21], the following each TRIS transceiver unit linear power
constraint { will be held for the beamforming vectors, which
is given as

fTALf, < P,,VneN Vg €,

2
where £, £ [£1) T, ... )T € CVEXL Py represents
the TRIS transceiver unit’s maximum achievable power. A

selection matrix can be given as

A, 2 blkdiag(A,,---,A,) € RV EXN-K (3)

The diagonal submatrix A, £ diag(a,) € RV*¥ is defined
using the index vector a,,, which can be expressed as

ané[0705"'7 1 7"'70]T6RN><15 (4)
~~~

n-th
where the entry at the n-th position is 1 and all other entries
are 0.

The equivalent baseband channel of the TRIS transceiver
of the ¢-th cell to the k-th user belonging to cell g is denoted
by h;,, € CV*! and is assumed to follow the quasi-static
flat-fading model. By adopting the Rician channel model H,
the channel h; 4 ;. can be formulated as

AN K 1 LoS 1 NLoS
Pk = C"(d_o) (vmlhi»g»”\/mh@gvk ’
(5)

where Cj is the large-scale fading coefficient with reference
distance dp = 1m. d and « denote the distance and the large-
scale fading factor of the corresponding channel, respectively.
% is the Rician factor. The terms h/5 and hN'?S are the
line-of-sight (LoS) and non-line-of-sight (NLoS) components,
respectively. The above channel can be obtained by channel
estimation [37].

Next, the received signal at the k-th user belonging to cell
g is formulated as

G oy
Yg. o = E izlhi,g,kxi + Ng .k
G K
= g hf g f; 1s; +n
i=1 1,9,k k=1 1,ko1,k g,k

! The signal generation mechanism of the TRIS transceiver can be found
in [21].

2 The non-linear per-unit power constraint [34]—[35] will be investigated
in the future.

3 Here, we assume an ideal spatially uncorrelated channel, while the more
practical case of spatially correlated channels [36] is left for future work.

(6)

H K b
= hg,g,kfgvksgak + Z . hg,g,kfgu’sgu’
N———’ Jj#k
Desired signal

G K
+ Ziig

H
j=1 hyy i gsig gk,
Inter-cell interference

Intra-cell interference

where ng ) ~ CN(0,07 ;) represents the complex additive
\ﬁ/hite Gaussian noise (AWGN) for user k in the g-th cell. Let
hij. £ ], hl 7 € CVEX1 The received signal
Yg.k can be rewritten by

_ K _
Yg.k = hggkakfgsg,k + E :#khggkajfgsgaj O
—_———

Desired signal

Intra-cell interference

G K _
H
+ Zi;éng:lhivgvajfisi’j +ng_’k,

Inter-cell interference

where B, 2 diag(by) € RV EXN-K g 3 selection matrix,
and by, € RV Ex1 is a vector defined as

bké[oa"'70517"'71507"'70]7
———

N

®)

meaning that the entries from positions ((k —1) x N +1) ~
(k x N) are set to 1, while all other entries are 0.
Then, the SINR of the k-th user in cell g is obtained as

SINR,, ©)
_ |BSI]—I,g,kkag|2
e Bl B P+ S0, S B B + o2,
j#k1 g,k Pilg itglaj=111ig,PsLi 9.k
and the achievable rate of each user is given by

Ry x({fs}) =1log(1l + SINR, 1),Vk € K,Vg € G.

(10)

B. Problem Formulation

To enhance rate fairness in the multi-cell MISO system,
we consider the max-min fairness problem with the goal of
maximizing the minimum rate of all users in each cell via op-
timizing the transmit beamformer vectors {f, }, subject to the
individual transmit power constraints at the TRIS transceiver
units. Therefore, the min-weighted-rate maximization problem
can be formulated as

G
(PO):r{nfai( {RS({fg )=> minRg,k({fg})} (11a)

g=1 kek

st. £7Af, < P,Vne N, Vgeg. (11b)

The problem (PO) is highly challenging to tackle due to its
highly non-differentiable and non-convex objective function.

