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Abstract—Reconfigurable intelligent surface (RIS) is promising
for future 6G wireless communications. However, the increased
number of RIS elements results in the high overhead for channel
acquisition and the non-negligible power consumption. Therefore,
how to improve the system capacity with limited RIS elements
is essential. Unlike the classical regular RIS whose elements
are arranged on a regular grid, in this paper, we propose an
irregular RIS structure to improve the system capacity. The key
idea is to irregularly configure a given number of RIS elements
on an enlarged surface, which provides extra spatial degrees
of freedom compared with the regular RIS. In this way, the
received signal power can be enhanced, and thus the system
capacity can be improved. Then, we formulate a joint topology
and precoding optimization problem to maximize the capacity
for irregular RIS-aided communication systems. Accordingly, a
joint optimization algorithm with low complexity is proposed to
alternately optimize the RIS topology and the precoding design.
Particularly, a tabu search-based method is used to design the
irregular RIS topology, and a neighbor extraction-based cross-
entropy method is introduced to optimize the precoding design.
Simulation results demonstrate that, subject to the constraint of
limited RIS elements, the proposed irregular RIS can significantly
enhance the system capacity.

Index Terms—Reconfigurable intelligent surface (RIS), irreg-
ular design, topology optimization, precoding.

I. INTRODUCTION

The wireless propagation environment between the base
station (BS) and the user equipments (UEs) is generally
regarded as uncontrollable. Thanks to the recent advances of
metamaterials, the emerging reconfigurable intelligent surface
(RIS) is able to control the propagation of incident signals via
the interaction between electromagnetic waves and materials
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coated on the surface [2]]. Thus, the development of RIS makes
it possible to manipulate the wireless propagation environment
by tuning the reflection coefficients of a large number of RIS
elements, which effectively improves the system capacity and
reduces the communication outage [3|—[5]. To this end, RIS
has been considered as a promising technology for 6G wireless
communication systems [6], [7].

A. Prior works

As an emerging technology, RIS has recently attracted ex-
tensive attention including performance analysis [4], precoding
design [8[]-[14]], channel state information acquisition [15]-
[17], and hardware implementation [[18]], etc.

It has been revealed in [4] that the received signal power
in RIS-aided wireless communication systems is quadratically
proportional to the number of RIS elements. To achieve this
exciting result, precoding design is essential for RIS-aided
communication systems to jointly optimize the precoder at
the BS and the reflection coefficients at the RIS. Differ-
ent optimization metrics have been studied in recent works.
Specifically, the sub-optimal analytical solution of precoding
design for multiple RISs was derived in [8], which aimed to
maximize the received signal power of a single-antenna user.
The energy efficiency of a RIS-aided communication system
was investigated by joint power allocation and precoding opti-
mization for multi-user cases in [9], [L1], which employed gra-
dient descent search and sequential fractional programming.
Moreover, the weighted sum-rate of all users in a RIS-aided
communication system was maximized by utilizing the block
coordinate descent algorithm, which alternately optimized the
active precoding at the BS and the phase shifts at the RIS [12].
In addition, the transmit power at the BS was minimized by
applying the successive refinement method [13]].

Although the precoding design of RIS-aided communication
systems has been widely studied in the literature, prior works
usually considered the classical regular RIS, where the RIS
elements are regularly arranged on a grid with a constant
inter-element spacing. Since the performance bound based on
regular RIS highly relies on the number of RIS elements,
the array gain provided by RIS can only be improved by
increasing the number of RIS elements. However, the number
of RIS elements is usually limited in practical systems, which
is mainly caused by two reasons. The first one is the high
overhead for the acquisition of channels. Specifically, the re-
quired pilot overhead of existing cascaded channel estimation
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schemes is usually proportional to the product of the number of
RIS elements and the number of UEs [15], [16]]. Consequently,
with a large number of RIS elements, the overhead for channel
state information acquisition will be very high [4], [19]. The
second one is the limitation of the RIS power consumption.
Most existing works have assumed that the power consumption
of RIS elements is negligible. However, when the number of
RIS elements is large, the RIS power consumption could be
high. For example, the dissipated power of a RIS element
is about 10 mW [9], so the total power consumption of
RIS is up to 1 W with 100 RIS elements. Due to these
two reasons, a not very large number of RIS elements is
preferred in practice, which however limits the capacity of
RIS-aided communication systems. Therefore, it is important
to improve the capacity of RIS-aided communication systems
with a limited number of RIS elements.

B. Contributions

In this paper, we focus on improving the capacity of RIS-
aided communication systems with a limited number of RIS
elementd]. Unlike the existing regular RIS, we propose an
irregular RIS structure to improve the system capacity. The
contributions of this paper are summarized as follows.

e We propose a new topological structure of RIS called
irregular RIS, where a given number of elements are
irregularly deployed on an enlarged surface. Considering
that RIS is easy to be integrated into the wireless envi-
ronment (such as the facades of buildings or ceilings) [4]],
space available for the deployment of an enlarged surface
is usually sufficient. To the best of our knowledge, the
irregular RIS has not been investigated in the literature,
which is studied in this paper for the first time. Since
the selection of feasible locations for RIS elements can
exploit spatial degrees of freedom (DoF), the proposed
irregular RIS with an enlarged surface can enhance the
system capacity.

o We develop the system model for the irregular RIS-
aided communication systems, and formulate a joint
topology and precoding optimization problem to improve
the weighted sum-rate. Specifically, the topology design
is formulated as an integer programming problem, while
the precoding design is formulated to jointly optimize the
precoder at the BS and the reflection coefficients at the
irregular RIS.

o To solve the formulated optimization problem, we decou-
ple the decision variables to be optimized and propose a
joint optimization algorithm to alternately optimize the
RIS topology and the precoding design. Particularly, an
adaptive topology design method based on the tabu search
algorithm [20]] (ATS) is used to design the irregular RIS
topology, and a neighbor extraction-based cross-entropy
(NECE) precoding method is introduced for precoding
design. We also analyze the complexity of the proposed
joint optimization algorithm, which is much lower than
that of the exhaustive search method. Finally, simulation

!'Simulation codes are provided to reproduce the results in this paper:
http://oa.ee.tsinghua.edu.cn/dailinglong/publications/publications.html |

results show that the proposed irregular RIS can signifi-
cantly improve the capacity of RIS-aided communication
systems.

