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ABSTRACT Deploying reconfigurable intelligent surface (RIS) to enhance wireless transmission is a promis-
ing approach. In this paper, we investigate large-scale multi-RIS-assisted multi-cell systems, where multiple
RISs are deployed in each cell. Different from the full-buffer scenario, the mutual interference in our system
is not known a priori, and for this reason we apply the load coupling model to analyze this system. The
objective is to minimize the total resource consumption subject to user demand requirement by optimizing
the reflection coefficients in the cells. The cells are highly coupled and the overall problem is non-convex. To
tackle this, we first investigate the single-cell case with given interference, and propose a low-complexity
algorithm based on the Majorization-Minimization method to obtain a locally optimal solution. Then,
we embed this algorithm into an algorithmic framework for the overall multi-cell problem, and prove its
feasibility and convergence to a solution that is at least locally optimal. Simulation results demonstrate the
benefit of RIS in time-frequency resource utilization in the multi-cell system.

INDEX TERMS Load coupling, multi-cell system, reconfigurable intelligent surface (RIS), resource alloca-

tion.

I. INTRODUCTION

N ARRAY of new technologies that can contribute
A to beyond 5 G (B5G) and the sixth-generation (6 G)
wireless networks are being proposed and extensively in-
vestigated, including massive multiple-input multiple-output
(m-MIMO) [1] or utilizing higher frequency bands such as
millimeter wave (mmWave) [2] and even terahertz (THz) [3].
However, to apply these technologies, it may be necessary to
develop new network software and hardware platforms. For
example, millions of antennas and baseband units (BBU) need
to be deployed to support mmWave and THz technologies. As
a low-cost solution, reconfigurable intelligent surface (RIS)
has recently drawn significant attention [4]-[7].

The RIS-assisted wireless network not only provides lower
cost compared with some other technologies, but also leads
to less overhead to the existing wireless systems [8]. RIS is
a planar surface composed of reconfigurable passive printed
dipoles connected to a controller. The controller is able to
reconfigure the phase shifts according to the incident signal,

to achieve more favorable signal propagation. By its nature,
RIS provides a higher degree of freedom for data transmis-
sion, thus improving the capacity and reliability. In contrast to
traditional relay technology, RIS consumes much less energy
without amplifying noise or generating self-interference, as
the signal is passively reflected. Also, as deploying RIS in a
wireless network is modular, it is more suitable for upgrading
current wireless systems.

A. RELATED WORKS

1) STUDIES ON CHARACTERISTICS OF RIS

The authors of [9] propose a far-field path loss model for
RIS by the physical optics method, and explain why RIS can
beamform the diffuse signal to the desired receivers. In [10]-
[12], the differences and similarities among RIS, decode-and-
forward (DF), and amplify-and-forward (AF) relay are dis-
cussed. The authors of [11] point out that a sufficient number
of reconfigurable elements should be considered to make up
for the low reflecting channel gain without any amplification.
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The authors of [13] conduct the performance comparison be-
tween non-orthogonal multiple access (NOMA) and orthog-
onal multiple access (OMA) in the RIS-assisted downlink
for the two-users scenario, and reveal that OMA outperforms
NOMA for near-RIS user pairing. Additionally, even though
the adjustment range of the reflection elements usually is
limited in order to reduce the cost in practice, [14] shows
that it still can guarantee a good spectral efficiency. Further-
more, in [15], RIS powered by wireless energy transmission is
considered, and the results show that RIS can work well with
wireless charging.

2) STUDIES ON SINGLE-CELL SYSTEM WITH RIS

Inspired by the advantages of RIS, the authors of [5] out-
line several typical use cases of RIS, e.g., improving the
experience of the user located in poorly covered areas and
enhancing the capacity and reliability of massive devices
communications. The authors of [16] optimize the reflection
elements to improve the rate of the cell-edge users in an RIS-
assisted orthogonal frequency division multiplexing access
(OFDMA)-based system. In [17], the authors jointly adopt the
semidefinite relaxation (SDR) and the alternating optimiza-
tion (AO) method to improve the spectral and energy effi-
ciency of an RIS-assisted multi-user multi-input single-output
(MISO) downlink system. For the same type of system, the
authors of [18] propose an algorithm based on the fractional
programming technique to improve the capacity. Besides, due
to its excellent compatibility, the RIS is able to adapt to vari-
ous multiple access techniques, e.g., NOMA [19], [20] and the
promising rate splitting multiple access (RSMA) [21]. Addi-
tionally, a variety of RIS-assisted application are investigate
in [12], [22]-[26]. The works in [27]-[31] study RIS-assisted
spectrum sharing scenarios. The authors of [27] integrate an
RIS into a multi-user full-duplex cognitive radio network
(CRN) to simultaneously improve the system performance of
the secondary network and efficiently reduce the interference
from the primary users (PUs). The authors of [28] provide
an algorithm based on block coordinate descent to maximize
the weighted sum rate of the secondary users (SUs) in CRNs
subject to their total power. The work in [29] investigates
two types of CSI error models for the PU-related channels
in RIS-assisted CRNs, and propose two schemes based on the
successive convex approximation method to jointly optimize
the transmit precoding and phase shift of matrices. The au-
thors of [30] propose alternative optimization method based
semidefinite relaxation techniques via jointly optimizing ver-
tical beamforming and RIS to maximize spectral efficiency
of the secondary network in an RIS-assisted CRN. The work
in [31] studies an RIS-assisted spectrum sharing underlay
cognitive radio wiretap channel, and proposes efficient algo-
rithms to enhance the secrecy rate of SU for three different
cases: full CSI, imperfect CSI, and no CSI. In addition, the
authors of [32] develop a deep reinforcement learning (DRL)
based algorithm to obtain the transmit beamforming and phase
shifts in RIS-assisted multi-user MISO systems. A novel
DRL-based hybrid beamforming algorithm is designed in [33]
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to improve the coverage range of THz-band frequencies in
multi-hop RIS-assisted communication systems. The authors
of [34] propose a decaying deep Q-network based algorithm
to solve an energy consumption minimizing problem in RIS
in unmanned aerial vehicle (UAV) enabled wireless networks.