III. Low-COMPLEXITY ALGORITHM
A. Problem Reformulation

To make the problem (P0O) more tractable, we will adopt the
fractional programming (FP) framework [38]—[40] to equiva-
lently convert the objective function (I1a). First, by applying
the Lagrangian dual reformulation and introducing auxiliary
variables {v, 1}, the original rate function Ry x({f,}) can
be transformed into (I2). Furthermore, by leveraging the



Rg,k({fg}a 'Yg,k) = log(l =+ ’Yg,k’)

— Yg,k +

(1+79 k)|hgngkf |2
Zz IZ] 1|hzng f|2+0'

(12)

Rgak({fg}v Yg.k> Wg-,k) = log(1 + 'Yg-,k)

— Yg,k

— G K
2 Rl B Bty )~ o () 3|

13)

2
zg]Bf| +0‘ )

quadratic transform with introducing the auxiliary variables
{wg.k}. the function Ry 1 ({f5},74.x) can be further rewritten
in (I3). Based on the above transformation, the original
optimization problem (PO) can be equivalently reformulated
as

®1) {R S minit } (14a)
: max s = min a
{fg}'r{'Yg,k}w{wg,k} g=1kek 9.k

st £/ Anf, < P, Vne N Vg e€g. (14b)

In the following, we will develop an algorithm based on the
block coordinate ascent (BCA) [46]—[47] framework to solve
the problem (P1).

B. Optimizing auxiliary variables

Following the derivation of the FP method [38]], when other
variables are given, we can obtain the closed solutions of the
auxiliary variables {4 %} and {wg 1}, which are respectively
given as

o |hgngkf |2
kT
! Zg;ﬁk'hgng £ |2+Zz;£gZ] 1|hzg]B f|2+agk
15)
_H
. \/ 1+'ng hgngkf (16)

wg7k 2
Zz 12] 1|hngBf| +U k

C. Updating The Beamformer

In this subsection, we investigate the optimization of the
beamformer {f,} when the auxiliary variables are given. By
defining the new coefficients as follows

Cl,9,k £ log(1+v4.k) — Yg.k — |wg, k| (17
b1 gk = V14 'Yg,kwkak hg,g,ka
K _ _
H H
Biigk = Jwgkl? (Zj_lBj hz‘-,g.,jhi,g,jBi)’

the function Ry x({f,}, V4., wy k) can be equivalently refor-
mulated by

Rgak({fg}avg,kawg,k)
= fzi £7B1 g 1fi + 2Re{bl £} +c1 g

gk’

(18)

Rg.r({fs})

Based on the transformation described above, the beam-
former optimization problem can be formulated as

P2 R ¢ Ron({f 19
(P2) : max o=, minRyk({f}) (19a)
st. £ Anf, < P,VneN,Vgeg, (19b)

In the next, to efficiently obtain the solution of the beam-
former, we iteratively update each TRIS transceiver’s beam-
former vector in sequence. With other beamformer variables
(i.e., {f;,i # g}) being fixed, the function Ry x({f,}) with
respect to (w.r.t.) the g-th beamformer variable f, can be
written as

Rg.jx({fg}) 20)
= 7f9 Bl,g,j,kfg + 2Re{b{{,g,kfg} + 61,9,]65
Rg,j,k (fg)
where the newly introduced coefficients are given as
b1 gk =9
by g &4 0 21
Lgk {OGRNKX1,j7ég ( )

G .
& m N Cl,5,k — Zi#g fiHBl.,i,g,kfu] =49
3Js Clj,k+2Re{b{{],kf]}7Zz7ﬁgf Blzjkf“]#g

Therefore, the optimization problem w.r.t. the variable f; is
given as

G
(P3) L max R, = Zj . kmelllg Rg,J & (£5)
st £/ A, fy < PVneN.

(22a)

(22b)

Besides, we can observe that the coefficient By ;4 1S a
block diagonal matrix. In light of this and the structure of the
power constraint in (22b) for the TRIS transceiver unit, the
variable f; can be decomposed into N subvariables, where

each subvariable is defined as:
?g,n é[fg(n)7fg(N + 7’L), e afg((k - 1) x N + n),

(K —1) x N +n)]T e CE*L

(23)

Subsequently, we denote the new notations provided in 4.
