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Abstract—Reconfigurable intelligent surface (RIS) is an emerg-
ing technology to improve the spectral efficiency of wireless
communication systems. However, the increase of RIS elements
results in the non-negligible overhead of channel estimation and
channel feedback, as well as the high complexity of beam design.
Therefore, how to improve the system capacity with a limited
number of RIS elements becomes a challenge. In this paper, we
propose a brand new irregular RIS structure to enhance the
capacity of RIS-aided wireless communications. The key idea is
to irregularly configure a given number of RIS elements on an
enlarged surface, which provides extra degrees of freedom and
spatial diversity compared with the classical regular RIS. For the
proposed irregular RIS-aided communication, we then formulate
the joint topology and beamforming design problem to maximize
the system capacity. Accordingly, we propose a joint optimization
framework with low complexity to alternately optimize the RIS
topology and the corresponding beamforming design. Finally,
simulation results demonstrate that the proposed irregular RIS
with a limited number of RIS elements can significantly enhance
the system capacity compared with the traditional regular RIS.

I. INTRODUCTION

Conventional wireless environment between the base sta-
tion (BS) and the user ends (UEs) is generally regarded as
uncontrollable. However, the emerging reconfigurable intel-
ligent surface (RIS), i.e., a two-dimensional electromagnetic
metasurface, is able to control the propagation of incident
signals via the interaction between electromagnetic waves and
materials coated on the surface [1]. Thus the development of
RIS makes it possible to manipulate the wireless environment
by tuning the reflection coefficients of a large number of RIS
elements individually, which effectively improves the system
capacity and reduces the communication outage [2], [3]. In
view of the potential to improve the spectral efficiency, RIS
is becoming a promising technology in beyond 5G and 6G
wireless communications [4].

In RIS-aided wireless communications, beamforming design
is essential to realize the potential benefits of RIS, which
aims at jointly optimizing the precoding at the BS and the
reflection coefficients at the RIS. Prior works on beamforming
optimization have only considered the regular RIS structure.
Specifically, the optimal beamforming design for multiple
RISs was derived in [5], which aimed to maximize the
received signal power of a single-antenna user. The analysis

of the energy efficiency was focused on by joint transmit
power allocation and beamforming optimization for multi-user
cases in [6]. Several joint beamforming algorithms were also
proposed for different optimization objectives, for instance,
to maximize the weighted sum-rate (WSR) or to minimize
the transmit power [7], [8]. Furthermore, [1] has revealed
that the received signal power of a regular RIS-aided wireless
communication system is quadratic proportional to the number
of RIS elements. In consideration of the performance bound
based on regular arrays, the system capacity can only be
improved by increasing the number of RIS elements. However,
the overhead of channel estimation and channel feedback, as
well as the complexity of beam design will be prohibitively
high with a large number of RIS elements [1], [9]. In view of
this, the number of RIS elements in practical systems cannot
be too large, which limits the system capacity. Therefore, it
is vital to improve the capacity of RIS-aided communication
systems with a limited number of RIS elements.

In this paper, inspired by the advantages of signal en-
hancement and interference suppression by irregular config-
uration for phased arrays [10], we propose an irregular RIS
structure to enhance the received signal and thus improve
the capacity of RIS-aided communications. 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. Specifically, we propose a brand new topologic structure
of RIS based on irregular arrays, where a given number of
RIS elements are irregularly arranged on an enlarged surface.
The selection of feasible locations for RIS elements leads to
additional degrees of freedom (DoFs) and spatial diversity
of the RIS, which thus enhances the system capacity with
a limited number of RIS elements. Furthermore, we analyze
the model of proposed irregular RIS-aided communications,
and formulate the joint topology and beamforming design
problem to improve the WSR. Accordingly, we propose a
joint optimization framework to alternately optimize the RIS
topology and the beamforming design. Simulation results!
show that the proposed irregular RIS can significantly improve
the capacity of RIS-aided communication systems.

ISimulation codes are provided to reproduce the results presented in this
paper: http://oa.ee.tsinghua.edu.cn/dailinglong/publications/publications.html.
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Fig. 1. The RIS-aided communication system: (a) Traditional regular RIS; (b) Proposed irregular RIS.

The rest of the paper is organized as follows. Section II
introduces the system model and the problem formulation
for proposed irregular RIS-aided communications. In Section
III, we propose a joint optimization framework to solve the
formulated optimization problem. The simulation results are
shown in Section IV, and the conclusions are finally drawn in
Section V.