3) STUDIES ON MULTI-CELL SYSTEM WITH RIS

All the above works [5], [16]-[31] focus on a single-cell
setup. Different from the single-cell scenario, the key issue
for a multi-cell system is the presence of inter-cell inter-
ference. The authors of [35] jointly optimize transmission
beamforming and the reflection elements to maximize the
minimum user rate in an RIS-assisted joint processing coordi-
nated multipoint (JP-CoMP) system. For fairness, a max-min
weighted signal-interference-plus-noise ratio (SINR) prob-
lem in an RIS-assisted multi-cell MISO system is solved by
three AO-based algorithms in [36], and the numerical results
demonstrate that RIS can help improve the SINR and sup-
press the inter-cell interference, especially for cell-edge users.
Three algorithms are proposed to minimize the sum power
of a large-scale discrete-phase RIS-assisted MIMO multi-cell
system in [37]. In [38], the authors give a novel algorithm
for resource allocation in an RIS-assisted multi-cell NOMA
system to maximize the sum rate. The authors of [39] jointly
optimize the reflection elements, base station (BS)-user pair-
ing, and user transmit power by a DRL approach to maximize
the sum rate for a multi-RIS-assisted MIMO multi-cell uplink
system.

B. OUR CONTRIBUTIONS

It is noteworthy that almost all existing papers studying RIS-
assisted multi-cell systems focus on the rate maximization
problem, which usually means making full use of the resource.
In many scenarios, however, the user demands are finite, and
hence it is relevant to meet the user data demands rather than
achieving highest total rate by exhausting all the resource. For
such scenarios, inter-cell interference is not represented by
the worst-case value as not all resources are used for trans-
mission. Having this in mind, we consider the time-frequency
resource consumption minimization problem in the multi-
RIS-assisted multi-cell system. Different from the existing
full-buffer works, in our scenario, the mutual interference is
not known a priori instead of the worst-case value. The main
contributions of this paper can be summarized as follows:

e We formulate an optimization problem for the multi-
RIS-assisted multi-cell system. Our objective is to opti-
mize the reflection coefficients of all RISs in the system
to minimize the total time-frequency resource consump-
tion subject to the user demand requirement.

® Due to the non-convexity of this problem, we first in-
vestigate its single-cell version. We derive an approx-
imate convex model for the single-cell problem. We
then propose an algorithm based on the Majorization-
Minimization (MM) method to obtain a locally optimal

solution.
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¢ In the next step, we embed the single-cell algorithm into
an algorithmic framework to obtain a locally optimal
solution for the overall multi-cell problem, and prove its
feasibility and convergence. The algorithmic framework
also is proved that it can reach the global optimality if
the single-cell can be solved to optimum.

® We evaluate the performance of the system optimized by
our algorithmic framework, make performance compari-
son to three benchmark solutions. The numerical results
demonstrate the proposed algorithmic framework is ca-
pable of achieving significant time-frequency resource
saving.

C. ORGANIZATION AND NOTATION

1) ORGANIZATION

The remainder of this paper is organized as follows. In Sec-
tion II, we describe the multi-RIS-assisted multi-cell system
model and formulate our optimization problem with the load
coupling model for characterizing inter-cell interference. In
Section III, we investigate the single-cell problem, and pro-
pose an algorithm based on the MM method. In Section IV, we
propose an algorithmic framework for the multi-cell problem.
In Section V, simulation results are shown for performance
evaluation. Finally, we conclude in Section VI.

2) NOTATION

The matrices and vectors are respectively denoted by boldface
capital and lower case letters. C'*M and CM*! stand for a
collection of complex matrices, in which each matrix has size
1 x M and M x 1, respectively. diag{-} denotes the diagonal-
ization operation. For a complex value e', i denotes the imag-
inary unit. x ~ CA' (i, o) denotes the circularly symmet-
ric complex Gaussian (CSCG) distribution with mean p and
variance o2. Transpose, conjugate, and transpose-conjugate
operations are denoted by ()7, (-)*, and (-)?, respectively.
91{-} and J{-} denote the real and imaginary parts of a complex
number, respectively. O(-) denotes the order in computational
complexity. In addition, || - ||sc denotes the infinity norm of a
vector.

Il. SYSTEM MODEL AND PROBLEM FORMULATION

A. SYSTEM MODEL

We consider a downlink multi-cell wireless system shown
in Fig. 1 with a total of L RISs and [ user equipments
(UEs) distributed in J cells. Denote by £ = {1,2,...,L},Z =
{1,2,...,I},and J = {1, 2, ..., J} the sets of RISs, cells, and
UEs, respectively. In addition, J; (Vi € 7) represents the set
of the UEs served by cell i. Without loss of generality, we
assume that all RISs have the same number (denoted by M) of
reflection elements. Let M = {1, 2, ..., M}.

We use g;j, G € C™M " and H;; e CM*1 to denote the
channel gain from the BS of cell i to UE j, that from the BS of
cell i to RIS /, and that from RIS / to UE j, respectively. Note
that the channels between BS and RIS, as well as the channels
between RIS and users in RIS-assisted multi-cell systems can
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FIGURE 1. This figure shows a concise example for the received signal and
interference at a user in the multi-RIS-assisted multi-cell system, where
blue solid line, dashed line stand for the direct and reflected signal,
respectively, and red solid line, dashed line stand for the direct and
reflected interference, respectively.

be estimated by existing works, such as the channel estima-
tion framework based on the PARAllel FACtor (PARAFAC)
decomposition in [40]. The diagonal reflection matrix of the
[-th RIS is denoted by

O, = diag{i1, b2, - - ., dim}s (D

where ¢, = Aipel’m, Vm € M. Further, ¢, is the m-th re-
flection coefficient of the [-th RIS, where A;,, and 6;,, repre-
sent its amplitude and phase, respectively. In this paper, we
consider the following three value domains of the reflection
coefficient.