With other subvariables (i.e., {f;,i,7 # n}) being fixed, the
function w.r.t. R; x(f;) is reformulated as

Rg.j.k(fg) (25)
= _fanQ,g,j7k7nfg,n + 2Re{b£{g,j,k.,nfg,n} + C5,9,5,kn>

Rg,j,k,n(fmn)



b2,g,j,k,n £ [Blygyj_,k(n, n), Bl_’g_’jyk(n + N,TL + N), cee

yBi,gjk(n+ (K —

1) x Nyn+ (K —1) x N)]T e CE*L (24)

N
Bog.jhn = diag(bagkn) b gshni =Y £((1=1) x N+ n)Blly (0 + (i = 1) x Non+ (i = 1) x N),

K N N
Ca.g..km = Zi:1zz¢nzv¢nf;{((2 —1)x N+ n)Bfg_’jyk(n +(z=1)x N,n+(v—1)x N)f;((v—1) x N +n),

b4=9=k-,n £ [Bl,g,k(n), Bl,g,k(n + N)v e

A
b3.g.j.kn = [03,9,5,k,m,1503,9,5,k,m,25** + 5 03,95k, K]

A A ~
bs.g.5.kn = bagjkn = D3g5kmnsC5.9,5kn = C1jk —

aBl,g,k(NJr (K —1) x N)]T

N _
T Kx1 AN H
eC ) Cd,g,5,k,n = E Z.#NQRe{bél-,jyk,nng}a

Kx1
e Ccrx,

€3,9.5,k,n T C3,g,5,k,n-

Therefore, the update of the subvariable fgyn is meant to
solve the following problem

G -
(P4)imax (Ry =3 minRy;pn(n) e 60)
g.n
st £ fn < P (26b)

Note that the objective function of the problem (P4) is non-
differentiable. In the next, we will use the smooth approxima-
tion theory [42]]—[43] to approximate minke;c{l’{g,j7k7n(fg7n)},
which can be given as

min{Rg,j,k,n (?g,n)} ~ Rg,j,n(?g,n)

log( Z exp( — figjn Ry jkn (£ m))),

ke

27)

Ngyn

where the function Rg i (fg n) denotes a smooth function
and is the lower bound of mlnkeK{Rg ok, n(f gn)}> and g ;i
represents the smoothing parameter that satisfies the following
inequalities:

Ry jn(Ey.n) + ——log(IK]) (28)
g.3,m
S B _ o _
= kmellfcl{RgJ-,k-,n(fg-,n)} Ry jn(fgn)-
According to the proof of [4], the function

Hg]nl 0g( Pkex exp( tg.j.n Ry j k. n(f ) is
monotonically 1ncreasmg and concave W.r.t. Rg ik, n(fg n)-
Note that the function Rg,j7k7n(fg,n) is concave in the variable
fy.n. By leveraging the composition principle [41]], we can
observe that the function lv{gJ,n(?g,n) is concave in the
variable f; , as well.

Once the appropriate value of (4 ; , has been determined,
we can proceed to solve the following problem

(P5) : max Z

s.t. fgynfg,n

n) (29a)

Rg.jn(
(29b)

Evidently, the aforementioned problem (P5) is still highly
complex and poses a significant challenge to resolve. Fortu-
nately, this difficulty can be tackled via the MM methodology.

First, we present a brief introduction to the MM frame-
work [44]. The MM method addresses complex optimization
problems by iteratively constructing surrogate functions for the
objective and/or constraints, which are easier to optimize than

the original ones. Let f(x) denote the original objective func-
tion, and let Sy represent the feasible set, which is assumed
to be convex w.r.t. x. Denote by x’~! the solution obtained
at the (t — 1)-th iteration. A surrogate function u(x|x’~!) of
the variable x is then constructed based on the solution, i.e.,
x!~1, from the previous iteration. This surrogate is optimized
in place of the original objective function at each iteration.
Moreover, the convex approximation u(x|x!~!) is required to
satisfy the following conditions

Cl) cu(xtxt) = f(x'), vx" € Sk; (30)
C2) : f(x) > u(x|x"),vx", x € Sy;

C3): Vu(x!x') = Vi f(x');

C4) : u(x|x") is continuous in x and x".

The first condition dictates that the convex approximation
function u(x?|x?) and the original function f(x!) must have
identical value at the point x!. The second condition is that
the original function f(x) establishes a global upper bound
for the convex surrogate u(x|x"). Finally, the third condition
is for the first-order derivatives of both the approximation and
the original function to coincide.

Therefore, following the MM framework, a lower bound
of the objective function ([29a) at the point f,, 0 can be
constructed as follows

Ry.j.n(Fgn.0) = Ry jin (B nlEgn.0)
= C6,9,5,n + 2Re{bg{g,j,nfg,n} + ag,j,nfgl?nfg,m

€19

where £, o is the latest value of f, ,,, and the newly added
coefficients are given in (32). The details of their derivation
can be found in Appendix A.