C. Organization and notations

Organization: The rest of the paper is organized as follows.
The model of the proposed irregular RIS-aided communication
system is introduced in Section II. We formulate the weighted
sum-rate optimization problem for the proposed system in
Section III. A joint optimization algorithm is proposed to solve
the formulated optimization problem in Section I'V. Simulation
results are shown in Section V, and the conclusions are finally
drawn in Section VL.

Notations: Vectors and matrices are denoted by lower-
case and upper-case boldface letters, respectively. A, AT,
A~! and A(i,j) denote the conjugate transpose, transpose,
inverse, and (7,7)-th entry of matrix A, respectively. [al|,
and ||al|, denote the ¢; norm and Euclidean norm of vector
a, respectively. diag(a) denotes a diagonal matrix whose
diagonal elements consist of corresponding entries in vector a.
|A| denotes the cardinality of set A. I denotes the identity
matrix of size K x K. Finally, 1x«; denotes the all-one
matrix of size K x L.

II. IRREGULAR RIS-AIDED COMMUNICATION SYSTEM

In this section, we first introduce the concept of the pro-
posed irregular RIS. Then, the model of the irregular RIS-
aided communication system is illustrated.

We consider a RIS-aided multiuser downlink multiple-input
multiple-output (MIMO) wireless communication system in
this paper. The existing regular RIS-aided communication
system is shown in Fig. [l (a), where a BS equipped with
M antennas and a regular RIS composed of N elements
simultaneously serve K single-antenna users. As shown in
Fig. 1] (b), different from the regular RIS whose elements are
arranged on a regular surface with a constant inter-element
spacing, we propose a new structure of irregular RIS, where
N RIS elements are irregularly distributed over Ny grid points
of an enlarged surface (N;>N). To simplify the description
of the proposed concept, the grid constraint with a fixed grid
spacing is assumed in this papelﬁ. Without loss of generality,
the grid spacing between adjacent grid points is assumed to be
half wavelength of the carrier frequency [21]]. The proposed
irregular RIS can be equivalently implemented by selecting
feasible locations for RIS elements from all grid points. The
unselected grid point can be switched off by connecting it
to a matched load with a diode controller [22]. Besides, the
tunable metasurface absorber can absorb the signal [23]], which
provides another implementation to switch off the unselected
grid points. It is worth noting that, the proposed irregular
RIS is different from the classical irregular phased arrays,
which aim to shape the beam pattern in the free space and
suppress the sidelobe [22]. By contrast, the proposed irregular
RIS working as a reflecting array aims to enhance the system

2The more complex scenario where elements can be arbitrarily distributed
within the surface aperture is left for future works.
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Fig. 1. The RIS-aided communication system: (a) The classical regular RIS. (b) The proposed irregular RIS.

capacity, which takes the influence of channel conditions and
multiple UEs into account.

Let Z = diag(z) denote the topology matrix representing
the topology of RIS, where z = [21, 22, , 2n.]7. We define
zn € {1,0} to indicate whether a RIS element is deployed
at the n-th grid point or not (n =1,2,--- , Ny), i.e., 2z, =1
means that the n-th grid point is selected for a RIS element,
while z, = 0 denotes that the n-th grid point is not selected.

The received signal y € CX*! for all K users can be
expressed as

y = (HZOG + HY ) x +n, e))

where x € CM*! represents the transmitted signal at the BS,

each component of n € CX*! donates the additive white
Gaussian noise (AWGN) with zero mean and variance o2, the
reflection coefficients of N, grid points of the irregular RIS
can be represented as

O = diag([ﬁlejel 3 626_7927 e 7ﬁNsej0Ns])7 (2)
and G € CNs*M  denotes the BS-RIS  chan-
nel. For  simplifying the expression, we de-
fine Hf = g1, bz, ha ] € CRXM,
HY = [h,1,h,2,- ,h.g]7 € CF*¥Ne, where  hf,

and hfk represent the channel from the BS to user k, and
that from the RIS to user k, respectively.

In this paper, we consider the fully digital precoder at the
BS, i.e.,

K
X = Zwksk, (3)
k=1

where wj, € CM*1 denotes the precoding vector for user k,
and s = [s1,82, - ,sx] € CEX! denotes the transmitted
symbol vector satisfying E[ss] = I ¢ for K users. Consider-
ing the practical hardware implementation of RIS, we assume
the constant reflection amplitude constraint and finite discrete
phase shift constraint at the RIS [13], [18]], [24], [25]. To
this end, for Yn =1,2,--- | N, the reflection amplitude S3,,
satisfies 3,, = 1, and the phase shift 6,, takes discrete values
from the quantized phase shift set given by

21 21

.7::{0757---,%(?7—1)}, (4)

where b is the number of quantized bits of finite discrete phase
shifts.