1) IDEAL

Ideally, the amplitude and phase can be adjusted indepen-
dently, i.e., A;;, € [0, 1] and 6y, € [0, 2]. This leads to the
following domain definition:

D, = {)\lmeielm

A € [0, 11,61, € [0, 271]}. )

2) CONTINUOUS PHASE SHIFTER

In this case, the amplitude is at its maximum, i.e., A, = 1,
and only the phase can be adjusted. Under this assumption,
the corresponding domain is:

D2 — {eielm

O, < [0, 2n]} . 3)

3) DISCRETE PHASE SHIFTER

This is also called practical RIS. A practical RIS only provides
a finite number of phase shifts, and its amplitude is fixed at
one. We assume the phase shift can be adjusted in N discrete

VOLUME 3, 2022



EEE

IEEE Open Journal of

Vehicular Technology

values in the following domain:

D3 = {eielm

Om €10, AO, ..., (N — 1) A}, N > 2}, 4)

where AG =27 /N.

Note that, for single-user single-antenna scenarios with
perfect CSI, amplitude control is unnecessary because the
amplitude should be one in both theory and practice [41].
For the multi-user systems with perfect SCI, the work in [18]
has shown that the performance gain provided by the ampli-
tude control is negligible. Therefore, in our paper, we do not
exclude amplitude control, and use optimization to examine
if our scenario with cell load coupling also submits to this
observation. Our numerical results (see later in Section V)
show the optimal amplitude of the RIS should be one.

We use x; to represent the transmitted signal at BS in cell &.
Accordingly, the overall received signal including interference
at UE j is given by

yj = E 8k jXk +E E GO H jx; +7;
kel keZ lel
—

Direct links (from BSs) RIS-assisted links

:Z(gkj+ZGkZ®IHlj) Xk +2j, (3)

keZ lel

where z; ~ CN (0, 6'2) is the additive white Gaussian noise at
UE j. UE j in cell i treats all the signals from other cells as
interference, then (5) can be re-written by

yj = (gij + ZGilelHlj) X

lel

Desired signal

+ ngj+ZZle®lHlj X +zj,  (6)

keZ, keZ, lel
ki ki
Interference

Let P, be the transmission power per resource block (RB)
in cell k, and we use p; € [0, 1] to represent the proportion of
RBs consumed in cell &, and this entity is referred to as the cell
load in [42]. In fact, it is quite difficult to fully coordinate the
inter-cell interference in large-scale multi-cell networks. For
this reason, we use the load levels to characterize a cell’s like-
lihood of interfering the others. A cell transmitting on many
RBs, i.e., high load, generates more interference to others than
almost idle cell of low load. We remark that this inter-cell
interference approximation is suitable for the network-level
performance analysis, and [43], [44] have shown that the
approximation has good accuracy for inter-cell interference
characterization. Thus, the power of interference received at
UE j is calculated by

D g+ Gu®H | piPr, (7

keZ, lel
ki
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where g and ), » Gy ©;H ; are the channel gain of the di-
rect interference link and that of the RIS-assisted interference
link between cell k and UE j, respectively.

Hence, the signal-to-interference-and-noise ratio (SINR) of
the UE j in cell i is modelled as

|81+ X1 Ga @ |* P
Yz |8+ e GuOH, ;| Pupi+o>
(®)
where p = [p1, p2, ..., p117 and @ = {Pyull € L, m € M).
Note that the load of cell k, px in (8), the proportion of
resource used for transmission in cell k, serves as interference
scaling.

The achievable capacity of UE j is then log(l+
SINR(p, ¢)). Let d; denote the demand of UE j, and denote
by B and K the bandwidth of each RB and the total number
of RBs in one cell, respectively. In addition, let p; be the
proportion of RBs consumption by a specific UE j in the
associated cell. We have

KBpjlog, (1 + SINR; (p, ¢)) > d;. )

SINR; (. $)=

For any cell i, we have

dj
=Yz -
= i KBlog, (14 SINR; (p, ¢))

For convenience, in the following discussion, we use nor-
malized d; such that B and K are no longer necessary.

B. PROBLEM FORMULATION

We consider the following optimization problem where the
reflection coefficients are to be optimized for minimizing the
total resource consumption, subject to the user demand re-
quirement.

[P1] min i
i S

s.t. pjlog, (1+SINR; (p,¢)) =d;,Vj €,

(11a)

(11b)

pi= pjVied, (11c)
JEJi

Gim € D, VI € L,Vm € M. (11d)

The objective function (11a) is the sum of required RBs.
Constraint (11b) represents user demand requirement, and it
is non-convex. Constraint (11c) is the load of cell i. Constraint
(11d) is for the value domain of the reflection coefficients, in
which D can be any of Dy, D,, and D3. In general, problem
P1 is hard to solve, because not only is it non-convex, but also
the cells are highly coupled. From equation (8) in constraint
(11b), we can see that the inter-cell interference depends on
the load levels, which in turn is governed by interference.
What is more, the problem have different properties in dif-
ferent domains, and the impact of these domains should be
discussed further.
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1il. OPTIMIZATION WITHIN A CELL

Let us first consider the simpler single-cell case, and later we
will use the derived results to address the multi-cell prob-
lem. In the single-cell problem, we minimize the load of
any generic cell i, whereas the load levels as well as the
RIS reflection coefficients of the other cells are given. Let
L; (Vi €J) represent the set of RISs in cell i. We define
p—i = {pklk € I,k # i}, p—i = {Ppyulm € M, 1 € L\ £;}, and
¢i = {pimlm € M, € L;}.

