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On the Design of Broadbeam of Reconfigurable
Intelligent Surface

Xinyi Lin, Graduate Student Member, IEEE, Lei Zhang, Senior Member, IEEE, Anvar Tukmanov, Senior Member,
IEEE, Yihong Liu, Graduate Student Member, IEEE, Qammer Abbasi, Senior Member, IEEE and Muhammad Ali
Imran, Fellow Member, IEEE

Abstract—Reconfigurable intelligent surface (RIS) has been
identified as a promising disruptive innovation to realize a faster,
safer and more efficient communication system. In this paper,
we study the broad beamwidth design of RIS. A problem is
formulated to achieve broadbeam with maximum and equal
power gain within a pre-defined angular region given constraints
of the unit modulus weights of RIS. Since the formulated problem
is non-convex, where the optimal solution cannot be analytically
obtained, we propose the difference-of-convex-based semi-definite
programming (DC-SDP) algorithm. In addition, as important
guidance of signal coverage for arbitrary angular regions, we
mathematically derive the relationship between the angular
range of the spatial sector and the maximum average received
power. The upper bounds of the average received power with
different RIS configurations are also obtained, where uniform
rectangular array (URA) and uniform linear array (ULA) are
considered. Simulation results demonstrate the effectiveness of
our derivations and verify that our proposed DC-SDP algo-
rithm is applicable in practical applications and outperforms
other baseline methods. Overall, this work can be viewed as a
foundation for the practical implementation of RIS on coverage
enhancement and can also be seen as an initial step towards
achieving channel estimation.

Index Terms—Reconfigurable intelligent surface, broadbeam,
beamforming, semi-definite programming, difference-of-convex.

I. INTRODUCTION

Over the last decades, a quantum leap has been ac-
complished in the development of wireless communica-
tion. The emergence of various advanced techniques, includ-
ing orthogonal frequency-division multiplexing (OFDM) [1],
massive-multiple-input-multiple-output (M-MIMO) [2] and
non-orthogonal multiple access (NOMA) [3], etc., has been
witnessed. However, the main targets of the communication
system remain unchanged, i.e. how to properly allocate scarce
power and spectrum resources and meet the quality of service
(QoS) requirements among users [4].

Recently, both academia and industry have begun to en-
vision and project for the forthcoming 6" generation (6G)

Manuscript submitted January 26, 2023, revised July 28, 2023, October 07,
2023, and December 05, 2023. The associate editor coordinating the review of
this article was Amine Maaref. This work was supported in part by the U.K.
Engineering and Physical Sciences Research Council (EPSRC) with British
Telecom.

Xinyi Lin, Lei Zhang, Yihong Liu, Qammer Abbasi and Muhammad Ali
Imran are all with the School of Engineering, University of Glasgow, G12
8QQ, U.K. (e-mail: x.lin.1 @research.gla.ac.uk; Lei.Zhang@glasgow.ac.uk;
y.liu.6@research.gla.ac.uk; Qammer.Abbasi @glasgow.ac.uk; Muham-
mad.Imran @ glasgow.ac.uk).

Anvar Tukmanov is with British Telecommunications PLC, Adastral Park,
Ipswich, U.K. (e-mail: anvar.tukmanov@bt.com).

technology, which will make up for the defects of the cur-
rent communication system regarding the aforementioned tar-
gets. Specifically, some novel technologies such as Terahertz
(THz) communication [5] and distributed radio access network
(RAN) [6] are developed, which effectively improve commu-
nication efficiency. However, these technologies also mean
huge hardware costs and energy consumption by deploying
more active nodes and mounting more antennas [7]. Though
capacity has been enhanced due to design on the precoder at
the transmitter (Tx) side and/or the decoder at the receiver (Rx)
side [8], optimization on the propagation environment has not
been much explored yet. Indeed, it is the propagation environ-
ment that can significantly affect wireless transmission quality.
In particular, the transmitted signals can be easily affected
by blockages, extreme weather, etc., and thereby suffer from
severe path loss and multipath fading. Hence, it is necessary
to propose new paradigms that enable a significant reduction
in hardware and energy costs, as well as a controllable and
reconfigurable radio propagation environment.

Motivated by the aforementioned issues, a new and disrup-
tive technology — reconfigurable intelligent surface (RIS), has
been introduced and considered as a key enabling technology
to realize challenging communication goals in the next few
decades [9]. In particular, RIS is an artificial planar surface
with sub-wavelength thickness leveraging a large number of
passive scattering unit cell (UC) elements. Independent control
of incident signals with reconfigurable amplitude and/or phase
shifts could be realized on each element [10]. Then, the re-
directional signals from all elements are combined and towards
desired directions [11]. By densely deploying RISs and smartly
coordinating them in wireless propagation environments, the
reconfigurable and programmable end-to-end wireless chan-
nels could be eventually achieved [12].

Recent research advances have shown the application of
RIS in various communication systems, such as RIS-aided
NOMA system [13], RIS-aided secure transmission [14] , and
RIS-aided cognitive radio (CR) system [15], etc. These works
mainly focus on the design and optimization of active and
passive beamforming under the assumption that the channel
state information (CSI) is perfectly pre-known. However, to
precisely assure system performance of all the above applica-
tions, channel estimation is definitely a core issue. In addition,
channel estimation in RIS-assisted communication systems
could be hard to achieve due to the passive property of RIS.
Several works have been devoted to this topic. Specifically,
a general framework for channel estimation in a RIS-aided



system was introduced in [16] by leveraging a combined
bilinear spare matrix factorization and matrix completion. This
design is enabled by activating elements one by one at each
stage of estimation and could therefore lead to poor real-
time performance and large estimation variance. Following
this work, the authors in [17] designed an optimal channel
estimation scheme which is guided by results for the minimum
variance unbiased estimation. It is proved that this work
effectively reduces estimation variance. However, the pilot
overhead could be extremely high when the size of RIS is
large.