Based on the system model (I), the signal-to-interference-
plus-noise ratio (SINR) of user k£ in the irregular RIS-aided
communication system can be derived as

|(n#,20G +n,) wkr

e = . ®
S| (b,20G + bl ) wi| 402

Based on (@), a joint topology and precoding optimization
problem will be formulated for the proposed irregular RIS-
aided communication system in the next section.

III. PROBLEM FORMULATION OF THE PROPOSED
IRREGULAR RIS-AIDED COMMUNICATION SYSTEM

To fully improve the system performance of the proposed ir-
regular RIS-aided communication system, the topology design
and the corresponding precoding design should be carefully
devised. In this section, the joint topology and precoding
design problem of the irregular RIS is firstly formulated to
maximize the weighted sum-rate (WSR). Then, we convert the
formulated problem to a precoding optimization problem for a
specific topology of RIS by decoupling the decision variables.

Let W = [wy,ws, -+ ,Wg| denote the fully digital pre-
coder at the BS, wy denote the weight of user k. The transmit
power at the BS is given by

K
Pr=>" w3, (©)
k=1

which should be lower than the maximum allowable transmit
power P. We focus on maximizing the WSR R by jointly
designing the irregular RIS topology and the corresponding
precoding design, i.e., Z, W, and ®. The WSR maximization
problem can be formulated as

K
Py ZI%%J?(G R= I;wk logy (1 + k) (72)
s.t. Cl . PT S P, (7b)
02:9n€favn:1727"'7N87 (70)



Cs:z,€{1,0},Yn=1,2,--- N,
Cy:1Tz =N,

(7d)
(7e)

where C; denotes the transmit power constraint, C denotes
the discrete phase shift constraint, C'5 and C; denote the
irregular RIS constraints. Note that C3 and Cy restrict the
irregular topology design of RIS, where NV diagonal elements
of the topology matrix Z are assigned with the value of 1, and
the rest N; — N diagonal elements are assigned with 0.

Note that the objective function (Za), the phase shift
constraint C5, and the irregular constraints C3 and Cy are
non-convex. Thus, it is difficult to directly solve the WSR
maximization problem P;. To tackle this challenge, we can
decouple the RIS topology design and the corresponding
precoding design. Specifically, for a given topology Zg, P
can be reduced to

K
Py : {}nvz% R= ;wk logy (1 + &) (8a)
st. Cp:Pp<P, (8b)
Cy:0,e F,Vn=1,2,--- N, (8¢)
C3 7= ZQ. (Sd)

The sub-problem P> can be efficiently solved by alternating
optimization, which will be discussed later in Section

Remark 1: The system model of the proposed irregular
RIS-aided communication systems is reduced to the system
model of the existing regular RIS-aided communication sys-
tems by simply assuming that

Ny=N, Z=Iy. ©)

Thus, the formulated problem P; can be seen as a general
formulation for both regular RIS and irregular RIS. Similarly,
if Zy = I, the problem Ps is reduced to P53 as

K
Ps max R= ;wk logs (14 &) (10a)
st. Cp:Pp<P, (10b)
Cy:0n€F¥n=1,2--- N. (10¢)

We can find that the simplified problem Ps is just the
precoding design problem in the existing regular RIS-aided
communication systems [12].

Remark 2: Note that, the complete channel state informa-
tion (CSI) of all grid points of RIS is required to solve P;. The
CSI can be acquired by the classical methods, such as the least-
squares estimation and the Bayesian minimum mean squared
error estimation, which results in high pilot overhead [15],
[L6]. Fortunately, since the covariance matrix of the BS-RIS
channel remains unchanged over a long period of time [19],
the designed topology of RIS can be temporarily fixed. Thus,
we have proposed a two-timescale irregular design framework
to reduce the pilot overhead and implementation complexity,
as shown in Fig. Specifically, the designed topology of
RIS only needs to be changed adaptively in a large timescale,
where the resultant overhead of estimating the complete CSI
and the complexity of the joint topology and precoding design
can be negligible. Then, the low-dimensional mobile channels

< x x — » Time
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Fig. 2. An illustration of the two-timescale irregular design framework.

for a given RIS topology, i.e., the BS-UE channel and the RIS-
UE channel, are estimated in the small timescale, of which the
required overhead is the same as that for a regular RIS with
the same number of RIS elements. Accordingly, the precoding
design with a given specific RIS topology, i.e., the solution
to P9, is optimized in the small timescale to track the time-
varying BS-UE channel and RIS-UE channel due to the user
mobility. Therefore, from the perspective of a large timescale,
the overhead and the complexity of the proposed two-timescale
irregular design framework are almost the same as those of
the channel acquisition and precoding of regular RIS with the
same number of RIS elements.

IV. THE PROPOSED JOINT OPTIMIZATION ALGORITHM

In this section, we propose a joint optimization algorithm
to solve P;. First, an exhaustive search method is introduced
in Subsection [V-Al Next, the overview of the proposed
joint optimization algorithm is provided in Subsection
Specifically, we use an adaptive topology design method based
on the tabu search algorithm (ATS) to optimize the irregular
RIS topology in Subsection [V-Cl Then, with a given specific
RIS topology, the coupled variables W and © in P, are
decoupled and solved by a neighbor extraction-based cross-
entropy (NECE) precoding method in Subsection

A. Exhaustive search method

In this subsection, we first introduce an exhaustive search
method to solve Py, which can be seen as a benchmark for
all other possible solutions. Since the feasible sets of Z and
©® are discrete sets with finite elements, the optimal solution
can be obtained by the exhaustive search method.