A. FORMULATION AND TRANSFORMATION
For a UE j in cell i, the intended signal received at UE j is
given by

2

gij + Z G ©OH;; + ZGiz@lHlj P;
leL\L; lel;

known to be optimized

2
= |2ij+ Y_Gy®H,;| P, (12)

[EL,‘

where g; ; is the known part of total gain.
Similarly, the interference received at UE j is given by

2
> e+ Gu®H ;| Pipi. (13)
ked, lel;
ki
Let ¢y = [¢1, di2, - - .. dum 1", we have
GO H;; = A1y, (14)

where A;;; = G;diag{H,;}. To distinguish from the SINR
formulation (8) in the multi-cell problem, we use SINR;S> (o))
as follows to present the SINR of UE j in the single-cell
problem.

2
8ij+ Dier, Aijl¢l‘ P

SINRy) (¢) = - .
Z/;;u: 8kj+ D ies, Akjl¢l‘ Pipx + 02
(15)
Then the single-cell problem is as follows.
. d;
[P2] min (16a)
¥ ja7 log, (1+ SINRY (9))
st. ¢y € D, Vme M,VI € L;. (16b)

Note that (16a) is non-convex. To proceed, we first intro-

duce auxiliary variables y; = [y1, y2, .. ., y]l.]T, where J; =
|di]. Then problem P2 can be rewritten as follows.
[P2.1] mi d (172)
1] min _ a
duyi 1 logy (1+y))
s.t. (16b),
SINRY (91) = y;. Vi €di.  (1Tb)
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Clearly, the objective function of P2.1 is convex. However,
the additional constraint (17b) is not convex. We introduce
auxiliary variables 8; = [fB1, B2, - . - ,BJ,,]T such that

2

D &+ D Akt Ppe+o® < B Viedi (18)
ked, k#i lel;

Lemma 1: Constraint (18) is convex.
Proof: Note that

2
8kj + Z A1
lel;
= o+ At | | &8+ Do ALy
leL; lel;

= D O AL A g 2R 8D Akjudn 12k, (19)
lel; leL;

where Y. ¢/ AkHj,Ak j1¢1 is the second-order cone (SOC)
and 2§R{§7€j Zleﬁi Ay i} is affine, hence constraint (18) is
convex.

With B;, the SINR constraint (17b) can be expressed by

2
gij+ Y Aijitr| P> By Vi€l (20)
lel;
Thus, problem P2.1 can be restated as follows.
[P22] min > 4
diriBi = 1og (14 ;)
s.t. (16b), (18), and (20). (21a)

Proposition 2: Problems P2 and P2.2 are equivalent.

Proof: The result follows from that, by construction, there
clearly is a one-to-one mapping between the solutions of P2
and P2.2.

B. PROBLEM APPROXIMATION
Consider P2.2, where constraints (16b) and (20) are non-
convex. We first deal with constraint (20), and defer the dis-
cussion of domain constraint (16b).

We apply the transformation 8;y; = %((ﬂj +Vi )? - (Bj —
y j)2) to constraint (20), we thus have the following equivalent
constraint

2 2
(Bi +vi)” = (Bi = i)
2
— 4P |2ij+ Y Aijdy| <0.¥jedi (22)
IEL,'
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We define a function as follows

?j(y]’ ﬂ]’ i) £
2
(B; + Vj)2 —(Bj — Vj)2 — 4P |8ij + ZAijzfﬁl ,Vj € di
ZE»C,'
(23)

Observing that JF; is the difference of two convex (DC)
functions, we adopt the DC programming technique:
1) The Taylor expansion of (8; — yj)2 at point (ﬁj, 7j) is
given by

(B —vi)* =28, — 7)) (Bi—v)) — Bi — 7)°
+ Ri(Bj, vj)s (24)

where Ry (B}, y;) is the remainder. As (8; — y; )2 is con-
vex, we can easily know

R (Bj,vj) = 0.
By (24) and (25), we have

(B — Vj)z > 208 — 7)) (Bi — vj) — (Bj — #))°

(25)

(26)
2) Similarly, we have
2
gij+ Y A
IELI‘
= &+ D Auuen | &+ D o' Al
lel; lel;
2
= D Aiudn| +2% 185 ) ¢ AT} + 181
leL; lekl;
> 20 ] | &+ Y A | D Aiidn
ZEL,' lEL,‘
2
— 1> M| + 181 27)

IEL,‘

Then we define the following function

Fi(v. Bj. ¢i)=(ﬁj+)/j)2—2(51—?j)(ﬁj—Vj)Jr(Bj—f/j)z

— 4P (29’i gij+ Y Aidi | Y Ao
lel; lel;
2
— 1> M| + |£’ij|2): vj€di
lel;
Lemma 3: Fi(y;, Bj, &) = Fj(vj, Bj» i)
Proof: It follows from immediately definitions (23) and

(28), and the inequalities (26) and (27).
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(28)

Algorithm 1: Single-Cell Optimization Based on MM.

Input:p_;, {d;, gij, G, H;}, VI € £;,V] € J;, €;
Output:p;, ¢;;

1:  Initialize (¢, y©, B}

2: 1t <0

3:  repeat

4 G v BY < (8" v, B);

5. Obtain {p" ™V, pI D, gDy by P2.3 or P2.5;

6: t<—t+1;

7: until(30a) or (33a) converges with respect to €
. d; ).

8: ;Oi:Zjegim,fﬁi:(f’i ;

9: return p;, ¢;;

Thus, we use the following constraint to approximate con-
straint (22).

Fi(yj, Bjs i) <0,¥j € J;.

Noted that F;(y;, B;, ¢:) is a sum of a convex function
and affine functions, thus the approximate constraint (29) is
convex. We thus obtain an approximate problem as follows.

n Y dj
min T /1 .\
vivebi 4 logy (1+))

(29)

[P2.3]

s.t. (16b), (18), and (29). (30a)

The objective function (30a), constraints (18) and (29) are
all convex. Next, we investigate the effect of constraint (16b).