Notations: Vectors and matrices are denoted by lower-case
and upper-case boldface letters, respectively. A, AT and
A~! denote the conjugate transpose, transpose, and inverse
of matrix A, respectively. ||al|; and |la]|, 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. Ik denotes the identity
matrix of size K x K. Finally, 1x; denotes the all-one
matrix of size K X L.

II. SYSTEM MODEL AND PROBLEM FORMULATION OF THE
PROPOSED IRREGULAR RIS-AIDED COMMUNICATIONS

In this section, we first introduce the concept of the pro-
posed irregular RIS and analyze the system model. Then, the
WSR maximization problem of irregular RIS-aided communi-
cations is illuminated.

A. System model

We consider an RIS-aided multi-user multiple-input
multiple-output (MIMO) downlink wireless communication
system. The traditional regular RIS-aided communication sys-
tem is shown in Fig. 1 (a), where a BS equipped with
M antennas and a regular RIS comprising N elements si-
multaneously serve K single-antenna users. Different from
the regular RIS whose elements are arranged on a regular
surface with constant interelement spacing, we propose a
brand new concept of irregular RIS. To simplify discussion
while verifying the effectiveness of the proposed concept, the
grid constraint with fixed grid spacing is considered, where
N reflecting elements are sparsely distributed over N, grid
points of an enlarged surface, as shown in Fig. 1 (b). Without
loss of generality, the spacing between adjacent grid points

is assumed half of the signal wavelength [10]. Note that the
proposed irregular RIS can be realized in many ways. For
example, this can be equivalently implemented by selecting a
subset of RIS elements from a large set, which is similar to
the antenna selection technology for phased arrays adopted in
IEEE 802.11n [11].

On account of the severe propagation loss [12], we only
consider the signal reflected by the irregular RIS for the first
time and ignore multiple reflections. Let Z = diag(z) denote
the selection matrix representing the topology of RIS, where
z = [z1,22, - ,2n,]T. We have z; € {1,0} with “1” standing
for selection and “0” on behalf of the opposite, corresponding
to whether an RIS element is deployed at the ith grid point or
not, respectively. Thus the received signal y € CX*?! for all
K users can be expressed as

y = (H'ZOG + HY ) x +n, (1)

where x € CM*1 represents the transmitted signal at the
BS, each component of n € CX*! donates the additive
white Gaussian noise (AWGN) with zero mean and vari-
ance o2, O = diag([1€7%, B2e?%2,--- | Bn.e?Ns]) repre-
sents the reflection coefficients of N, grid points of the
irregular RIS. G € CY+*M denotes the BS-RIS channel.
Besides, we have HY = [hy 1, hyo, - hyx]” € CKXM,
HZ =[h,1,h, o, - ,hr,K]H € CEXNs  where hgk and
hf{k represent the channels from the BS to user k, and the
RIS to user k, respectively.

In this paper, we consider the fully digital precoding
at the BS with x= Zkl,(zl wyS,, where wj € CMx1
denotes the precoding vector for wuser k&, and
s=[s1,81, - ,sK]? € CEX!  denotes the transmitted
symbol vector satisfying E[ss”] = Ix. Considering practical
hardware implementation, constant reflection amplitude
constraints and finite discrete phase shifts constraints at the
RIS are assumed [13]. To this end, let 5, =1, 6, take
discrete values from the set 7 = {0, 2%, -+, 2F(2° — 1)} for
Vn=1,2,---, N, where b is the number of quantized bits
of finite discrete phase shifts.
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Thus the signal-to-interference-plus-noise ratio (SINR) of
user k is

2
‘(hszec +hfl,) wk‘
Vi = (2)

5 .
S| (820G + bl ) wi| +0?
B. Problem formulation
Let W = [wy,wa, -+ ,wg] denote the digital precoding

matrix at the BS, Pr denote the maximum transmit power
at the BS, wy denote the weight of user k. The WSR
maximization problem subject to the transmit power constraint
in (3b), discrete phase shifts constraint in (3c), and sparsity
constraints in (3d) as well as (3e) can be formulated as

K
Py X, R= ;wk logy (1 + &) (3a)
K
st Cy: Y |lwil; < Pr, (3b)
k=1
Cy:0,e F,vn=1,2,---, Ng, (3¢)
Cs:2i(z—1)=0,Yi=1,2,--- , Ny, (3d)
Cy:17z=N. (3e)