The exhaustive search solution to 7P; can be illustrated as
follows. Firstly, all the irregular RIS topologies from (')
possible options are traversed. Then, for each specific topology
Z, the phase shift for each RIS element is successively chosen
to generate the reflection coefficients ® from 2°V possible
candidates. Subsequently, given Z and ©, the precoder W
can be obtained by the zero-forcing (ZF) based linear pre-
codelﬁ [26]. The equivalent channel between the BS and UEs
is given by

H., = H’ZOG + HY. (11)

3The precoding at the BS is not the focus of this paper. Without loss of
generality, the ZF based linear precoder at the BS can also be replaced by
the minimum mean squared error (MMSE) based linear precoder.
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Fig. 3. The proposed joint optimization algorithm.

Thus, the ZF precoder can be expressed as [[13]

W = HY (H,,H)~'P, (12)

where Py represents the power allocation at the BS. Through
the exhaustive search method, we calculate the WSR R for all
different combinations of Z and ©, from which the optimal
solution will be finally found. However, the possible number of
searches of the exhaustive search method is up to (JX;) x 2bN

which is prohibitively high for a large RIS size.

B. Overview of the proposed joint optimization algorithm

Due to the intolerable complexity of the exhaustive search
method, we propose a sub-optimal joint optimization algorithm
with low complexity to solve P;. As shown in Fig. Bl we
decouple the decision variables and alternately optimize the
RIS topology and the precoding design.

Specifically, instead of traversing all possible topological
structures of RIS, we search for the sub-optimal design of RIS
iteratively by an ATS method. Specifically, in each iteration,
the problem P; is reduced to P2, where the RIS topology Z is
fixed. We generate the neighbors of Z and obtain correspond-
ing precoding designs by a NECE method with ZF precoder
at the BS. By comparing the WSR of these neighbors, the
optimal neighbor is selected for the next iteration. When the
maximum number of iterations is reached or the termination
condition is satisfied, we obtain the sub-optimal solution to
Py, which is denoted by Zopt, C;)Op[, and Wop[.

The details of topology design of the irregular RIS will
be provided in the following Subsection The precoding
design of the irregular RIS-aided communication system will
be provided in Subsection The generalization of our
proposed joint optimization algorithm will be discussed in
Subsection[[V-E] The complexity analysis of the proposed joint
optimization algorithm will be analyzed in Subsection [V-H

C. ATS-based irregular topology design

Inspired by the tabu search algorithm in [20], we propose an
ATS method to optimize the irregular topology of RIS, which
obtains a sub-optimal RIS topoloy by iteratively searching the
possible topologies according to an adaptive move criterion.

The proposed ATS method is summarized in Algorithm
@ and its explanations are detailed as follows. Firstly we
initialize the RIS topology Z; by randomly selecting N ones
and Ny — N zeros in step 1. For a given Z;, the WSR can
be calculated based on ZF precoder at the BS and discrete

Algorithm 1: Adaptive topology design method based on the
tabu search algorithm.

Inputs: Tabu list H = (), storage size Hge, neighbor
distance p, neighborhood size (), and number of iterations
Ir.
QOutput: RIS topology Zopt.
1: Initialize the RIS topology Z; by randomly selecting N
ones and Ng; — N zeros.
2: Calculate the WSR R; by a NECE precoding method
based on the initial topology Z; and save Zop[ =71,
Rop = Ry
3: for i =1: It do
4:  Update p according to the value of . Randomly swap
p ones for p zeros among the diagonal elements of Z;
and generate alternative neighbors of Z;.

5:  Discard the tabu neighbors in H and obtain () candi-
dates {z;?}f:l.
Calculate the WSR R for all the candidates.

7: Select the candidate with the maximum R as the new
topology Z,;1. Update the optimal Zop[ and Rop[.
if |H| < Hgi,e then

: Add Z; into the tabu list H.

10: else

11: Add Z; to the end of the tabu list A and remove the
head of H.

12:  end if

13: end for

phase shift adjustment at the RIS in step 2, which will be
discussed in the next subsection. In step 4, we focus on the
neighbors of Z; generated by a redefined move criterion in
the ¢-th iteration, where we randomly swap p ones for p zeros
among the diagonal elements of Z,. Here a neighbor is defined
as a new topology matrix with the different RIS topology, and
p is defined as the neighbor distance which will be dynamically
adjusted according to the value of 7. We can choose a large p at
the beginning of iterations for a wide searching range. As the
iteration progresses, we decrease the neighbor distance p for
fine tuning. Next, the obtained neighbors should be checked in
the tabu list, which avoids one topology being searched more
than once. Those tabu solutions will be discarded in step 5. In
this way, we obtain ) neighbors and separately calculate the
corresponding WSR for all () candidates {Zg}qul in step 6.
Then, we select the best candidate with the maximum WSR,
which is saved as the new topology Z;; for the next iteration.
The optimal Zop[ and Rop[ are updated accordingly in step 7.
The tabu list is updated in step 8-11. Specifically, the feasible
solution Z; is added to the tabu list to avoid cyclic search and
the earliest tabu solution in the current list is removed. After
the iteration threshold It is reached, the sub-optimal topology
of RIS can be obtained.

Different from the tabu search algorithm developed in [20],
the neighbor, move criterion, and objective function of the
proposed ATS method are redefined accordingly in terms of
the irregular topology design of RIS. Besides, the neighbor
distance p in the move criterion is adaptively adjusted based
on the iteration process. A large value of p corresponds to a



Algorithm 2: Neighbor extraction-based cross-entropy pre-
coding method

Inputs: RIS topology Z, BS-RIS channel G, RIS-UE
channel H,, BS-UE channel H,, number of iterations Iy,
number of candidates C, number of primary elites Cy,,
and quantized phase shift set F.