C. THE IMPACT OF REFLECTION COEFFICIENT MODELS

1) IDEAL

As D is a convex set, approximate problem P2.3 is a convex
problem for this domain. We can find the optimal solution
efficiently via existing solvers. Making use of the following
remark, the MM method (a.k.a Successive Upper-bound Min-
imization) can be applied to approach P2 and guarantee a local
optimum [45].

Remark 4: By Lemma 3, the Lagrange dual function of
problem P2.3 is an upper bound of that of P2.2.

Specifically, we can find a locally optimal solution to P2
by solving a sequence of successive upper-bound approximate
problems in form of P2.3. The algorithm for the single-cell
case with D is detailed in Algorithm 1.

2) CONTINUOUS PHASE SHIFTER
Domain D, is non-convex, and we handle this issue by the
penalty method. The resulting optimization problem can be

rewritten as
B

2 g, Tl =% (ot -
- (31a)
s.t. (18) and (29),
|pm| < 1,Vm € M, VI € L;, (31b)
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where C is the penalty parameter. Note that the penalty term
C Y e, menc(diml* — 1) enforces that |¢y,,|* — 1 = 0 for the
optimal solution of P2.4. However, the objective function be-
comes non-convex, and we use the DC programming tech-
nique to approximate it. With the first-order Taylor expansion
of ¢}, im» we have

G1m|* = Dhaim = 2R Bt} — |Pim|*-

Then P2.4 can be approximated with the following convex
problem.

(32)

dj

[P2.5] min L
7 log (1+ )

$i.vi.Bi —2C Z R {qgfmqblm}

meM,
leg;

s.t. (18), (29), and (31Db). (33a)

Note that the constant term C(|@;,,|*> + 1) is not stated ex-
plicitly in (33a) as it has no impact on optimum.

We obtain a locally optimal solution to P2 with domain D,
by the MM method that solves a sequence of problems in form
of P2.5. The algorithm is given in Algorithm 1, as all major
algorithmic steps for D remain.

3) DISCRETE PHASE SHIFTER
If D = D3, the single-cell problem P2 is NP-hard.

Proposition 5: The single-cell problem P2 is NP-hard
when D = Dj.

Proof: Please refer to Appendix.

As P2 with D3 is NP-hard, we aim to get an approximate
solution to this case. We first obtain the solution to P2 with
D, ¢l<n11)2) (Ym € M, VI € L;), by Algorithm 1. Then we make
use of the following rounding equation to obtain an approxi-
mate solution ¢Z(333> (Vm € M, VI € L;) in this case.
,VYme M, VI € L;,

D . D
$p," = argmin |y, — ¢,

$im€D3

(34)

D. COMPLEXITY ANALYSIS

Algorithm 1 includes two parts: 1) An iterative process based
on the MM method, and 2) solving the convex approximate
problems. We first analyze the computation complexity of
solving problem P2.3 by a standard interior-point method
in [46]. There are M x |£;| SOC constraints of size two (in the
number of variables), |J;| SOC constraints of size 2 x M X
|£i] + 1, and |J;] SOC constraints of size M x |L;| + 2, with
2 x M x |L;| +2 x |J;| optimization variables. To simplify
the notation, let Q = M x |£;| and T = |J;|. From [47], the
complexity of solving P2.3 is thus given by

JO+2T 20 +2T) (40 +T (20 + 1)
+T(Q +2)* + (20 + 2T)%) = 0(Q*>T2%).

Similarly, the computation complexity of solving prob-
lem P2.5 is also of O(Q3-T%). Additionally, as the com-
plexity of the iterative process based on the MM method
is of O(In(1/€)), where € is the convergence tolerance in

(35)
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Step 7, and the overall complexity of Algorithm 1 is of
0(Q*3P*31n(1/€))

IV. MULTI-CELL LOAD OPTIMIZATION
This section proposes an algorithmic framework for the multi-
cell problem and then discuss its convergence.

In the last section, we have solved the single-cell problem
via algorithm 1, and a locally optimal load of cell i can be ob-
tained, when loads of other cells p_; and the reflection coeffi-
cients of RISs at the other cells ¢_; are given. We aim to solve
the multi-cell problem by solving iteratively the single-cell
problem. However, Algorithm 1 will obtain different locally
optimal solutions, with the different initial parameters. If we
directly embed it into an algorithmic framework based on the
fixed-point method like [48], [49], the convergence will not be
guaranteed. To avoid this issue, the initial parameters of Al-
gorithm 1 should be pre-determined instead of random in the
algorithmic framework. Therefore, we use f;(p—;, ¢—;, V;) to
represent the process of obtaining p; by the Algorithm 1 with
the pre-determined initial parameters, i.e.,

JiGo—is d—i, Vi) = pi,

where p; is obtained by Algorithm 1 with the initial parame-
ters W, = {0, y©, g0}

Lemma 6: fi(p—i, p—i, ¥;) is well-defined.

Proof: Note that p; is obtained by solving a sequence of
convex problems, where the solution to a problem is the initial
point of the next problem instance. It is clear that Algorithm 1
will always converge by the construction of the MM method,
and the same holds if it is applied repeatedly for a finite
number of times. Therefore, fi(p—;, ¢—i, ¥;) is well-defined.

With fi(p—i, ¢—i, ¥V;) and Lemma 6, we then propose an
algorithmic framework based on the following iteration to
obtain a locally optimal solution.

o = [ (o500 07) o (0 6, w10

AR R EY

The algorithmic framework is detailed in Algorithm 2,
named iterative convex approximation (ICA) algorithm.

Steps 1 and 2 are for obtaining appropriate initial param-
eters. We first give ¢©, and our problem be in form of the
problem in [48], then the p(® can be easily obtained, and the
y© and B© also can be calculated. The convergence of ICA
is shown below.

Lemma 7: fi(p—i, ¢—i, Vi) is a monotonically increasing
function of p_;.