Since it is a challenge of channel estimation, recent research
has investigated RIS-aided systems with incomplete CSI [18].
For example, the authors in [19] proposed a RIS phase shift
design based on the statistical CSI and the formulated upper
bound of the ergodic spectral efficiency. Additionally, a MISO
system deploying distributed RISs was investigated in [20],
where the achievable rate of the network was analyzed con-
sidering the CSI estimation error. Furthermore, a RIS-assisted
anti-jamming communication scenario was proposed in [21].
Specifically, a robust RIS beamforming design is formulated
to enhance the security performance with or without imperfect
jammer’s CSI.

In addition to the above works, some research has been
devoted to the study of broadbeam, which is promising for
avoiding the thorny problems that can be encountered in chan-
nel estimation. Specifically, as a low-cost and passive device,
it is more realistic to use RIS to generate broadbeam, which
could cover an angular region instead of locating users with
real-time beam tracking or CSI. In addition, broadbeam design
is also rewarding and beneficial for coverage enhancement.
Furthermore, the design and implementation of the broadbeam
can be simpler compared to the narrow-beam antenna system,
as there is no need to steer the beam towards a specific
direction precisely. This can lead to reduced complexity and
much lower cost and henceforth, is more suitable to be
deployed in practice. Specifically, in broadbeam design, the
average received power and variance are generally considered
as two critical metrics to measure the designed system. On one
side, the average received power reflects the average QoS of
all users in a specific area; the variance of the beam pattern,
on the other side, validates the communication stability for
users in movements.

To the best of our knowledge, there are only a few works
investigating broadbeam design via RIS so far. For example,
the authors in [22] proposed a RIS-aided downlink transmis-
sion where the reflection link is used to illuminate the area
centred around the mobile user (MU). However, they only
focused on the cover area but not the flatness of the generated
beam pattern, which may lead to unstable data transmission.
Motivated by this fact, the authors in [23] proposed a novel
3D beam broadening and flattening technique on an aerial in-
telligent reflecting surface (AIRS), where the AIRS is divided
into several sub-arrays. By synthesizing the beams generated
by each sub-array, a broad and flat beam could be achieved.
However, the beamwidth could be restricted, especially when a
small RIS is applied. In [24], a design framework to synthesize
the power pattern reflected by the RIS was proposed, which

meets the customized requirements of broad coverage and
considers the flatness of the generated beams. An arbitrarily
defined beamwidth at the RIS could be realized. However,
the flat broadbeam is realized by minimizing the difference
between the target pattern and the optimized pattern, where
the average received power and variance of the beam pattern
were not investigated.

To address the aforementioned issues, the blind coverage
enhancement design is proposed in this paper, where signals
with comparable received power are received by users at
arbitrary places in a pre-defined sector area without know-
ing their precise directions. The average received power is
maximized within the sector area. We illustrate the utility
and superiority of our design for the following several rea-
sons. Firstly, in this broadbeam-enhanced area coverage way,
where a flat broadbeam is generated to cover a whole range
instead of one specific user, the issue caused by the user’s
position changes can be solved well. Besides, RIS with the
flat broadbeam design is not required to respond in real-time
to users’ movements, which could largely reduce the hardware
cost as well as computational complexity. Furthermore, the
possible active area of users is generally pre-known; the
increase in signal-to-noise ratio (SNR) and the improvement
in QoS could be enhanced by proposing the pre-defined area
coverage enhancement design. Additionally, the SNR is further
improved by maximizing the signals’ received power within
the pre-defined area.

In summary, the flat broadbeam design is well-suited for
various applications, such as cellular communication, satellite
broadcasting, and Wi-Fi networks, where wide coverage and
robust performance are essential. Besides, the role of this
design in establishing connections between RIS and users can
be regarded as an initial step for other channel estimation
algorithms. The main contributions are summarized as follows:

« We propose a design framework to generate broadbeam
with a flattened top and maximized average received
power within a pre-defined sector area. The flat broad-
beam ensures the maximum sum rate compared with other
beam patterns, which is numerically proved in this paper.

o As an important metric to measure QoS, the relationship
between the average received power and the phase shifts
of RIS is analytically obtained. Specifically, we obtain
the upper bound of the average received power given RIS
under both uniform rectangular array (URA) and uniform
linear array (ULA) configurations.

« Difference-of-convex-based semi-definite programming
(DC-SDP) algorithm is introduced in this paper, which
effectively transfers the original non-convex problem into
a convex form and realizes iterative rank reduction (IRR).
We compare the simulation results using the DC-SDP
algorithm with other baseline methods, and also with the
cases when the RIS is randomly designed or when no
RIS is applied. It is worth mentioning that the DC-SDP
algorithm could always result in broadbeam with fewer
fluctuations.

The remainder of the paper is organized as follows. Section
Il presents our system model and proposes the problem
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Fig. 1: System model of RIS-aided flat broadbeam design.

formulation on beam coverage regarding the RIS phase shifts
design. Section III gives analytical derivations on average re-
ceived power. Section IV introduces the DC-SDP optimization
approach. Simulation results are presented in Section V. And
the conclusion is drawn in Section VL.

Notations: Scalars, vectors, and matrices are denoted by
lower-case, bold-face lower-case, and bold-face upper-case
letters, respectively. E{-} denotes the expectation value. (-)7,
(H, and (-)* represent the transpose, the conjugate transpose,
and the conjugate of a vector, respectively. © denotes the
point-wise multiplication. ||a|| denotes the Euclidean norm
of vector a. rank(A) and Tr(A) denote the rank and trace
of matrix A, respectively. And Diag(A) stands for a vector
with elements defined by the diagonal entries of A. Likewise,
diag(a) denotes a square matrix where a is positioned on the
diagonal. 1, represents an M x 1 identity vector. Z(a) € CM*!
is the phase of the M x 1 vector a. 8||Al|> denotes the sub-
gradient of matrix A. Re{-} and Im{-} stand for the real and
imaginary parts of a complex number, respectively. And inf(S)
and sup(S) represent the infimum and supremum of a subset
S. Finally, we define domain f = {p € P : f(p) < +oco} and
we use (Y, Z) to refer to the inner product of two matrices.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. Signal & Channel Model