Based on the above MM transformation, the objective
function of problem (P5) can be replaced by (BI). Conse-
quently, the update of fgm can be achieved by optimizing a
convex lower bound of the objective function (3I), which is
formulated as

(P6) :max ayg nf, Fyn + 2Re{bg,  Fon} + crgn  (332)

g.n
9.m
—_—
s.t. £,5. 850 < B (33b)
where
G G

— A A

Qgn = ijlamj,m bggn = ijlb&g,j,m (34)

G

L .
n= 2, 6gdn



exp( - :ug,j,nRg,j,k,n (?g,mO))
D kex €XP( — f1g,j.n Ry sk By 0

hg i kn(fn0)

A
, Qg in = —max{Anax (B2 g — 2g. inmax{tcy iknt,
)) 93,1 {Amax(B2,g,5,k,n) } Hg,j,n ke’c{ 9.,k }

ke

tegjkm = Amax(Ba,g kB3 g i k) P + D565 knll3 + 20/ PlIBa,g i knbs.g.5kmll2;

A

bﬁ,g,jm—E kelchsw,k,n(fg,n,O)(b&g,J,k,n BQ,g,j.,k.,nfgm,O) O‘g,37nfg7n,07

C6.g.jm = Ry jin (Fgm0) — 2Re{bZ £ 0} + agjnEll, om0 (32)
Note that the coefficient &, is negative. Thus, the problem Algorithm 1 The Low-Complexity Algorithm
(P6) is convex and can be tracked by off-the-shelf numerical I initialize { fg(o)} and £ =0 :
solvers, e.g., CVX. 2 repeat
How.ever,. the aforementioned method fo.r solvin.g (P6) re]i.es 3 update {%(Zt]:rl)} and {wétzl)} by (I3) and (I6), respec-
on the interior point (IP) method [41]], which typically entails tively; ’ ’
high computational complexity. In the following, by leveraging  ,. g, g=1t G do
the Lagrangian multiplier method, we propose a CVX-free . for n — 1 to N do
solu.tlon for efficiently addre.ssmg (P6?. . 6: fg,n,l _ }-(fg(:fr)l);
First, the Lagrange function associated with the problem 7. fyno=F(Eyn1);
(P6) is formulated as g i = f - fétr)z,
LEn,v) =— dg,nffnfgm — 2Re{bgg,nfg7n} (35 J2 = fgﬂgz-,ﬁ —fgn1 —in
H 7 10: T =—1 2;
—Crgn + V(fg,nfgm - Pt)? _ ||J2ﬂ2 . )
here v is the Lagrangian multiplier associated with the power " fg(f,fl) o fg(’t% ~ 27+ T F+D
where v ultiph w w . e (D) 2 e+l _ g B
constraint (330). 12: if [[fgn 112> Pr fg.n 7 = VP R
Subsequently, we take the first-order derivative of the La-  13: while R(ET) < R(ED) do
grange function £(f,,r) w.rt. the variable f, ,, and equate it  14: p=1(p—1)/2; .
to zero, which yields: 15: if ||fg(t;l*1)”§ > P, féfj{l) = \/Fti“;gf”” :
— g,m 2
OL(fg.n,v) 16: end while
oF, .. =0 SO end for
7 18:  end for
Then, the solution of f;,, can be given as 19 t+ +;
_ bs.on 20: until convergence;
£ = —ogt (37)
vV —0gn

Furthermore, by incorporating the equation (37) into the
power constraint (33b), we can obtain the following relation-
ship:

H
b8,g,nb8797"

(v — agn)?

<P (38)

We can observe that the expression on the left-hand side
of (B8) is a monotonically decreasing function w.r.t. the
Lagrangian multiplier v. Next, by determining whether the
equality sign of the inequality is achieved, the optimal solution
to problem (P11) can be classified into the following two
cases:

CASE-I: If the equation (38)) holds when v = 0, then the
optimal solution for (P6) can be formulated as:
£, = Dsgn. (39)
Oég_’n
CASE-II: When v > 0, the optimal solution of problem
(P6) is given by

\/E bS,g,n

= )
o b, g.nl2

(40)

The low-complexity algorithm can be summarized in Algo-
rithm [I, where R(-) denotes the objective function (ITa) and
F(-) represents the nonlinear fixed-point iteration map of the
low-complexity algorithm in (7).

D. Complexity

In this subsection, we briefly discuss the complexity of
solving the problem (P6). According to the complexity anal-
ysis in [48], the computational complexity of solving the
problem (P6) via SOCP solver is O(K?). In comparison, the
closed-form solution by the Lagrangian multiplier method has
negligible complexity.