Proof: When ¢_; and ; are fixed, our single-cell prob-
lem P2 will degenerate into the single-cell problem in [48].
In [48], it has been proved that the corresponding function is
monotonically increasing with increasing p_;.

Lemma 8: p{" < p” Vi € T holds in ICA.

Proof: In ICA, pV is obtained by (37) based on the MM
method with p© as the initial parameter. By the construction

(36)

VOLUME 3, 2022



EEE

IEEE Open Journal of

Vehicular Technology

Algorithm 2: Iterative Convex Approximation (ICA).
Input: {d;, gi;, G;;,H;;},Vie I, VI e L,Vje ], ¢
Output:p, ¢;

1: Initialize $©;

Obtain p©@, y© = {yﬁo), ygo), i y}o)}, and
BO = {ﬂ(o) g)), e 10)} from solving the
multi-cell problem with ¢(0);

3: 1<« 0;

4:  repeat

5:  forcell i, Vi € Jdo

6: ot = fip, 0T, Wi

7 ¢(fl.+1) ¢£i) retrieved from Step 6;

8: ‘lll.(”’l) «~ \Ill.(f) retrieved from Step 6;

9: T <« 1T+1;

10:  wntil [|[p@ — pT V|| <&
11: p=pD, ¢ =090,
12:  return p, ¢;

of the MM method, the obtained locally optimal solution can
not be worse than the initial one, i.e., ,ol.(]) < pl.(o), Viel.

Proposition 9: 1CA is convergent.

Proof: From Lemmas 7 and 8, for any 7 > 0 and Vi € J,
,ol(rH) < p(r) holds. Therefore, the total load is monotoni-
cally decreasing over iterations in ICA, the convergence fol-
lows then from that the load levels are non-negative.

A particular interesting aspect for the multi-cell problem is
under what condition it can be solved to global optimum with
our multi-cell algorithm. As an interesting finding, our algo-
rithm carries the property of converging to global optimum, if
the single-cell problem can be solved to optimum.

Theorem 10: The global optimum of the multi-cell problem
can be obtained if the single-cell problem can be solved to
optimum.

Proof: First, we use F;(p—;, ¢;) to represent the optimal
solution to the single-cell optimization problem under any
given reflection coefficient vector ¢;, and it can be directly
expressed by

d.
Fi(p—i, ¢i) = ! .
,%: log, (1 + SINRY (¢,»))

By [48, Theorem 2], F;(p—;, ¢;) is strictly concave for p_;,
and by [48, Corollary 3], we can prove easily it has the prop-
erty of scalability, i.e., for any o > 1,

aki(p-i, ¢i) > Fi(ap—;, ¢;).

In addition, SINR (¢l) is clearly monotonically decreas-
ing for p_;. Therefore Fi(p—i, ¢;i) has monotonicity, i.e., for

any o/, > p_i.

(38)

(39)

Fi(pl;, ¢i) > Fi(p—i, d1).

These properties define the so called standard interference
function (SIF) [50], hence, F;(p—;, ¢;) is an SIF.

(40)
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Let G;(p—;) be the optimal solution to the single-cell opti-
mization problem P2, then we have

Gi(p—i) = Fi(p—i, ¢]) = n(})i_n pi s.t. (16b)

= min {F;(p_;, ¢;)|¢; € D}

where ¢ is the optimal reflection coefficients vector. We
show G;(p—;) is also an SIF, because it has scalability and
monotonicity, and the proof is as follows.
e Scalability:
For any o > 1, let ¢i® be the optimal reflection coeffi-
cients vector for Fi(ap_;, ¢;), i.e.,

(41)

Gi(ap—i) = Filap_i, ¢?) < Fi(ap—i, ¢).  (42)
By (39),
Fi(ap—i, ¢)) < aFi(p—i, ¢]) = aGi(p—)).  (43)
Therefore, by (42) and (43), we have
Gi(ap-i) < aGi(p—). (44)

® Monotonicity:
Since, for any ¢; € D and p_ ; > p—i, inequality (40)
holds, we have

min{F;(p’;, ¢i)|p; € D}>min{F;(po_;, ¢;)l$; € D}.
(45)
Therefore, for p” ; > p_;,

Gi(p_;) > Gi(p-i),

Therefore, G;(p—;) is an SIF, for which fixed-point itera-
tions guarantees convergence and optimality [50]. Hence the
conclusion.

Theorem 10 implies that the multi-cell problem can be
solved to global optimum if an optimal algorithm of single-
cell is embedded into our algorithmic framework. The perfor-
mance of the algorithmic framework remains satisfactory even
though the embedded single-cell algorithm can only guarantee
local optimality (e.g., Algorithm 1). For small-scale scenarios
with D3, the optimum of the single-cell problem can be found
by exhaustive search, then the global optimum of the multi-
cell problem also will be guaranteed by Theorem 10. With the
global optimum provided, we will gauge the performance of
the algorithmic framework embedded with Algorithm 1 in the
next section.

(46)

V. PERFORMANCE EVALUATION

A. PRELIMINARIES

We use a cellular network of seven cells, adopting a wrap-
around technique. In each cell, ten UEs are randomly and
uniformly distributed. The cells have the same number of
RISs. All RISs have the same number of reflection elements.
For each cell, its RISs are evenly distributed around the BS
location, with a distance of 250 m to the BS that is located in
the center point of the cell. Each RIS has M = 20 reflection
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TABLE 1 Simulation Parameters

Parameter Value

Cell radius 500 m

Carrier frequency 2 GHz

Total bandwidth 20 MHz

RB power in each cell P 1w

Noise power spectral density 0> —174 dBm/Hz
Convergence tolerance e 10~*

elements, and we use S; = |£;| x M to denote the total num-
ber of reflection elements in cell i. The channel between cell i
and UE j is given by g;; = ijaf“ g0, where D;; is the distance
between the BS and UE, «,, = 3.5 is the path loss exponent,
and go follows a Rayleigh distribution. Similarly, the channel
from the BS of cell i to RIS / is given by G;; = DJ“"" Gy, and
the channel from RIS [ to UE j is given by H;; = Dl_jai”H 0-
Some additional simulation parameters are given in Table 1.