We model a RIS-aided downlink system' as illustrated in
Fig. 1. L random directions are chosen within the pre-defined
area, which is constrained by ¢, upy and 6p upy. Specif-
ically, ¢(p,uby and 60y upy refer to horizontal and vertical
lower and upper boundary angles of the cover region. We
sequentially integrate vy, = [@p,01p] and vy = [Wup, Oup]-
The BS is implemented with N antennas. And the proposed
RIS contains M reflecting elements. In addition, users with
a single antenna are assumed in this paper. Reflective links
h,; e CMx1 y] e L are built to assist the BS in transmitting
signals to multiple users within a sector area. Moreover, the
BS-RIS and BS-user channels are denoted as G' € CM*N and
Hy = [hgy,- shas, - har] € CVXE respectively. We
assume that the system works on the sub-6 GHz frequency

I'The system model is presented in 2D for simplicity, which can be easily
extended to the general 3D model.

0: elevation angle
@: azimuth angle

X
Fig. 2: 2D RIS under URA configuration in 3D geometry axis.

band. The direct link k4 ; follows Rayleigh fading, while RIS-
aided channels h,; and G follow Rician fading. Then, these
channels are modelled as

hai = PLtoshal, )

hy 1 =PLios,( TG(CRO 1)+\/ ! rl) 2
G =PLos,0( —a(CRI)a (CBS)+\/ G) 3)

Specifically, PLnros, PLros,; and PLj,s 0 denote the corre-
sponding path-loss. € is the Rician factor. hd,l, h, 1, and G
denote the non-line-of-sight (NLoS) components of channels,
each element of which follows CN (0, 1). In addition, a({)
denotes the steering vector as a function of the spatial infor-
mation ¢ [25], which is represented as

a(¢) =e'™ “4)

Note that ¢ can follow either ULA or URA configuration.
Moreover, (ro.;, Crr, and {ps are the functions of angles
of departure (AoD) towards the user at the [-th direction,
angles of arrival (AoA) at RIS and AoD at BS towards RIS,
respectively. Specifically, we consider the URA configuration
for both BS and RIS in our proposed system, then ro.;, Cris
and {ps can be generalized as { = f(¢,0), where ¢ and
0 refer to the azimuth and elevation angle, respectively. Fig.
2 shows the RIS model under URA configuration. Assume
that there are M, elements along the Y-axis and M, elements
along the Z-axis, then we have M = M,M,. In addition,
we denote the azimuth angle ¢;,, and elevation angle 6; ,,
as the incident angles at the m-th element, and ¢, ;, and
0o.1,m as the azimuth and elevation reflection angles at the
m-th element in RIS. Note that m has a relationship with m,,
and m; as m = (my — )M, + mz, where my € {1,---,M,},
my € {1,---,M;}. The angle information g, and {ro.1.m
at the m-th element could be sequentially represented as

27rd C

{R1,m = (my — 1) cos 0; 1 Sin@; 1y + (M — 1)sin 6, ,,,,  (5)

gRO,l,m = (my - ]) cos go,l,m sin Po,l,m + (mz - ]) sin 90,1,m~
(6)

Similarly, the BS is modelled under the URA configuration on

the x-y plane. We assume N, elements along the X-axis and



N, elements along the Y-axis, where N = N Ny. ¢, and 6,
denote the azimuth and elevation angles from the n-th element
of BS, respectively. The angle spatial information (s, at the
n-th element can be expressed as

{Bs.n = (nxy —1)cos 8, cos @, + (ny, — 1) cos O, sing,, (7)

where n = (ny—1)Ny+ny,ny € {1,---, N}, ny € {1,---, Ny }.

Let w = [wy, wa, ..., war ] denotes the weight matrix of the
RIS and each element w,,,m = 1,2, ..., M could be expressed
as Wy, = Bme’ . For maximum reflecting efficiency, we let
Bm = 1 and a,, € [0,27]. And the transmit beamforming
vector at BS is b € CVX!. Then, the received signal at the /-th
direction could be expressed as

yi = (hY, + R WG)b\prs+n;, VI € L, (®)

Ty € CM*M and n; is the additive white

where W = diag(w

Gaussian noise (AWGN) with zero mean and variance 0'2, i.e.,
n; ~ CN(0,02). Additionally, p, denotes the transmit power
at the BS. Therefore, the received power at the [-th direction

could be expressed as
pi =Y, + R WG)bIp, + 07, Vi€ L. 9)

Based on the expression of the received power at the [-
th direction, we formulate the optimization problem in the
following subsection.

B. Optimization Problem

We propose the novel design of a perfect flat broadbeam
with equal received power at all directions within the pre-
defined cover region, which could be interpreted as

P1):

[1]

max
w
st. pi=E,1l€elL (10)

|Wm|=19 m=1,"‘,M,

where E is defined as the average received power within the
cover region. By solving (P1), a broadbeam with a flattened
top and maximized average received power could be realized
given the RIS unit modulus weights constraints.

By proposing the flat broadbeam design, users’ received
power can always be guaranteed without knowing their precise
directions, and beam tracking is not required. Additionally,
the investigation of flat broadbeam is crucial to realize the
maximum sum rate, which enables the same received power
along all directions. Specifically, based on the expression of
the received power, the SNR for the user at the /-th direction
could be expressed as

|(hH, + RH, WG)b|p,
5 ,VielL. (11)
O—I’l

SNR; =

Sequentially, we represent the sum-rate of the chosen L
directions between the cover range vy, and v, as

L
Riota = ) logy(1+SNR)).
I=1

(12)

Moreover, we assume that the total received power of all
directions within the cover region [v;p,v,p] is denoted as
Piotar, which could be represented as

L
Protar = Y (I, + RE WGP p, + D). (13)
I=1
Note that L should be sufficiently large to approximate that the
received power at an arbitrary direction within the cover region
[vip, vup] equals the average received power. We further
rewrite (12) as

L
Reorar = logy (| [(1+SNRy)).
I=1

(14)

According to the Cauchy—Schwarz inequality [26], the fol-
lowing lemma can be derived.