IV. NUMERICAL RESULTS

In this section, comprehensive simulation results are pre-
sented to demonstrate the effectiveness of the low-complexity
algorithm for the considered TRIS transceiver-enabled down-
link multi-cell MISO communication system. The simulated
multi-cell communication system setting is shown in Fig.
2l which includes G = 2 cells, each containing one TRIS
transceiver and &K' = 2 mobile users. In the experiment, the



transceiver

transceiver

Fig. 2. Simulation setup for a multi-cell MISO communication
system using the TRIS transceiver.

TABLE II: Simulation Parameters

Parameter Value
G 2
K 2
Distance between two TIRS transceivers 140m
The maximum radius of cell 100m
Rician factor 5dB
Path loss exponent a; = 3.2
The maximum power for each unit 10dBm

first TRIS transceiver is located at the three-dimensional (3D)
coordinates (0,0,4.5), while the second TRIS transceiver is
located at (140,0,4.5). In each cell, all users are randomly
distributed within a circle of 100m in radius, centered around
the TRIS transceiver, and are positioned at a height of 1.5m.
The antenna spacing is set to half the wavelength of the carrier.
We assume that the TRIS transceiver-user link follows the
Rician distribution with a Rician factor of 5dB. The path
loss exponent of the TRIS transceiver-user link is o = 3.2.
The maximum transmit power for each element of the TRIS
transceiver is set as 10dBm. The simulation parameters are
summarized in Table [l

First, we label the methods for solving problem (P6) that
utilize the analytical solution and CVX as “Low Com.” and
“SOCP”, respectively. To ensure a fair comparison, both
algorithm implementations are initialized at a common starting
point for each channel realization. Fig. 3] shows the overall
convergence behaviours of our proposed algorithms. As de-
picted in the figure, the sum-rate for both algorithms mono-
tonically increases with the iteration index, demonstrating the
substantial gains compared to the initial point. Both algorithms
consistently deliver identical performance across all tested
settings. Furthermore, they typically achieve convergence in
under 10 iterations. Moreover, the sum-rate performance in-
creases as the number of TRIS transceiver units IV increases.

In addition, following the convergence analysis, we evaluate
the computational complexity of the proposed algorithms. A
comparison of the MATLAB runtimes for two algorithms is
provided in Fig. [ across a range of TRIS transceiver element
counts N. The figure indicates that the “SOCP” and “Low
Com.” algorithms have the longest and shortest runtimes,
respectively. Notably, the “Low Com.” method is substantially
more efficient, requiring computation time that is two orders
of magnitude less than that of the “SOCP” algorithm. For
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example, when N = 36, the “Low Com.” method requires
only 2.5% of the run time needed by the “SOCP” algorithm.
By combining Fig. @] and Fig. Ml it is clear that the “Low
Com.” method is more efficient than the “SOCP” algorithm
while still ensuring optimal sum-rate performance.

For comparison, we consider a baseline scheme that em-
ploys the traditional multi-antenna transceivers in the multi-
cell system, and the corresponding optimization problem can
be written as

G .
®) :r{r}ai( {Rs({fg ) = Zg:1 min Rng({fg})} (41a)

st. £11f, < NP,,Vg € G, (41b)

where the above problem can still be solved by our proposed
algorithm with slight modification.

We label the schemes that utilize the TRIS transceiver and
traditional multi-antenna transceivers as “TRIS” and “Base-
line”, respectively. Fig. [Slillustrates the sum-rate performance
of two schemes versus the power budget available to each
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TRIS transceiver unit. Clearly, the sum-rate for all schemes
increases monotonically as the TRIS transceiver unit’s maxi-
mum transmit power grows, which confirms the effectiveness
of power enhancement. Compared to the “Baseline” scenario,
the deployment of the TRIS transceiver significantly boosts
the sum-rate. Furthermore, for both “TRIS” and “Baseline”
schemes, the “N = 25 configuration achieves a significantly
higher sum-rate than the “N = 16 configuration under iden-
tical conditions. For P, = 10mW, the sum-rates of the
“TRIS” and “Baseline” schemes in the N = 25 case reach
up to 153% and 146% of their sum-rates in the N = 16
case, respectively. Additionally, the performance gap between
“TRIS” and “Baseline” schemes in the “N = 25 case is larger
than observed in the “N = 16 case.

In Fig. [6] we illustrate the achievable sum-rate performance
of the two considered schemes versus the number of users
in each cell. For all schemes, the sum-rate decreases mono-

T
—O—TRIS,N =16
—&— Baseline, N =16

0.7~ —-©--TRIS,N=25
RNy —-H--Baseline, N = 25

0.6

N

T

B

= 0.5

£

Qo

Co4

€

3

1%}

o
w

0.2

0.1

80 90 100 110 120 130
The cell radius

Fig. 7. Sum-rate versus the cell radius.