Outputs: Reflection coefficients (;)opt and precoder Wopl.

1: Initialize the probability matrix P™) = 2 x 1y, v,

2: for i =1: Iy do

3:  Randomly generate C candidates {©°}¢_; based on the

PDF Z(©;P®).

Calculate the effective channel Hc

Calculate the precoders {Wc

Calculate the WSR {R(©®°)}

Sort {R(©°)}<_, in an descendlng order as

R(©W) > R(O12) > ... > R(OIF),

8:  Select Cp; best candidates as primary elites
el el ... e,

9:  Obtain N (2 — 1) extra candidates through neighbor

extraction based on @[

10:  Select Cy,p candidates with better performance than

O as supplementary elites.

11:  Update Cgjie = Cpr + Cyup and calculate the weight 7.

of each elite ®l, ¢ =1,2,- Cellte

122 Update P+1) based on {G)[C} e and {n 5.

13: end for

Nk

wide searching range, while a smaller one aims at fine tuning
and better convergence.

D. NECE-based precoding design

The use of the ATS method requires joint precoding at
the BS and the RIS for a specific RIS topology, which
corresponds to solving Ps. The successive refinement (SR)
method proposed in [13]] only optimizes one of the N phase
shifts in each iteration by fixing the others, which is likely
to fall into local optimal. In this paper, we propose a NECE
method to solve P, which iteratively optimizes the precoder
at the BS and the phase shifts at the RIS with probability
distribution updated during the iterative process.

The proposed NECE precoding method is summarized in
Algorithm [2 and further explanations are detailed as follows.
Let P = [p1,p2, - ,Pn.] denote the probability matrix of
© for a given Z, where p,, € R2' <! is the probability vector
of 6, satisfying ||py||; = 1. Each component of p,, denotes
the probability of taking different values from F as shown in
). Let F(k) denote the k-th element of F. We assign an
indicator function expressed as

1, t=0,

&ﬂ_{o,t¢0

Firstly, we initialize the probability matrix in step 1 given
by

13)

1

P = 7 X Tovin. (14)

which represents that the value of 6,, is selected from the ele-
ments in F with the same probability. In step 3, we randomly

generate C' candidates {©°}_, based on the probability
distribution function (PDF) ~(® P®) in the i-th iteration,
which can be expressed as

N, 2°
2(0; PW) H H pm 3(On—F (k) (15)
n=1 k=1

Note that @ is the generated i-th candidate. Then, we are
able to calculate the effective channel Hg, for all candidates
{©@°3¢ accordmg to (TI) in step 4. The precoders {Were

and WSR {R(©°)}<_, can be calculated in step 5-6 accordlng

and (7a), respectlvely Next, we sort { R(©°)}¢ ; in a

descendmg order in step 7 as

ROM) > R(OF) > ... > R(OI), (16)
where ®[ represents the i-th candidate in the descending
sequence, from which Cp; best candidates are selected as
primary elites in step 8.

Then, we propose a neighbor extraction method to expand
the searching range by changing the phase shift of each diag-
onal element of ®!!). Notice that only N diagonal elements
of ® are effective since the trace of Z is N according to
(Ze), whose values can be selected from F. In this way, we
can obtain N (2° — 1) extra candidates in step 9 and calculate
the corresponding precoders at the BS as well as the WSR.
The candidate whose WSR is larger than R(®!!) is selected
as a supplementary elite in step 10. The total number of elites
is updated as Celie = Cpr + Coup, Where Cyyp is the number of
selected supplementary elites. The weight 7. of the c-th elite
is calculated in step 11 as follows:

Q[CJ elite
SN an
>t R(O)

C

which represents the ratio of the WSR of elite c to the average
WSR of all elites. Note that the larger WSR corresponds to
the larger weight. After that, in step 12, we update P(+1)
according to the probability transfer criterion, i.e.,

Cliite

PO+ = arg max (18)

= (@ld. <i>)
ne nclnu((a PO

elite —1

The updated probability matrix P(+1) is employed in the next
loop until the iteration threshold Iy is reached. Finally, the
sub-optimal precoding design can be obtained.

The contributions of the NECE method proposed in this
paper are summarized as follows. Different from the cross-
entropy algorithm developed in [27], the probability vector
and objective function of the NECE method are redefined in
terms of the specific problem, which has a greater probability
to avoid falling into local optimal. In addition, neighbor
extraction and individual weights of elites are introduced for
expanded searching range and improved accuracy.

So far we have introduced the details of the proposed joint
optimization algorithm. The generalization and the complexity
will be discussed in the following subsections.



E. Generalization of the proposed joint optimization algorithm

The proposed joint optimization algorithm can be gener-
alized in various optimization scenarios. For example, the
transmit power minimization problem is discussed in this
subsection, which provides another perspective to evaluate our
proposed schemes.

Let ~; denote the practical SINR of user k as expressed in
(@), and py denote the target SINR of user k. The transmit
power minimization problem can be described as

K
Py Juing Pr w5

(19a)

k=1
st. Cr:ive>ue,Vk=1,2,.... K, (19b)
Cy:0, € F,¥n=1,2,--- N;, (19¢)

Cs:zn(zn—1)=0,Vn=1,2,--- N,
(19d)

C,:17z = N. (19e)

P4 can also be solved by the proposed joint optimization
algorithm through sightly modifying the optimization target.
Similar to the procedure to solve P;, we search for the sub-
optimal design of RIS topology iteratively by the ATS method.
In each iteration, with a fixed RIS topology Z, we generate
the neighbors of Z and obtain the corresponding precoding
designs by the NECE method. By comparing the required
transmit power, the optimal neighbor is selected for the next
iteration. Finally, we can obtain the sub-optimal solution to
Pa.