Lemma 1: For several variables denoted as xi,---,xn
with fixed sum value, i.e., x = x| + -+ + Xy, the maximum
multiplication result can be achieved when and only when
Xy =+ =XN.

Based on Lemma 1, we can safely draw the conclusion that
the maximum sum rate could be realized when

pi=E leL. (15)

In detail, the maximum sum rate can be realized when signals
with the same received power are received by all directions
within the pre-defined cover region.

III. ANALYSIS ON AVERAGE RECEIVED POWER

In order to evaluate the average received power within a pre-
defined angular region, which is considered as an important
metric to measure the performance of communications, some
characteristics of the maximum average power based on the
cover area are proposed in this section. Besides, an upper
bound of the maximum average received power is derived for
an arbitrary cover region.

We consider BS applying maximum ratio transmission
(MRT) for maximal power transmission towards RIS, as the
direct link suffers from serious channel fading and comprises
only NLoS paths. Then we have b = a*({ps). Moreover, the
unit transmit power is assumed at the BS. Sequentially, the
received power at the /-th direction 2 can be approximated as

pi ~|a" (Cro)Wa(Cr)|?, VI € L. (16)

By applying the change of variables v; = a({ro.1) ©a(Crr) €
CM*1 we reformulate (16) as

pi =Wy’ vieL. (17)

We further define Q; = 'yrylH € CM*M 'then (17) is equivalent
to

pi=wlQw, (18)

which can be transformed as wH Q;w = Tr(Q,ww'), VI € L.
The matrix lifting technique [27] is used to lift the original
vector w as a positive semi-definite (PSD) matrix X, which

2To be noted that in the subsequent derivation, we omit the noise in the
expression of the received power, as the noise power is usually very low and
will not affect the flatness of the generate beam over time scale.



equals the multiplication of w and its corresponding conjugate
transpose, i.e., X = ww | where rank(X) = 1 and X >
0. Given |wy| = 1,m = 1,2,..., M, X has to additionally
satisfy Diag(X) = 1. Then, the expression for p; can be
equivalently reformulated as

1 =Tr(Q,X), Vi€ L. (19)

In terms of (19), the average received power in all directions
could be expressed as

E=E{Tr(Q;X)}, | € L, (20)

where X is the PSD matrix of RIS phase shifts, which is
independent of received direction and can be fixed once RIS
phase shifts are all determined. Then, (20) can be equivalently
written as

E=Tr(E{Q;}X), [ € L. (21)
We expand the expression of ~; as
Y=y sviames S Yipypes s Yimgm ], (22)

where py, =1,---, My and p; = 1,---, M. Similarly, we have
gy=1,---,Myand g, =1,---, M. Then Q; can be expressed
as (23), which is shown on the top of the next page.

We denote E{Q;} as Y € CM*M then the average received
power could be expressed as

Y(LDX(L1) +-,+0(1, M)X (M, 1)+

M M(M-2)
XM, DX (1, M)+, (M, M)X (M, M).

—
- =
=

M
(24)

Both X' and X are Hermitian matrices, we can henceforth
derive that

Y(p.q) X (q,p) +Y(q,p) X (p,q) = 2Re{Y(p.q) X (¢, p)}.
(25
where both p and ¢ = 1,---, M. Note that p,/q, and p;/q,
contain the placement information of the p/g-th elements in
RIS. The average received power could be reformulated as

M M M
2=2) >, Re{r(p,q>X(q,p)}+ZlRe{T(q,q)X<q,q)}.
=

p=1g=p+l1
(26)

Because the positions of BS and RIS are generally fixed, the
transmission paths between BS and RIS are pre-known. As a
consequence, the steering vector a({gy) is fixed. In addition,
we assume that the distance between BS and RIS is much
longer than the element spacing in RIS, based on which we
have 6; = 0; m, @i = ¢i.m, Ym € M. Then, we define

Yy = cos f; sin g;, 27
Y, =sinéb;. (28)

The spatial information incident at the m-th element of RIS
can be sequentially expressed as

CRI,m = (my - l)'ﬁy + (mz - 1)';02- (29)

Additionally, we assume that the element spacing equals half
wavelength, i.e., d = ’51 Then, for the URA case, Y(p, q) as
the function of 6y, 6,5, ¢ip, and ¢, can be expressed as

Oub [ Pub

Y(p,q) _ O I e””dtpd@ ,

(Oub = O15) (ub — e115)
where ¢ = [(py — gy)(cos@sing + y) + (p; — q;)(sin6 +
¥;)]. Note that the direct integral of the angle ranges will be
challenging, especially when both 8 and ¢ are variables. We
then discuss the average received power Z in the following
three special cases:

(30)

A. When 0, 1., is a fixed value, ¢, m € (—90°,90°), m =
1,---.M:

Assume that the elevation angle 0, ,, is fixed to be a
constant angle 6, then (6) can be rewritten as

(RO I,m = (my — 1) cos@sin(tpo,l,m) +(m;—-1) sind. (31)

As the direct integral over the angle ¢, 1, can be challenging,
we map 1, = sin(¢yp) and 7, = sin(¢,p), and the variable T
follows uniform distribution over the pre-defined cover region
in terms of [7;p, Tu»]. Then, the certain element X'(p, g) can
be approximated as [28]

[T ApAl ar

T , — Tib
(P, q) P—

(32)

where A(i—p 4} = e/ " (rLi+{RO.)