tonically as the number of users increases, a trend that holds
under various TRIS transceiver unit settings. Specifically, the
total sum-rate decreases rapidly as the number of users in each
cell increases from 2 to 5. In contrast, once the user count
reaches 6 and beyond, the rate of decline in total sum-rate
slows significantly. Moreover, for a fixed number of users, both
“TRIS” and “Baseline” schemes achieve significantly higher
sum-rates in the case of “N = 25” compared to the case of
“N = 16”. For instance, when K = 2, the sum-rate of the
“TRIS” scheme in the N = 25 case is up to 155% of that in
the N = 16 case, while the “Baseline” scheme reaches up to
142%. Additionally, as the number of users per cell increases,
the sum-rate performance gap between the “N = 25” and “N
= 16” cases narrows for both the TRIS and Baseline schemes.

Fig. [ demonstrates the effect of the cell radius on the
performance of all schemes. As the cell radius is increased
from 80m to 130m, a monotonic decrease in the achievable
sum-rate is observed for all evaluated schemes. Given the same
system parameters, the two strategies exhibit a considerably
enhanced sum-rate performance at N = 25 relative to N = 16.

The trend of sum-rate performance w.r.t. the number of cells
G is illustrated in Fig.[8 It can be observed that as the number
of cells increases, the sum-rate performance improves for
both the “TRIS” and “Baseline” scenarios. Furthermore, the
novel TRIS transceiver consistently outperforms conventional
transceivers. Under the same system settings, the sum-rate
performance of all schemes is significantly higher at N = 25
compared to N = 16, and the performance gap between these
cases widens as the number of cells increases. When G = 2,
the sum-rate of the “TRIS” and “Baseline” schemes in the
N = 25 scenario are up to 148% and 149% of their respective
sum-rates in the N = 16 scenario.

Fig. 9] examines the effect of the path loss exponent of
the TRIS transceiver-user channel on the sum-rate. When
the path loss exponent grows from 3.0 to 4.0, the sum-rate
attained by all considered schemes declines monotonically
and consistently. Furthermore, it is observed that the rate
performance gap between the “TRIS” and “Baseline” scenar-
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ios progressively lessens as the path loss exponent increases.
Furthermore, the sum-rate performance of all schemes is
significantly improved when the number of TRIS transceiver
elements is increased from 16 to 25. However, it is also
noteworthy that the sum rate gap between “N = 16” and “N =
25” cases also decreases as the path loss exponent increases.

Fig. [10l depicts the effect of the number of TRIS transceiver
elements. It is evident that increasing the number of elements
enhances the beamforming gain for all schemes, which is due
to the fact that more TRIS transceiver elements provide higher
diversity gain. Moreover, the rate of increase in sum-rate w.r.t.
N is significantly lower for K = 2 compared to K = 4.
Besides, it is observed that the rate performance gap between
the “TRIS” and “Baseline” scenarios gradually increases as
the number of TRIS transceiver elements increases.

V. CONCLUSIONS
This paper studies a TRIS transceiver-enabled multi-cell
MISO communication system with the objective of maximiz-
ing the minimum rate across all cells to ensure rate fairness
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Fig. 10. Sum-rate versus the number of TRIS transceiver units.

by optimizing the transmit beamforming vectors at the TRIS
transceivers, while satisfying the transmit power limits of
individual TRIS transceiver units. To solve the challenging
max-min rate optimization problem, we develop an efficient
and fully analytic-based solution, which does not depend on
any numerical solvers and has low complexity, by employing
the MM methodology combined with a smooth approximation
technique. The numerical results reveal that the proposed op-
timization approaches greatly improve sum-rate performance
and validate the potential of the TRIS transceiver as a novel
transceiver solution for wireless networks emphasizing low
cost and minimal power consumption. In addition, the com-
putational complexity of the proposed algorithm is much less

than that of the method relying on the numerical solvers, e.g.,
CVX.

APPENDIX

A. Proof of (Z1)

Proof: It is noteworthy that the function Ry j,(f,,) is
twice differentiable and concave w.r.t. the variable f, ,,. This
indicates that the second derivatives of the function exist and
are continuous.