Cs and C} restrict the sparse deployment of the irregular
RIS, where N diagonal elements of the topology matrix Z are
assigned the value of 1, while the rest of which are assigned
0. Note that the objective function in (3a) and the phase
shifts constraint C; are non-convex. Besides, the sparsity
constraints C3 and C4 are also non-convex, thus making it
more difficult to be solved than the traditional optimization
problem in regular RIS-based systems. One possible solution
to tackle this problem is to decouple the RIS deployment and
the corresponding beamforming optimization. Specifically, for
a given topology Zg, P; is reduced to

K

Py : max R= ];Wk logy (1 + k) (42)
K

st Cr: 3wl < Pr, (4b)
k=1

Co:0,€ F,¥n=1,2--- N, (4¢)

03 7= Zo. (4d)

Note that the complete channel state information (CSI)
relevant to the number of grid points of RIS is required to
solve P;, which results in the high overhead and complexity.
Fortunately, considering that the BS-RIS channel is quasi-
static [9], the topology of RIS only needs to be changed
adaptively in a large timescale, corresponding to solving P;.
While the beamforming design for a specific RIS topology,
i.e., the solution to Pa, can be frequently optimized in a small
timescale to track the change of users. Since the required CSI
for a fixed RIS topology is relevant to the number of RIS
elements, the resultant overhead and complexity are much
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Fig. 2. The proposed joint optimization framework.

lower than that of a large-scale system with excessive RIS
elements.

Moreover, the proposed model is equivalent to the system
model of regular RIS-aided wireless communications by sim-
ply assuming that Ny, = N and Z = Iy. Thus the problem
in P; can be seen as a general formulation based on various
topologies of RIS. Therefore, the proposed solution in Section
IIT can serve as a general solution to the sum-rate optimization
problem in classical RIS-aided communications as well.

III. THE PROPOSED JOINT OPTIMIZATION FRAMEWORK

In this section, we propose a joint optimization framework
with low complexity to solve P;. Specifically, we propose a
sub-optimal algorithm to carry out the sparse deployment of
RIS elements. Then, given a specific RIS topology, an alter-
nating optimization algorithm is proposed to jointly optimize
the precoding at the BS and the phase shifts at the RIS.

A. Overview of the proposed joint optimization framework

As shown in Fig. 2, we first decouple the decision variables
in P;. Then, we alternately optimize the RIS topology and
the beamforming design. Instead of traversing all possible
topologic structures of RIS, we search for the sub-optimal
deployment of RIS iteratively by a tabu search (TS) method. In
each iteration, the problem P; is reduced to Ps, where the RIS
topology Z is fixed. Specifically, we generate the neighbors of
Z and obtain corresponding beamforming design by a neigh-
bor extraction-based cross-entropy (NCE) method with zero-
forcing (ZF) precoding at the BS. By comparing the WSR,
the optimal neighbor is selected for the next iteration. After
maximum iterations or termination conditions are reached, we
obtain the sub-optimal solution to P;, denoted by Zgpt, Oopt,
and W ;. The details of sparse deployment and beamforming
optimization of the irregular RIS are provided in Subsection
II-B and III-C, respectively.

B. TS-based sparse deployment of RIS

Inspired by the Turbo-TS beamforming design in [14],
we propose a TS-based algorithm to implement the sparse
deployment of RIS elements.

Firstly we initialize the RIS topology Z; by randomly
selecting N ones and Ny — N zeros. For a given Z, the
WSR R can be figured out based on ZF precoding at the
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BS and discrete phase shifts adjustment at the RIS, which
will be further discussed in the next subsection. In the :th
iteration, we focus on the neighbors of Z; generated by a
redefined move criterion, where we randomly swap p ones for
p zeros among the diagonal elements of Z;. Here p is defined
as the neighbor distance, which will be dynamically adjusted
on the basis of 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 for fine
tuning. Next, the obtained neighbors should be checked in the
tabu list, and those who are tabu solutions will be discarded.
In this way we obtain @ neighbors and separately calculate
the WSR for all the candidates {zg}le. Then we select the
candidate with the maximum WSR, which is saved as the new
topology Z; 1 for the next iteration. The global optimum and
the tabu list are updated accordingly. 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, we can obtain the
sub-optimal topology of RIS.