Moreover, {ro,; originated from (31), / is eliminated as
the continuous integral is considered over the cover region
[7ip, Tup] in (32). We expand the integral term, and (32) can
be further expressed as

B ¢, _ Py =4dy,
T(p’ q) = ejn(py—qy)cos()‘rub _ejfr(py—qy)c()s o7y, § +
Jm(py=aqy) (Tub—T11) cos 6 » Py #dy
(33)

where f = ej”[(py_qy)‘/’y"’(Pz_qz)(SinE""//z)]_
When the full cover of the azimuth angle from —90° to 90°
is considered, i.e., 17, = —1 and 7, = 1, it should be noticed
that _
sin(m(py — gy) cos 6)

n(py = qy) cosf

Y(p.q) = &, (34)

when p, # g,. Particularly, when the elevation angle 0 =0,
we have

eJ”(Pz_(IZ)l//z’

'Y'(p,q)={ O Py=61y,

35
Py # dy. (35)

Then, the average received power E could be expressed as

E= ), 0(p.9)X(q,p).
Py=4qy

(36)

From (23), we can get that M, elements in each row of Q; €
CMyM:xMyM: meet the condition py = gy. Therefore, there
are MyMZ2 elements in Y = E{Q);} satisfying Y(p,q) # O.
The following corollary can be sequentially obtained.
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Corollary 1: The upper bound of the average received
power is reached when Wy, m, = €’ mmz¥= The upper bound
across the azimuth domain denoted as 2, can be obtained as

B, = MyM?. (37)
To be noted, the integral is taken over the mapped sin func-
tion 7 of the directions, as the direct integral over ¢, ; , can be
challenging. The variable chosen criterion is to find sufficient
random directions which are non-overlapping and could well
represent the pre-defined cover region. Indeed, integrals taken
over the mapped sin function 7 and the direction ¢ by applying
the Riemann sum approximation method [29] result in the
same average received power. See proof in APPENDIX A.

B. When ¢, 1.m is fixed, 0,1.m € (-90°,90°), m=1,---,M:

@, then (6) can be

Assume that ¢, , is fixed as ¢,.1.m
rewritten as

{ROI,m = (my — 1) cos(8o,1,m) sin@ + (mz — 1) sin(6,1,1m)-
(38)
We define v,, = sin(6, ) and vy sin(6,.1»), which
contains the phase information of the boundary of the cover
region. Similar to (32), we can get the expression for a certain
element in Y'(p, g) as

Yub
Zp-Zgdv

T , — Vib
(r.q) m——

(39)
Where Z{i=p q) = ej”((py_l)(i Vi-v? Siﬂ¢+¢y)+([7:—1)("+l//z)) .

As the integral can be challenging to solve analytically, we
assume @ = 0. Then Y is further discussed considering the
relationship between p, and g,. We firstly have

Pz =4z

40
Pz # 4z “40)

b
eI (Pz=az)vyp _ein(Pz-az)vip
J7(pz=qz) Vub—Vip)

Y(p,q) = { .

where o = /7 ((Py=ay)¥y+(p==a:)¥2)

By introducing the full cover of the elevation angle from
-90° to 90°, i.e., vip -1 and v, = 1, Y(p,q) can be
rewritten as

Y(p,q) = {

ej”((Py_Qy)‘py‘"(Pz_QZ)‘pz) s
03

Pz =4z
Dz #4z.

Furthermore, from (23), we observe that in each column of
Qy, there are M, elements satisfying p, = g.. In total, there

(41)

= ¢, condition in
= 0, the average
can be expressed

should be M%MZ elements meeting the p,
T = EB{Q;}. With fixed azimuth angle
received power 2 with 6, ,, € (-90°,90°)
as
E= Z Y(p,q)X(q,p).
2=z

(42)

Based on the derivation, we get a corollary, as shown below.
Corollary 2: The upper bound of the average power across
the elevation domain Eg as

o= M>M,,

2 43)

which is achieved when W, . = e/ My ¥ytmzyz),

C. When My =1 or M, = 1:

The designed URA configuration is transferred in the ULA
model with either My = 1 or My, = 1. In the case of ULA,
we give the following analysis and derivation regarding the
average received power.

When ULA configuration is applied, (6) can be rewritten as

.{RO,l,m = (m - 1) Sin(¢o,l,m)a (44)

where ¢,;,, denotes the steering angle towards the [-th
direction in the ULA model, and m = 1,---, M. And we
further define Yyra = siné;. Regarding to (32) and (39),
Y(p, q) can be expressed as

/”"b el T(p=1) (u+yuLa) p—jm(g—1) (H+yuLa) du
Hib

Y(p,q) = , (45)
Hub — Mib
which could be further rewritten as
L P=q.
Y(p,q) = { P Dub i TP DrL i r(p—gq)y
7)o —p1p) € A, p#q.
(46)

Note that p = sin(¢o 1.m). Hup and py, contain the phase
information of boundaries of the cover region. Since both Y
and X are Hermitian matrices, we can easily get that

M
D Re{Y(q,9)X (q,9)} = M,

47)
g=1
based on which we rewrite (26) as
M M
E=2) > Re{X(p,9)X(q.,p)}+M.  (48)
p=lg=p+l



According to (46) and (48), we can derive the following
corollary.

Corollary 3: The average received power within a specific
range from upp to uyp could be expressed as

=M+
M-1 M R .
Jm(P-Dyp —ei®(P-Hp i _
2 Re{w,w* ¢— a5 e/ (P—q)YuLa
pz;‘l q=zp:+1 {wg P jr(p-q)(pub—Hib) 18

(49)
where the average received power is a function of the cover
region boundaries y;; and p,p, the incident angle information
YurLa, and the RIS phase shifts w.

Specially, when full cover from ¢ = -90° to 90° is
considered, i.e., yu;p = —1 and u,, = 1, we have

eI T (P—Dpuv _ pin(p=q)pp

Jn(p = q)(tub — pp)
when p # g. By taking (50) into (49), we can henceforth get
the theorem as shown below.

Theorem 1: When full cover from RIS is considered, the
average received power Eyra = M can be realized regardless
of the phase shifts configuration of RIS.

When other sizes of cover area are considered, the maxi-
mum average received power, and its corresponding RIS phase
shifts cannot be mathematically derived. We, therefore, aim to
find an upper bound of the average received power that an
arbitrary cover region could realise.