_ Therefore, by combining the characteristic of the function

Rg,jn(fyn) with the MM methodology, we can construct a

quadratic surrogate function to minorize f{gﬁjyn (fg,), which
can be formulated as follows

lég,j,n(?g,n) 2 Rg,jm (42)

= Rg,j,n(fgm,o) + 2Re{b%’g,j,n(fg,n - fg,n,O)}
+ (fg,n - 97n,0)HD97J’,n(fg7n - fg,n,O)a

where bz, ;. € CE*1 and Dy ;,, € CE*E,

Next, by utilizing the requirement that the surrogate function
Ry, jn should satisfy the conditions C'1) — C4) of the MM
method, we can derive the coefficients b7 4, and Dy ; »,
respectively.



Obviously, we can find that both conditions C1) and C4)
are already met. In the next, we will confirm that conditions
(C3) and C2) hold in that order.

First, following the direction f'gm fg n,0, We can obtain the
directional derivative of the function Rg 4,n at the point f 1,05
which is given by

2Re{(z ’Chg]kn( I,
- fg,n,OBQ,g,j,k,n)) (f ? )}

where the vector f'g_,n belongs to Sg.

(43)

According to the inequality @2), the_function Ryjn of
the directional derivative with direction f; , — f; ,, o can be
formulated by

?g-,n,O)}-

To satisfy condition C3), the equality of the directional
derivatives found in (@3) and #4) is a necessary requirement.
Therefore, the following equality should hold:

b7.g.n = Zke,chg,j,k,n(?g.,n,O)(bagyj.,k.,n —BY, i knfgn0)
(45)

oRe{bll . (F,. - (44)

In the next, we proceed to ensure that condition C'2) holds.
Furthermore, if the surrogate function Ry j ,(f,.[F5.n.0) pro-
vides a lower bound for all linear segments in any direction,
the condition C2) is fulfilled. As a result, the following
expression should hold true

Ry.jn (Egno + 7(Fgn — Fyn0)) (46)
2 R 955 n(fg,n 0) + 27‘Re{b7 9] n(f - fg,n,O)}

fg,n,O)HDg,j,n (fg,n - fg,n,O)y

where £, ,, = £, .0 + T(fg n — fgn0), V7 €[0,1].
Let Py jn(T ) £ Rgu, (fg nQ T T(fg n = fg,n,O)) and
A
Pg,jnk(T) = Rg,mk n(fg n,0 T T(fg n = fg,n,O))- And then, a
sufficient condition of (IEI) can be formulated as

O Pyin(T) o o7
(97'2 Z 2(f97
First, we obtain the first-order derivative of Py ; »(7), which
can be expressed as

+ 72 (fgn —

n fg,n,O)HDg,j,n(fg,n - fg,n,O)- (47)

OP, jn(
— &0 2 ] Z hy ,g,7:k, n Tpg.,j,k,n(T)v (48)
kex
where the new coefficients are defined as
exp(—Hg,j,nPg,j.k,n(T))
hi,g.jkn(T) £ , (49)
- Zke;c exp(—Hg,j,nPg,j,k,n (T))

Vpg.jkn(T) £ —27(fg.n — fg.n, O)HBg,J}k n(fgn fg,n,O)
+ 2Re{b§{g,j,k,n(fgqn - fg,n,O) fg n, OBg gk "(f n fg,n,O)}
= QRC{d;{j,k,nfg,n}v
dg.j.k,n £ b5 g.5.kn — ng,k,n(fg,nﬁ + T(fg,n - fg,n,O))a

A A= z
fg,n = fg,n - fg,n,O-

Next, the second-order derivative of P, ; ,(7) is formulated

in (30), where

Vgpg,jyk,n(T) = *Q(fg,n - _g,n,O)HBg,jyk,n(f‘g,n - ?g,nyo)
= _QEHnt,Lk,n?g,m (5D

By combining the equatlons @8)— (31D, we can rewrite the
8?2 Py jn(T)

second-order derivative % as follows
82Pg,j7n(7') oH T f‘g_n
o =l B Yoan |17, G2

with the coefficient ¥, ; , given in (33).
Similarly, we again rewrite the right of the inequality (@7)
as follows:

Q(fgyn - fgyn,O)HDgyj-,n(fgyn - fgyn-,O) (54)
. . D, . 0 f
— H T g,3,m g,m
= [fg-,n fg-,n] [ 0 Dgyj_,n} [f';n}
To satisfy condition C2), we have
Dy jn 0
Wy in>= { 0 Dg,j,n:| . (55)
Therefore, we can determine
Dy in=0agnl=Anin(¥g ;)L (56)

And then, the function Rg j.n in (@2) can be given as

Rg,jm = Rgu} (fg n,0) + 2Re{b7 193 n(f - fg,n,O)} (57)
+ (fg.n — £5.0.0) "Dy jon (Fgon — Fg.n0)
= 6,9 + 2Re{bg, ; Ty n} + gkl Ty,
where ¢ ¢ j» and bg 4 5, are given in (32).