C. NCE-based beamforming optimization

The TS-based sparse deployment algorithm requires joint
beamforming design at the BS and the RIS for a specific
RIS topology, corresponding to solving P,. In [15], cross-
entropy (CE) algorithm is developed to tackle combinatorial
optimization problems with low complexity. Inspired by this
idea, we further propose a NCE algorithm to solve P, which
utilizes neighbor extraction of the current optimal solution
during the iterative process.

Let P = [p1,p2, -, pn,] denote the probability matrix of
© for a given Z, where p,, € R2"*1 is the probability vector of
6, satisfying ||p,||; = 1. Each component of p,, denotes the
probability of taking different values in F. Firstly we initialize
PO = 2% X logvy v, , Which represents that the value of 6,, is
selected from the elements in F with the same probability.
In the 4th iteration, we randomly generate C' candidates
{©®°}¢_, based on the probability distribution function (PDF)
Z(@;P@). Let §(t) be 1 when t = 0, otherwise 0. Let F(k)
denote the kth element of F. Thus the PDF can be expressed
as

N,
=@:PO) = I [ [T 7™ ). )

1 \k=1

s

n

Then we are able to calculate the effective channel
HS, = HYZO°G + HY for all candidates {©°}S_,. The
precoding matrices {W¢}¢_, at the BS are acquired by the

ZF precoder expressed as [8]
1
W =H/ (H H)'PZ, (6)

where Pp represents the power allocation at the BS.
The WSR {R(©°)}¢ , are acquired according to (3a).
Next, we sort {R(®°)}C; in a descending order as
R(®OU) > R(OF]) > ... > R(®I°) and select C,, optimal

candidates as primary elites. Then we propose a neighbor
extraction method to expand the searching range through
changing one of the diagonal elements of the current optimal
solution ®!), Only N diagonal elements are effective, whose
values can be selected from JF. By this means we obtain
N(2° — 1) extra candidates and calculate the corresponding
precoders at the BS as well as the WSR. The candidate
whose WSR is larger than R(®M)) is selected as a sup-
plementary elite. The total number of elites is updated as
Celite = Cpr + Csup, where Cyyp, is the number of supplemen-
tary elites. After that, we reorganize the elites as {@(¢)} Cetite,
and the probability transfer criterion is expressed as

Celite
pUth = arg max NeIn= (6(0); P(i)> , (D
P® Celite —1
R(©)Cletite

where 7, = SCene R(6)) is defined as the weight of the

cth elite, which represents the ratio of the WSR of elite ¢
to the average WSR of all elites. Note that the larger WSR
corresponds to the larger weight. The updated probability
matrix PU*1) is employed in the next loop until the iteration
threshold Iy is reached. Finally, the sub-optimal beamforming
design can be obtained.

IV. SIMULATIONS

In this section, we provide simulation results to evaluate the
performance of the proposed irregular RIS-based systems by
employing the joint optimization framework.

In our simulation scenario, K single-antenna users are
served by a BS equipped with M antennas and an irregular
RIS equipped with N elements which are distributed over a
rectangular surface with N, grid points. We set the distance
between the BS and UEs, the RIS and UEs as dgy = 50 m,
dru = 2 m, respectively. The distance between the BS and
RIS is set as dgr = \/d%U + d%{U. This corresponds to a hot
spot scenario in practice where RIS plays a vital role [8].
The parameters of the proposed iteration algorithms are set
as @ =15, It =40, Iy =15, C = 200, and Cp, = 40. The
neighbor distance p is set as 3 at the beginning and is reduced
to 2 as the iteration progresses. Due to the excessive possible
cases of RIS topologies, the size of the tabu list can be simply
set as 1 to expand the searching range, while with a very low
probability of falling into a loop. Other parameters are set as
b=1,02=—-80dBm, and wy = 1,Vk =1,2,--- | K.