Based on Theorem 1, we can get the sum power receiving
from RIS as

=0, (50)

1
Surat = [ Evradu=2M. (51)
It is noted that the sum power is calculated based on di-
mensionless values of trigonometric functions and henceforth
is with no unit. Since the average received power within a
pre-defined target region is aimed to be maximized, we take
the value éUL A obtained when the beams are all within this
range as the upper bound of the average power, i.e., there
are no side lobes in other areas. Note that no side lobes
might be impractical in the real application; however, the side
lobes could be significantly suppressed by some beamforming
designs such as MRT and the beam broadening technique
addressed in [23]. Then the upper bound of the average
received power Ey 4 as a function of the angular range can
be interpreted as
2M

Hub — Hib
The derived upper bound of the received power can be
effectively used as the benchmark to evaluate the amount of the
power reflecting to the pre-defined angular region. Following
this, we get a corollary shown below.

Corollary 4: The range of the upper bound for an arbitrary
pre-defined cover region could be derived as

[1]

ULA , Mup — b € (0,2]. (52)

Eyra € [M, M?]. (53)

To be noted, when the length of the range tends to zero, the
upper bound average received power is not obtained by (52).
In detail, the derivation can be seen in APPENDIX B.

We further assume that there is a specific cover range
[#a, dp], whose corresponding determined sinusoidal range
is [pg, tup], where u, = sin ¢, and up = sin ¢p. Its maximum
average received power 2, is realized when RIS’s phase shift
is a* € CM*l which can not be mathematically derived
in close-form but can be obtained by some optimization
algorithms such as interior method [30], etc. Specifically, the
m-th phase shift in RIS is a},. Another cover region which
has the same sinusoidal range as [u4,up] is denoted as
[¢2- ¢},], where its corresponding sinusoidal range is set as
[ta + A, up + A]. A is defined as the sinusoidal difference
between ¢, /¢ and ¢, /¢, , which should be within the range
A € [-1 — pg, 1 — pp]. Furthermore, we define the same
difference of these sinusoidal ranges as ¢, where ¢ = up — ptq.
The following theorem can be derived.

Theorem 2: The same maximum average received power
can always be realized by RIS phase shift regardless of the
orientation of the cover region as long as the sinusoidal
difference ( is equal. However, when the cover region is
shifted to be near the cover boundaries, the power pattern will
degrade compared with the pattern which points to the centre
angle by using only the phase information of the weight.
The proof can be seen in APPENDIX C.

As an important metric that characterises the generated
broadbeam’s performance, we derive the maximum average
received power within a specific sector area on the communi-
cation system. These numerical results can serve as a baseline
for evaluating the concentration of signals’ power within the
specific cover region.

IV. DC-SDP ALGORITHM

In this section, we investigate the solutions for the RIS-aided
flat broad beamwidth design proposed in Section II based on
the maximum average received power derived in Section III.
The DC-SDP algorithm, which effectively addresses the non-
convexity issue while keeping the unit modulus characteristic
of RIS weights, is introduced.

In (P1), we aim to maximize the average received power
within an arbitrary pre-defined angular region while all users
in that region could receive signals with the same power. To
proceed, we choose a set of uniformly distributed directions
{1,2,---,L} € [vp, vyp]| under both ULA and URA config-
uration.

Additionally, it is proved that for an arbitrary ULA, when
only one element is with unit power while others are zero,
the perfect flat broadbeam can be realized [31]. It can also be
easily verified in the case of URA configuration. This perfect
broadbeam design with only one active element obviously
violates the unit modulus principle regarding RIS weights.
To achieve a flat beam design, we henceforth introduce ¢ to
characterize the fluctuation of the generated broadbeam. Then,
our optimization problem could be re-interpreted as

P2): max E
w
st. py=E+96, [=1,2,---,L (54)
|6|S(Smaxa
wnl=1, m=1,---,M.



where a small fluctuation 0 < |§] <« 1 is tolerable and is
designed to be smaller than 8,4 -

Furthermore, we assume that the users are in the vicinity of
the RIS while far from the BS. Therefore, we rewrite hy; =
hg,l=1,---, L, and sequentially, we have hgb\/p_t = hAd and
Gb\p; = § € CM*1_ Then, the received power at the [-th
direction can be expressed as

pi % |ha+hWgl* + oy (55)

We define n; = diag(hf’l)g € CMX1then (55) is transformed
as

1= WHCIwW + 2Re{ww;} + |hg|* + o2, (56)

where C; = qnfl € CM*M and w; = nfhy € CM*1. We
further let R; = 52 161 ‘iv ,

L 5
power at the [-th direction can be rewritten as

and W = then the received

pi= (W RW) + gl + 07 (57)

n

By introducing W R;w = Tr(R;W), where W = ww',
the problem (P2) can be henceforth reformulated as a standard
SDP problem [32] without loss of generality:

(P3): max E
W p— ~
st. To(RW)+ |hy|*+02=E+6,1=1,---,L
@Séma)m
Wopum=1, m=1,--- M+1,
rank(W) =1,
W >0,

(58)

Note that problem (P3) is a non-convex optimization prob-

lem due to the rank-one constraint. Instead of simply dropping

the rank-one condition or relaxing the strict unit modulus

weights constraint, we rewrite the rank-one constraint into an
equivalent form:

rank(W) = 1 & Tr(W) — [|[W||2 = 0, (59)

which can be considered as the difference between the two
convex functions. Specifically, Tr(W) = f‘;[f Loy (W) and
||W||2 = o0 (W), where o7 (W) denotes the i-th largest
singular value of matrix W. From Tr(W) = |[W||,, we can
easily indicate that all singular values equal 0 except the largest
one, equivalently, the rank-one constraint can be met.
__Unfortunately, problem (P3) is still non-convex in terms of
W when substituting the rank-one constraint by (59), given
the fact that —||W ||, is a concave term. In order to solve the
non-convexity issue, a penalty-based method is firstly invoked
by adding the penalty component into the objective function
in problem (P3), yielding

(P4 min  -E+p(Tt(W) - [W]||)
w
st. To( QW) +|hg|*+02=E+6,1=1,---,L
|6| S 6mux,
W >0,
Woum=1, m=1,--- M+1,

(60)
where p is the penalty factor and should satisfy p > 0.