However, we can find that the matrix W, ;, is difficult

to obtain its explicit value. Therefore, to obtain the value of
W, in, we refer to the following lemmas, which are given as

al): When both matrices A and B are Hermitian, the
following inequality holds:

Amin (A) + Amin (B) < Amin (A + B);

a2): When the rank of the matrix A is one, we have

(58)

Amax(A) = Tr(A), Amin(A) = 0; (59)
a3): When ax, br, > 0 and Zszl ar = 1, we obtain
K K
>, akbi < maxis by (60)

a4): A and B denote positive semidefinite matrices and A
have maximum eigenvalue Ap.x(A). Then the following
inequality holds:

Tr(AB) < Apax(A)Tr(B). (61)

Next, by utilizing the lemmas al) — a4), the lower bound
of e j, is formulated in (62).

It should be noted that the value of ||dg k|3 in (62)
remains difficult to obtain. Therefore, we turn to find its
upper bound instead of the original value. Since f,, =
£yn.0 + 7,0 — Fm0), V7 € [0,1], the following inequality
can be achieved:

H?g,an = ||f om0t T(?g,n - ?g,mO)H% < P (63)



2Py o (T)

5= D e 110,350 (1) Vg (7) (50)
2
= 19,519,300 (T)(VePg i (D)%) + tg i (D, 10,300 (T)V Py jkn (7))
= H
-B,; 0 d, d,
‘Ilgajvn £ Z (hl,g,j,k,n(T) |: %J,k,n B . :| *,Ug,j,nhl,g,j,k,n(T) |: Zdﬁk’n:| |: Z,j,k,n:| ) (53)
ek g.J:.k,n g.3,k.n 9,3,k,n
H
by [Zkelc hl,g,j,k,n(f)dg,j,k,n] [Zkelc hl,g,j,k,n(r)dg,j,k,n} _
PN ek P95,k (T)dy S 1 > kek P95,k (T)dy S 1o
dl) 7]§ -
Amin(¥g,5,n Z h1,g,5.kn( ))‘maX( { 0]’ " -B,, ],k,n:| ) (62)
ke
g.J:.k,n g.3.k,n
72,“49]71 lgj,k:,n mdx<|: :||: :| >
kek g,7,k,n g,7,k,m
H
+ Lg5nAmi < [Zkelc hl,gu,k n( g,J,k n} [Zkelc hl,g,j7k7n(7)dg,j7k7n} >
n7\min *
97 > kex P1g gk (T)d] g.5.k,m > okek h1=g-,j7k,n(7)dg,j,k,n
,2 —_
d:) - Z hl,g,j,k,n(’r) (Amax(Bg,j,k,n) + 2#97j,ndgj,k,ndg,j,k,n)
kex
a3) _ 9
= —maX{Amax (B jinn)} = 2htgjnmax{{dg,jn.nll2}-
Hdg,j,k n”% = Hb5,g,j,k n - Bg ],k,n(fgm o+ T( - ? i 0))”% (64)

= | f
ad) u
< )‘maX( 9.3k, nt,y

bs g knlls + ||Bg,g,k nw(fgn0 + T(fgn

f n 0))”2 - 2Re{b5 ,9,7:k, nt],k n(fg n,0 T V(fg n

k) om0 + Y (Egn = Fo.m0)13 + 1D5..5.k.0115 —

fo.n.0)}

2Re{b5 ,9,5,k nt 7k, n(fg,n o+ V(fg, ?g,mO))}

< Amax(By kB k0 P4 b5.g i knll5 + 2/ Pl By jknbs gk l2-

And then, an upper bound of the term ||dg ;x.n|/3 can
be obtained via the lemma a4), which is given in (64).
Specifically, to find the last term 2v/P;|| By j.5,nb5,g.5.k.n |2 Of
the final inequality in (64), we solve the following optimization
problem to determine its optimal solution:

(65a)
(65b)

. H BH
m}:n 2Re{b5,g,j,k,nt,j,k,nX}

s.t. xPx <P.

Finally, we combine (62)—(G4) to derive the lower bound
of agy ;. is formulated in (32).
Thus, the coefficients defined in (32) have been proved.
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