The uncorrelated Rayleigh fading channel model is adopted
to account for the small-scale fading. The large-scale fading,
i.e. the distance-dependent pass loss, is considered as well.
Specifically, the path loss of the BS-RIS-UE channel can be
expressed as [12], [16]

fr(dBr, dru) = Crdgg® g™, ®)

where dgr and dry are the distance between the BS and
RIS, the RIS and UEs, respectively. C; denotes the effect of
channel fading and antenna gain. apg and agy denote the
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Fig. 3. WSR versus the transmit power. M = 4, N = 32, N, = 64, K = 4.

path loss exponents. Similarly, the path loss of the BS-UE
channel is expressed as fq(dpy) = Caqdp®Y. The parameters
are set as C; = —60 dB, Cq = —30 dB, agr = 2, ary = 2,
and QaBy = 3.5 [7]

To validate the superiority of the proposed irregular RIS
structure and joint optimization framework, we assume the
CSI is perfectly known. We consider a scenario with M = 4,
N =32, Ny =64, and K = 4. Since the complexity of the
optimal solution based on the exhaustive search method is
unacceptable for such large system size, we provide the sub-
optimal solution by the proposed joint optimization frame-
work. To the best of our knowledge, the irregular RIS-based
scheme has not been investigated in the literature. Thus the
beamforming optimization for traditional regular RIS-aided
communications is considered as the benchmark. Besides,
the successive refinement (SR) algorithm proposed in [8] is
adopted to optimize the phase shifts of RIS for comparison
with the NCE-based beamforming algorithm proposed in this
paper.

The WSR versus the transmit power is shown in Fig. 3.
By comparing the results of the traditional regular scheme
and the irregular scheme, one can observe that the proposed
irregular RIS-based scheme with a limited number of elements
substantially enhances the system capacity. For example, pro-
vided the NCE algorithm is adopted, the WSR of the proposed
irregular scheme increases by 21% compared with that of
the traditional regular scheme at the transmit power of 10
dBm. Note that the capacity enhancement does not depend
on a specific beamforming optimization algorithm, and the
simpler SR algorithm also works. This is for the reason that
the selection of flexible locations for RIS elements leads
to additional DoFs at the cost of space sacrificing, which
enables us to select a N-element subset with the optimal
channel conditions. Therefore, the sparse configuration of the
irregular RIS employing N elements can achieve the full
spatial diversity benefits of [V, grid points, which enhances the
received signal and thus improves the system capacity via the

Fig. 4. The optimized RIS topology. N = 32, Ns = 64.

well-designed topology and beamforming design. For instance,
we provide an example of the optimized RIS topology in Fig.
4, where the colored squares represent the selected locations
for RIS elements. In addition, the proposed NCE algorithm
outperforms the SR algorithm for both cases of the traditional
regular scheme and the irregular scheme, which confirms the
effectiveness of our proposed optimization framework.

To further show the effect of different sparse ratios of
RIS, we consider an irregular RIS with a fixed number of
elements, where M =4, N = 20, K = 4. While the size of
the irregular RIS is variable, which is represented by N,
i.e., the number of grid points of the surface. The simulation
results are provided based on the proposed joint optimization
framework with the transmit power set as Pr = 10 dBm. The
traditional 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 size of the irregular RIS is shown in Fig.
5. It is observed that altering the sparse 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
traditional 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
the same. It is revealed that enlarging the size of the irregular
RIS to Ny =40, Ny =60, and N, = 80 outperforms the
traditional regular schemes with M =6, M =7, and M = 8§,
respectively. Note that the irregular scheme when the sparse
ratio is 25%, i.e., N =20 and N, = 80, saves half of the
number of antennas at the BS. Thus the sparse configuration
of the irregular RIS can provide a feasible solution to improve
the system capacity without increasing antennas and RF chains
at the BS, whose hardware cost and power comsumption are
usually high. Nevertheless, with the increasing surface size
of the irregular RIS, the growth of performance slows down,
while the complexity of RIS increases. Thus we should make
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a tradeoff between the cost and the performance by carefully
designing the sparse ratio of RIS in practice.

V. CONCLUSIONS

Considering the high overhead and complexity caused by
the large number of RIS elements in traditional regular RIS-
aided wireless communications, we investigate the design
paradigm of irregular RIS in this paper for the first time.
Firstly, we propose an irregular RIS structure with a given
number of elements distributed over an enlarged surface.
Then, for the proposed irregular RIS-aided communication,
we formulate the WSR maximization problem to optimize
the system capacity. Finally, a joint optimization framework
is proposed to alternately solve the optimization problem.
Simulation results validate that with a limited number of RIS
elements, the proposed irregular RIS significantly enhances
the system capacity compared to the traditional regular RIS.
In addition, we can obtain better performance by further
optimizing the sparse ratio of the irregular RIS.
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