Note that the non-convexity issue is not fully addressed
since the concave term —p||W||, still exists. However, our
objective function is now in a standard difference-of-convex
(DC) form. We, therefore, use the DC algorithm, where the
successive cancellation algorithm (SCA) approach can be
developed to construct a convex function at the specific point
in each iteration based on the original non-convex objec-
tive function. Then the proposed problem can be iterative-
optimized, where a convex problem is formulated in each
iteration.

For simplicity, we firstly focus on the term Te(W) - |[W |,
and define

g(W) = Tr(W), (61)
h(W) = [W |, (62)

Then, we have a new objective function
min  F(W) = g(W) - h(W). (63)

According to Fenchel’s duality theorem that

a=inf{g(Y)-h(Y):Y eV}
=inf{g(Y)-sup{(Y,Z)-h"(Z): ZcY}:Y €Y}
=inf{B(Z): Z e}
(64)
where

hW(Z)-g*(2), Z € domain h*,

+00, otherwise, (65)

B(Z) = {
we can directly optimize the objective function through the
following algorithm without considering the constraint func-
tions in problem (P4).

Algorithm 1 DC algorithm for IRR

Input: Y°.

Output: YK,

1: forr=0:K-1do

2: Z' = Ohy:(Y);

3 Y™ carginf {g(Y)-h(Y)) (Y =Y, Z");
4: end for

It can be seen that an affine majorization is applied to the
concave part —h(W). The sub-gradient of the PSD matrix Y
at Y’ can be obtained via 8||All> = vivi, where v, is the
leading eigenvector of matrix A. Then, we use singular value
decomposition (SVD) technique [33] to decompose matrix A
into A = USVH where the singular values in S are in
decreasing order. Therefore, the most leading eigenvector is
U(G:,1),ie,vi=UC(,1).

Based on Algorithm 1, the objective function (63) can be
equivalently rewritten as

F=Tx(W) - (W-W' oWl  (66)
in the ™ iteration, where ||Wt_1||2 is ignored since it is a
fixed value. To be noted, (66) is a convex function. We can,



Algorithm 2 Proposed DC-SDP
broadbeam generation

algorithm for RIS-aided

Input: R; e CWM+Dx(M+1)
C(M+1)><(M+l)’ hAd.
Output: we CM*1 p, [=1,2,... L.
forr=1 :ﬁtdo
2:  Obtain W and —-E' + p - F* by solving problem (P5)
using CVX toolbox;
[U,S,V]=svd(W);
4 0| Wl =UG, DU, 1),
Identify the convergence status by (68);
6: if C < ¢ then

--,L, W €

6: BREAK
end if
8: end for

[U,S,V] =svd(W").

10: § — S and get e;.
Obtain U by (69).

12: Obtain w by (70), and obtain w by w = w.,,.
Obtain p; by (9), where [ =1,2,..., L.

therefore, formulate problem (P4) into the following convex
programming:

(P5): min -E+p-F
W —
st. To(RiW) + |hg|* +02=2+6,1=1,---,L
ES(Smax,
W >0,
Wom=1, m=1,---,M+1.

(67)
In each iteration, the original SDP problem is transformed
into a standard convex optimization problem, which can be
efficiently solved by CVX toolbox [34]. After K™ iteration,
we obtain the optimized W corresponding to the objective
function with minimized value. The iteration can also be in-
terrupted if the convergence reaches, which could be expressed
as

=BT -E4p-(F-F<s. (68)

Note that ¢ is the threshold that indicates when the opti-
mization reaches convergence and is then interrupted. After
iterative optimization, however, Tr(W) — ||[W ||, might be
infinitely close to zero, denoting a quasi-rank one matrix
W . Therefore SVD technique is adopted to decompose the
PSD matrix W into W = USVH, where VH is the
Hermitian transpose of U. By remaining the largest non-zero
eigenvalue e; in S, which could be much larger than all other
eigenvalues, and forcing others as zero, a new approximated
e_igenvalue matrix S is formed, which can be expressed as
S =[e;,0,---,0]7 e CM+DxI We define

U=[UG,N]1 ks (69)

where r depends on the number of non-zero elements in S.
It can be easily derived that R = 1. Finally, we could get the
expression of W as

W= el 4 VUe)

W1, (70)

TABLE I: Simulation Parameters.

Parameters l Values
BS location (in meters) 0, 0, 10)
RIS location (in meters) (1000, 0, 10)

Path-loss for G and h,; (in dB)
Path-loss for hg; (in dB)
Transmit power
Noise power

35.6+22.0ig(d)

32.6+36.71g(d)
30 dBm
117 dBm

where \/Ue; € CM*+Dx1 and w € CM+DX1 correspondingly.
Wp+1 denotes the (M + 1)-th element of w. The RIS phase
shifts w can be obtained by extracting the first M elements
from w, i.e., W= wj.p.

The entire algorithm is summarized in Algorithm 2. Specifi-

cally, W represents the initialized PSD matrix. The proposed
problem (P5) is a standard convex programming, which grad-
ually and monotonously converges through iterative optimiza-
tion and eventually becomes stable. We henceforth get RIS
phase shifts w, which enable flat broadbeam in a pre-defined
cover area.

V. SIMULATION RESULTS

In this section, numerical results are provided to evaluate
the performance of our proposed algorithm. We first clarify the
simulation parameters, followed by a numerical analysis of the
sum rate under different beamforming designs. Then, simula-
tions are demonstrated to verify our derivation in Section III.
As important indicators of iterative algorithms, the complexity
and convergence of our proposed algorithm are analyzed.
Furthermore, the power patterns under the practical channel
model are simulated under both ULA and URA configurations.