B. BENCHMARKS AND INITIALIZATION

In our simulation, we use three benchmark schemes as fol-
lows.

1) NO RIS

We take the system without RIS as a baseline scheme. For
this scheme, we can compute the global optimum of resource
minimization using the fixed-point method in [48].

2) RANDOM

In this scheme, the RIS reflection coefficients are randomly
chosen from domain D;. Once the coefficients are set, the
optimum subject to the chosen coefficient values can again
be obtained by the fixed-point method.

3) DECOMPOSITION

In this scheme, the RIS reflection coefficients of the cells are
optimized independently, by treating inter-cell interference as
zero or the worst-case value, namely Decomposition-1 and
Decomposition-2, respectively. The resulting single-cell prob-
lem for domain Dy for a generic cell i can be reformulated as
follows.

d;

18ij+ rec; Aiji¢|*Pi
Y+02

s.t. ¢lm € D1’\7/771 (S M, Vi e Li,

[P3] min Z

(47a)
= log, (1 +

(47b)

where given inter-cell interference Y =0 or ) e, |8k +
ki

ZZGL,- Akj1¢;|2Pk. Following [16], by introducing a

set of auxiliary variables y; = [yi,y2,.. .,yji]T, a; =
lay, ay, ..., aJ,.]T, and b; = [by, by, ..., in]T, problem P3
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Algorithm 3: Optimization for the Decomposition
Scheme Based on MM for Cell i.
Input: {d}, gij, Gii, H;;}, VI € Li,Vj€ Ji, €;

Output:p, ¢;
1: Initialize qb
2: t <0
3:  repeat
4 G y
50 dj < M&ij+ Xjeg, Aijiti}, Vi € 3
6: bj < J&ij+ Xes, Aidi},Vj € di;
7. Obtain ¢! by solving P3.1;
8 t<«tr+1;
9: until(48a) converges with respect to €
10:  return ¢; = ¢i(t);

can be approximated by the following problem.

d.
[P3.1]min —’)P (482)
i‘,-’,ybli’ jea; 10gy (1 + ﬁ)
st. |l < 1,Ym e M, VI € L;. (48b)
aj=NA&+ Y Aiud g, Vi€l (480
lel;
by =338+ Aiagi{.Vied  (48d)

lel;

yj < d?—i—fai +Zdj(aj —dj)‘i‘zgj(bj _l;j)’

Vjed. (48e)

P3.1 is a convex optimization problem that can be solved
efficiently. An algorithm based on the MM method for prob-
lem P3 is provided in Algorithm 3. After solving P3.1 for all
individual cells to obtain the RIS reflection coefficients, the
resulting optimum of P1 can be computed by the fixed-point
method.

As for the value domain of RIS reflection coefficients, we
consider Dy, Dy, D3 (2-bit), and D3 (1-bit). Specifically,
D3 (2-bit) represents the discrete phases with N = 4 and D3
(1-bit) that with N = 2. Additionally, in our simulation, we
initialize all the reflection coefficients to be ¢ = e'™

C. IMPACT OF DEMAND

Fig. 2 illustrates the total load, i.e., resource consumption,
with respect to the normalized demand d, when S; = 140
(Vi € J) and «(; = a;, = 2.2. It can be seen that the RIS pro-
vides little improvement if it is not optimized, as the difference
between the performance of no RIS and that of the random
scheme is very small. In contrast, ICA achieves significant
performance gains compared with the three benchmark so-
lutions. Specifically, ICA-D; can save up to 51.3% resource
than no RIS when d = 0.4. Even with the most restrictive

VOLUME 3, 2022



IEEE Open Journal of

Vehicular Technology

6 T T T

—B—No RIS
--©--Random-D;
- - -Decomposition-1-D1
—B—Decomposition-2-D1
—e—ICA-D

- -ICA-Dy
—E=—ICA-D3 (2-bit)
--0--ICA-D3 (1-bit)

Total load
w

0 1 1 1
0.4 0.5 0.6 0.7 0.8

Normalized demand d (Mbps)

FIGURE 2. Total load in function of normalized demand when S = 140 and
Oej = Wjy = 2.2.

setup of ICA-D3 (1 b), a 41.4% reduction in resource usages
is achieved.

D. DISCUSSION FOR THE COUPLING EFFECTS

We have evaluated two decomposition schemes with given
interference. In Fig. 2, we can see that the performance of
Decomposition-1 is close to that of ICA-D; when d < 0.4,
since small demand leads to fairly negligible inter-cell inter-
ference. As the demand increases, accounting for inter-cell in-
terference becomes increasingly important, thus the difference
between Decomposition-1 and ICA-D; grows. For example,
Decomposition-1 indicates 32.8% more resource consump-
tion compared with ICA-D; when d = 0.8. Conversely, the
performance of Decomposition-2 is close to that of ICA-D;
when the demand is high, however, Decomposition-2 erro-
neously predicts 80% more resource usage when d = 0.4.
In summary, the results obtained by the two decomposition
schemes both deviate significantly from those obtained when
the coupling relation between cells is accounted for. The ob-
servation demonstrates the importance of capturing the dy-
namics due to load coupling in optimization.

E. IMPACT OF RIS

Fig. 3 depicts the total load versus the number of reflection
elements, when d = 0.6 Mbps and o = o, = 2.2. We can
see that, with more reflected elements, the system can clearly
benefit except for the random scheme.