F. Complexity analysis

In this subsection, we quantitatively compare the searching
complexity, i.e., the maximum number of searches, of the
exhaustive search method and the proposed joint optimization
algorithm.

In the exhaustive search method, (\?) possible RIS topolo-
gies are traversed with N elements deployed over N, grid
points. For a specific topology, the possible combinations of
phase shifts at the RIS with N elements is up to 2V, where
b is the quantized bit number. Thus, the searching complexity
of the optimal solution is

Ny
Oopl - <N> X 2bN.

By contrast, we only search It(@Q) possible RIS topologies
in the ATS method, where It is the required number of
iterations for convergence, and () represents the neighborhood
size. As for the NECE precoding method, given a specific Z,
INn(C' + N(2° — 1)) combinations are tested, where Iy is the
number of iterations of the NECE method, C' and N (2° — 1)
denote the number of primary candidates and extra candidates
in each iteration, respectively. Therefore, the searching com-
plexity of the proposed joint optimization algorithm is

Cp = QIrIn(C + N(2° — 1)),

(20)

2y

Notice that It and Iy of the proposed algorithms are usually
small, which will be confirmed by simulations in Section [V

RIS (50 m, 2 m)

oo O o o
o o o

O
O o o oo

User 4

Fig. 4. The simulation scenario of the proposed irregular RIS-aided commu-
nication system.

The comparison of the searching complexity between our
proposed algorithm and the exhaustive search method is shown
in Table I. The typical parameters are set to () = 15, It = 40,
In =15, C' =200, and b =1 for a large-scale system with
Ns = 64 and N = 32, which can guarantee the convergence
of our proposed algorithm in simulations. One can observe that
the searching complexity of the proposed algorithm is much
lower than that of the exhaustive search method. Actually,
as the system size increases, the searching complexity of the
exhaustive search method becomes unacceptable. However, the
searching complexity of the proposed algorithm is just linear
with N, which is much more computationally efficient.

TABLE I
THE COMPARISON OF SEARCHING COMPLEXITY

Exhaustive search method

3294720
7.8711 x 1027

Proposed algorithm

1872000
2088000

V. SIMULATION RESULTS

In this section, we provide simulation results to evaluate
the performance of the proposed irregular RIS-aided commu-
nication systems by employing the proposed joint optimization
algorithm.

A. Simulation setup

As shown in Fig. we consider an irregular RIS-aided
multiuser MIMO communication system for simulations. The
BS equipped with M antennas is located at (0 m,0 m). The
irregular RIS with N elements distributed over a rectangular
surface with N, grid points is located at (50 m,2 m). K
single-antenna users are randomly scattered in a circular area,
whose center is located at (50 m, 0 m).

The Rician fading channel model is adopted to account for
the small-scale fading. Therefore, the BS-RIS channel can be
given by

BBR  ~LoS 1 NLoS
G= B _glsy |- GNWs  (»
1+ Ber 1+ Ber 22



where GI°5 denotes the LoS component, GNM°S denotes
the NLoS component, i.e., the uncorrelated Rayleigh fading
component, and Opg denotes the Rician factor. The BS-UE
channel and the RIS-UE channel can be obtained similarly.
The large-scale fading, i.e., the distance-dependent path loss,
is considered as well. Specifically, the path loss of the BS-
RIS-UE channel can be expressed as [28], [29]]

fe(dpr, dru) = Crdgp"*dgi™,

where dgr and dgy are the distance between the BS and RIS,
and that between the RIS and UEs, respectively. C, denotes
the effect of channel fading and antenna gain. apr and ary
denote the path loss exponent. Similarly, the path loss of
the BS-UE channel is expressed as fq(dpu) = Cadg®". The
parameters are set to C, = —60 dB, Cq = —30 dB, apr = 2,
ary = 2, agy = 3.5, Ber = 0, fpu = 0, and Sry = 1 [29].

Considering that the 1-bit phase shift for metasurfaces is
relatively easy to implement with diodes [25], we set the
quantized bit number as b = 1. Besides, the noise power
is set to 02 = —80 dBm, the weights of users are set to
wr=1,Vk=1,2,--- K. The parameters of proposed it-
eration algorithms are set to @ =15, Iy =40, Ix =15,
C = 200, Cp; = 40, if not particularly indicated. The neighbor
distance p depends on the irregular ratio of RIS, i.e., Nﬂs, and
is dynamically changing during the iteration. For instance, if
N =32 and Ny = 64, p is set to 3 at the beginning and is
reduced to 2 when the iteration reaches half of the maximum
number of iterations. Due to the excessive possible cases of
RIS topologies, the size of the tabu list can be simply set to 1
to expand the searching range, with a very low probability of
falling into a loop. To validate the superiority of the proposed
irregular RIS and joint optimization algorithm, we assume that
the CSI is perfectly known [8], [9], [12]-[14].

(23)

B. WSR performance

In this subsection, we illustrate the WSR performance of
the proposed irregular RIS-aided communication system. The
solution to Ps, i.e., the WSR optimization problem of the clas-
sical regular RIS-aided communication systems [[12], is used
as a benchmark, which serves as the baseline. The proposed
joint optimization algorithm is used to solve the formulated
problem P;. Specifically, the ATS method is utilized in the
irregular topology design of RIS. Besides, the SR method is
adopted to optimize the phase shifts of RIS for comparison
with the NECE precoding method proposed in this paper [13].