Fig. 4 shows the impact of the path loss exponent of RIS for
the total load. As we can observe that the total load increases
upon increasing agys, since larger agss leads to the lower
channel gain between RIS and BS/UE. The path loss exponent
of RIS depends on the physical environment. For example, in
practice agys is usually smaller when the RIS is at a higher
altitude due to fewer obstacles. But with an increasing height
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FIGURE 3. Total load in function of the number of reflection elements S;
(Vi € Z) when d = 0.6 Mbps, when o = o, = 2.2.

—8—No RIS
--©--Random-D;
- x- -Decomposition-1-Dy
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——ICA-Dy ]
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- -ICA-D3 (1-bit)
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FIGURE 4. Total load in function of the path loss exponent agis = i = ajyr
whend = 0.6 and S; = 140 (Vi € Z).

of the RIS position, the distance between the RIS and BS/UE
also will increase, which leads to a larger path loss.

We also observe from Fig. 2—4 that the curves of ICA-D;
and ICA-D; almost overlap. It means that ICA loses little
performance even though the amplitudes of the reflection co-
efficients are restricted to be one. In addition, for domain D3,
we can see that, the performance of ICA-D, is almost closed
to the ICA-D;. It means that even RIS with low adjustability
in practice can still help.

F. DISCUSSION FOR PRACTICAL RIS

By Proposition 10, for a small number of RIS elements, for the
single-cell problem one can exhaustively consider the combi-
nations of phase shifts for D3, and embedding this into the
fixed-point method gives the global optimum for the multi-cell
system. This allows us to gain insight of our algorithm in

107



YU AND YUAN: RESOURCE OPTIMIZATION WITH INTERFERENCE COUPLING IN MULTI-RIS-ASSISTED MULTI-CELL SYSTEMS

T T T T T
||:|ICA-D3 @-binLloptimal-Ds (2-bit)

1.5 |- 4

Total load

A0 A

1 2 3 4 5
Normalized demand d (Mbps)

FIGURE 5. A comparison about the solution obtained by our algorithm
and the optimal solution in a small scale simulation scenario under
different normalized demand.
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FIGURE 6. This figure illustrates the norm || - ||, in function of iteration

in the ICA algorithm under three scenarios.

terms of performance with respect to global optimality. To this
end, we consider a 3-cell scenario where two UEs and total
ten reflection elements in each cell. The results are shown in
Fig. 5, showing that algorithm ICA delivers solutions within
at most 4% gap to the global optimum for the small-scale
scenario.

G. CONVERGENCE ANALYSIS

We show the convergence behavior of ICA in Fig. 6. The con-
vergence is consistently very fast. Note that the convergence
becomes slightly slower for smaller demand. The reason is
that smaller demand require a lower load in the final solution,
and as a result, the difference between the initial one and the
final load becomes larger. Similar reasoning applies to the
convergence rate for larger S.
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VI. CONCLUSION

In this paper, we have investigated the resource minimization
problem with interference coupling subject to the user demand
requirement in multi-RIS-assisted multi-cell systems. An al-
gorithmic framework has been designed to obtain a locally
optimal solution. The numerical results have shown that the
RIS can enhance the multi-cell system performance signif-
icantly. Additionally, even RIS with few discrete adjustable
phases can achieve a good performance. In fact, RIS-assisted
multi-cell scenarios are complex, and system simulation of
large-scale scenario is time-consuming. Therefore, it would
be desirable to explore model-based approaches, that are able
to reasonably performance. In this paper, we chooese the load
coupling model to capture the system dynamics, namely the
interference dependency between interference and resource
consumption. Although we acknowledge that the method is
not exact, we hope one work represents the one step towards
the multi-cell interference-coupled scenarios with RIS.

APPENDIX

To prove Proposition 5, we use a polynomial-time reduction
from the 3-satisfiability (3-SAT) problem to P2. The 3-SAT
problem is NP-complete [51]. All notations we define in this
appendix are used for this proof only.

Consider a 3-SAT instance with n Boolean variables
X1, X2, ..., %, and m clauses. Denote by X; the negation of
x;. A literal means a variables or its negation. Each clause is
composed by a disjunction of exactly three distinct literals, for
example, (X1 V x2 V X;,). The problem is to determine whether
or not there exists an assignment of true/false values to the
variables, such that all clauses are true.

For any instance of 3-SAT with n clauses and m variables,
we construct a corresponding network with a single cell, n
UEs, and m RISs each having one reflection element, with
domain D3 = {e_i%, ei% }, where A is the wavelength of the
carrier, and c is the speed of light. Each variable of the 3-SAT
instance is mapped to an RIS. Moreover, the assignment of
true/false to x; corresponds to setting the reflection coefficient
of RIS i to ei# and e , respectively. There is a one-to-one
correspondence between the clauses in the 3-SAT instance and
the UEs. It is not difficult to see that the parameters of our P2
scenario can be set such that the following hold.

1) The phase of the direct signal from the BS to all UEs is

always at a crest.

2) For any UE, there are three RISs that potentially may
contribute to the signal; the other RISs will have no
effect on the UE (e.g., due to obstacle). In addition,
For UE j, j = 1,2, ..., m, these three RISs are those
corresponding to the three literals in clause j of the
3-SAT instance. Specifically, the literal x; in clause j
corresponds the case where the phase of the reflected
signal from RIS i to UE j will be at a crest if the

. . i, .
reflection coefficient e '4c is chosen, and that will be at
s A . o~ .
a trough for e'4. Conversely, the literal X; in the clause
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corresponds the case where the phase will be at a trough
if e’i%c , and that will be at a crest if eldc.

The demand of UEs is set such that it can not be satisfied
if and only if the power of the overall composite signal is
zero. For any of three reflected signals received by UEs,
the received power is one-third of the received power of
the direct signal from the BS. By 1), we can know that,
for any UE, the power of the overall composite signal
will be zero (i.e., the demand can not be satisfied) if and
only if its three reflected signals are all at a trough.

Obviously, solving an instance of 3-SAT problem corre-
sponds to determining if the defined P2 scenario has any
feasible solution or not. Hence the conclusion.
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