We first consider a small-scale system with M =4, N =8,
Ng =16, and K = 2. The optimal solution to P; based on
the exhaustive search method serves as the upper bound. The
WSR versus the transmit power for the small size system
is shown in Fig. By comparing the upper bounds, one
can observe that the proposed irregular RIS-based scheme
with a limited number of RIS elements can enhance the
system capacity compared with the existing solution. For
example, the WSR of the proposed scheme increases by
18% at the transmit power of 10 dBm. Besides, note that
both the NECE method and the SR method are effective, we

T T T T

— € —Regular RIS by SR

—4A— Regular RIS by NECE »

25k Optimal solution of regular RIS 7 |
— B —mregular RIS by SR /

—— Irregular RIS by NECE i’

—#k— Optimal solution of irregular RIS 194

20

Weighted sum-rate (bit/s/Hz)
&
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Fig. 5. WSR versus the transmit power. M =4, N =8, Ny = 16, K = 2.

D Selected
elements

7 Unselected
-4 elements

Fig. 6. The optimized RIS topology. N = 32, Ns = 64.

can conclude that the capacity enhancement of the proposed
irregular RIS-aided communication system does not depend
on a specific precoding algorithm. The reason is that, the
selection of feasible locations for RIS element deployment
leads to additional spatial DoF, which enables us to select
an N-element subset with the optimal channel conditions.
Therefore, the irregular RIS with N elements can achieve the
spatial diversity benefits of Ny grid points, which enhances the
received signal power and thus improves the system capacity
via the well-designed topology and precoding design. It also
implies that the proposed joint optimization algorithm based
on ATS method and NECE method is able to achieve the
sub-optimal performance with much lower complexity, which
verifies the reliability and convergence of our proposed joint
optimization algorithm.

Then, we consider a large-scale system with M =4,
N =32, Ny, =64, and K = 4. Since the complexity of the
exhaustive search method is unacceptable for such a large
system size, we only provide the sub-optimal solution by
the proposed joint optimization algorithm. Here we provide
an optimized RIS topology in Fig. [l where the colored
squares represent the selected locations for RIS elements.
The precoding optimization for the classical regular RIS-aided
communication systems based on the NECE method is utilized
as a benchmark scheme. Besides, the SR method for both
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Fig. 7. WSR versus the transmit power. M =4, N = 32, Ny = 64, K = 4.

cases of the classical regular RIS and the proposed irregular
RIS is realized for comparison. The WSR versus the transmit
power is shown in Fig. [7, where similar conclusions can be
drawn. The WSR of the proposed irregular RIS is improved
compared with that of the regular RIS. For instance, provided
the NECE method is adopted, the WSR of the proposed
irregular scheme increases by 21% at the transmit power of
10 dBm. In addition, the proposed NECE method outperforms
the SR method in both cases of the existing regular RIS and
the proposed irregular RIS, which confirms the effectiveness
of the proposed NECE method.

C. Irregular ratio of RIS

The effect of different irregular ratios of RIS is analyzed
in this subsection. First we consider an irregular RIS with
a fixed number of elements, where M =4, N = 20, and
K = 4. The size of the irregular RIS is variable, which is
represented by Ng, i.e., the number of grid points of the
surface. The simulation results are provided based on the
proposed joint optimization algorithm with the transmit power
set to Pr = 10 dBm. The existing regular RIS-based scheme
with M =4, N =20, and K =4 serves as a benchmark,
whose surface size is fixed. The WSR versus the number
of grid points of the irregular RIS is shown in Fig. [8 It is
observed that altering the irregular ratio of the irregular RIS
via enlarging the surface size effectively improves the WSR
performance, where the number of RIS elements is assumed
to be a constant. Moreover, we consider several regular RIS-
based scenarios where more antennas are deployed at the BS,
namely, M =6, M =7, and M = 8. The number of RIS
elements and the number of users remain unchanged. It implies
that the irregular RISs with enlarged size, namely, Ny, = 40,
Ng; =60, and Ns; = 80, outperform the classical regular RISs
with M = 6, M = 7, and M = 8, respectively. Note that when
the irregular ratio is 25%, i.e., N =20 and N, = 80, the
irregular scheme saves half of the number of antennas at the
BS. Thus, the irregular RIS can provide a feasible solution to
improve the system performance without increasing antennas
and RF chains at the BS, whose hardware cost and power
consumption are usually high. Nevertheless, with the increased
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o
(4,1
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Fig. 8. WSR versus the number of grid points of the irregular RIS. Pr = 10
dBm, N =20, K = 4.
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Fig. 9. WSR versus the number of RIS elements. Pr = 10 dBm, Ny = 120,
K =4.

number of grid points of the irregular RIS, the growth of
performance slows down and the system complexity increases.
Thus, we should make a tradeoff between the cost and the
performance by carefully designing the irregular ratio of RIS
in practice.

Then, we consider a RIS with variable elements N and
a fixed size. The transmit power is set to Pr = 10 dBm.
Other parameters are set to M =4, Ny =120, and K = 4.
The WSR versus the number of RIS elements is shown in
Fig. @ where the classical regular RIS-based scheme with
M = 4, K = 4, and different numbers of RIS elements serves
as the benchmark scheme. One can observe that, the proposed
irregular RIS-based scheme with N; = 120 achieves higher
WSR than the classical regular scheme. Besides, the red curve
illustrates the scalability of our proposed irregular RIS-based
scheme. Specifically, the system capacity increases with the
increased number of RIS elements. Therefore, it implies that
we can design a RIS with a large aperture and the number of
elements selected for communication depends on the capacity
requirements. It is worth noting that the performance gap
between the proposed irregular RIS and the regular RIS with
N = 120 becomes smaller as the irregular ratio of RIS



30

— © —Regular RIS by SR
—&— Regular RIS by NECE
= B =Irregular RIS by SR
—— Irregular RIS by NECE

Transmitter power (dBm)

5 10 15 20 25 30
Target SINR of UEs (dB)
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increases, hence the benefit of further increasing RIS elements
with a very high irregular ratio is negligible. The tradeoff
between the cost and performance can be a possible future
research topic.

Furthermore, we analyze the pilot overhead for channel
estimation and the RIS power consumption of the proposed
irregular RIS-based scheme and the classical regular RIS-
based scheme. It is assumed that there are o small timescales
in a large timescale in the proposed two-timescale irregular
design framework. The minimum required pilot overhead for
a regular RIS with N elements in a small timescale can be
given by 28 4 g [N 4 K [19]. Similarly, the minimum
required pilot overhead for an irregular RIS with N elements
and Ny grid points can be given by W + K [%1 + K.
Besides, the dissipated power of a RIS element is about 10
mW [9]. Thus, considering a case where the parameters are
set to M = 4, N =60, Ny, = 120, K = 4, and a = 30,
the comparison between the irregular scheme and the regular
schemes is provided in Table II. One can observe that the
proposed irregular RIS with N = 60 and Ny = 120 saves 45%
of the pilot overhead and 50% of the power consumption
compared with the regular RIS with N = 120 elements. In
addition, the pilot overhead and the power consumption of the
irregular scheme are almost the same as those of the regular
scheme with N = 60 RIS elements. Thus, we can conclude
that the proposed irregular RIS provides a better tradeoff
between the performance and the complexity as well as the
cost, which can enhance the system capacity with a limited
number of RIS elements.

TABLE 1T
THE COMPARISON OF PILOT OVERHEAD AND POWER CONSUMPTION

Pilot overhead  Power consumption

Regular RIS with N = 60 68 0.6 W
Irregular RIS 72 0.6 W
Regular RIS with N = 120 132 1.2 W
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Fig. 11. WSR versus the sample time with time-varying channels. M = 4,
N =32, Ny =64, K =4.

D. Transmit power consumption

The solution of the transmit power minimization problem
‘P4 is analyzed in this subsection. We show the transmit power
versus the target SINR of UEs in Fig.[I0 with parameters set to
M =4, N =32, N;g =64 and K = 4. It is revealed that the
proposed irregular scheme requires much lower transmit power
than the classical one for a certain target SINR. In addition,
the proposed NECE method outperforms the SR method
for both schemes. Thus, we can draw the conclusion that
the irregular scheme can significantly decrease the transmit
power consumption, which further verifies the effectiveness
of the proposed irregular RIS and the corresponding joint
optimization algorithm.

E. Time-varying channels

The performance of the proposed two-timescale irregular
design framework with time-varying channels is evaluated in
this subsection. K =4 single-antenna users are served by
the BS equipped with M = 4 antennas. The regular RIS is
composed of N = 32 elements. The irregular RIS is composed
of N =32 elements distributed over Ny = 64 grid points.
The transmit power is set to 10 dBm. The BS-RIS channel
is generated by the Rician channel in Section [V-=Al Since the
covariance matrix of the BS-RIS channel remains unchanged
in a large timescale, we assume that the BS-RIS channel is
changed at the beginning of each large timescale. To illustrate
the mobility of UEs, we adopt the “CDL-B” time-varying
channel model to describe the BS-UE channel and the RIS-UE
channel in a large timescale with 30 time slots. The length of a
time slot is 0.625 ms, which represents a small timescale. The
velocity of each UE is 3 km/h. The number of channel paths
is 23. The carrier frequency is 28 GHz. The following cases
are considered in a large timescale. Case 1: The regular RIS.
Case 2: The irregular RIS with the fixed topology in the large
timescale. Case 3: The irregular RIS. The WSR versus the time
slot with time-varying channels are shown in Fig.[I1l One can
observe that the performance of Case 3 serves as the upper
bound, which optimizes the topology of RIS in each time
slot. For Case 2, the designed topology of RIS is fixed in the



large timescale. The WSR of Case 2 decreases slowly with the
time slot changes, whose decreasing trend tends to be gradual.
The final time slot of Case 2 is in the next large timescale
with totally changed channels, where a steep drop of WSR
occurs. Besides, the WSR of Case 2 always outperforms that of
Case 1. Therefore, the proposed two-timescale irregular design
framework is confirmed to significantly reduce the overhead
and complexity with acceptable performance loss.

VI. CONCLUSIONS

The capacity of the existing regular RIS-aided wireless com-
munication systems with a limited number of RIS elements
is restricted. To tackle this challenge, we investigated the
design of irregular RIS in this paper. Firstly, we proposed
an irregular RIS structure with a given number of elements
distributed over an enlarged surface. Then, for the proposed
irregular RIS-aided communication system, we formulated a
WSR maximization problem to optimize the system capacity.
Finally, a joint optimization algorithm with low complexity
was proposed to iteratively solve the optimization problem.
Specifically, an ATS method was used to design the irregular
RIS topology, and a NECE method was introduced to optimize
the precoding design. Simulation results validated that, with
a limited number of RIS elements, the proposed irregular
RIS can enhance the system capacity. Several open problems
are left for future works. For example, how to deploy the
RIS elements arbitrarily within the surface aperture of other
possible shapes [22] remains to be investigated. Moreover,
other metrics such as the energy efficiency of irregular RIS-
aided communication systems are worth further investigations.
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