A. Simulation Scenario

We assume a scenario placed in an x-y-z Cartesian coordi-
nate system, where a 2 X 2 antennas BS located at (0,0)m,
with a height of 10m, and a single RIS is implemented in
the vicinity of users to provide high-quality reflective links
between the BS and users. Specifically, the RIS’s location
is at (1000,0, 10)m, with a distance of 1000m to the BS.
Moreover, considering the orientation of BS and RIS, we let
oo = 30°% 6, = -60°, n = 1,---,N, and ¢;,, = —30°
and 6;,, = 60°,m = 1,---,M under URA configuration.
The cover range at the reflecting side of RIS with a radius
of 10m is studied. The L chosen directions are uniform-
distributed in both elevation and azimuth domains. Under ULA
configuration, we assume the distance between BS and RIS is
1000m as well. The AoD at BS is set as 60°, and the AoA
at RIS is —60°. As the direct links are severely blocked and
only NLoS paths exist, we consider MRT beamforming at BS
towards the RIS for maximal power transmission. The detailed
simulation parameters refer to [35] and are given in Table
1. Specifically, we assume the carrier frequency is 2.4 GHz,
and the path-loss of channels is set according to the 3GPP
propagation environment. Furthermore, we set the element
spacing distance at the BS and the RIS as d = 1/2. The noise
power has a spectral density of —170 dBm/Hz. We assume
the transmission bandwidth is 200 kHz; therefore, the noise
power is about o> = —117 dBm. Additionally, unless stated
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Fig. 3: Investigation of sum rate for different generated beams.

otherwise, we assume L = M, and the Rician factor has been
set to € = 10. All the simulation results are averaged over 1000
independent realizations of channel small-scale fading. The
tolerated fluctuation of the power pattern, i.e., the variance, is
set to be 6 = 0.01 dB. The penalty component p is set as 100.
The iteration interruption threshold is set as ¢ = 1074, We
initialize W° € CM+D*! 3 randomly generated unit-modulus

—0 _
complex vector, then W = W)(WO)H . Furthermore, we denote
the maximum number of iterations as K = 100.

B. The sum rate analysis

To illustrate the maximum sum rate property of the flat
broadbeam, we compare the sum rate of the flat broadbeam
with other generated beams under the same system model.
Specifically, the sum rates of the full cover case are compared
under different sizes of RIS. The simulation results are shown
in Fig. 3. It can be seen that the flat broadbeam design could
always realize the highest sum rate compared with the beam
generated by other RIS beamforming designs. For example,
when the number of RIS elements is M = 160, the sum rate
realized by the flat broadbeam, the beam generated by random
RIS phase shifts, and the beam generated by MRT directional
beamforming is 854.69, 670.96, and 164.79 bits/s, respectively.

C. Proof of the derivation under ULA and URA configuration

According to Corollary 1 and Corollary 2, where the
upper bounds of the average received power are obtained when
§ = 0 and g = 0, respectively. In order to highlight the
differences between these two cases, we consider a RIS in
URA configuration where M, # M,. Specifically, we have
M, =8 and M, = 12. We consider the full cover case, where
the cover region is uniformly divided into L = 90 sub-areas
in either azimuth or elevation domain, and the angle of each
sub-area is 2°. The flat broadbeam design is then investigated.
Fig. 4 shows the derived upper bounds and the simulation
results at § = 0 and @ = 0. Flat beam patterns with subtle
fluctuation are obtained. Additionally, it can be seen that there
is not much difference between the simulation results and the
theoretical upper limit. Specifically, there is approximately a 4
dB difference when 6 = 0 and a 2 dB difference when @ = 0,
which indicates that the proposed flat broadbeam design is
with high energy efficiency.
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Fig. 4: Comparison between the derived upper bound and the simu-
lation results with flat broadbeam design.
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Fig. 5: Comparison of the simulated and theoretical average received
power.

Based on Corollary 3, we have mathematically verified that
when A/2-spaced RIS is used, the average gain improvement in
all directions is dependent on RIS’s size, i.e., E = M. We also
derive the upper bound of the average received power within
an arbitrary angular region, which is dependent on both the
size of RIS and the size of the cover region.

In Fig. 5, we compare the simulated maximum average
received power versus the upper bound Zy; 4 when different
angular regions are set. RIS with 16, 32 and 64 elements are
used, and the sinusoidal difference Z = Uub — Uip, Which is
defined in Section. III, is set to be {1/8,1/4,---,15/8,2},
corresponding to different pre-defined angular regions. It can
be seen that our optimal solutions, considering both the
flatness and average received power of the broadbeam, are
always close to the upper bound regardless of the size of the
RIS, revealing that the side lobe power is limited. Particularly,
when the full cover is considered, our optimal solution reaches
the same as the upper bound, which is in accordance with
Theorem 1.

D. Analysis of the DC-SDP algorithm

In this part, we first give an analysis of the complex-
ity and convergence of our proposed algorithm. Then, we
compare the DC-SDP algorithm with other state-of-the-art.

Firstly, the complexity of initializing R;, [ = 1,---,L
is O(L(M? + M)). According to [36], the complexity of an
SDP problem to optimize an n X n PSD matrix with m SDP
constraints in each iteration is given by O(+nlog(1/€)(mn> +

m2n? + m3)), where € > 0 is the solution accuracy. Therefore,
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Fig. 6: Proof of convergence of the proposed algorithm.

the complexity of the iterative optimization is approximately
O(log(1/€) min{K, treak }(L+2)((M+1)*+ L(M +1)*)),
where K denotes the maximum number of iterations and
tsreAk denotes the number of iterations when convergence
reaches. The singular value decomposition of the obatined
semi-definite matrix W has the complexity of O((M +1)3).
In conclusion, our proposed algorithm has the complexity of
O(L(M?+ M) +log(1/e) min{K, tgreax }(L+2)((M +1)3 +
L(M +1)%%) + (M + 1)3).

On the other side, since both the objective function and the
constraints are convex, the value of the objective function is
non-increasing after each iteration by applying the DC-SDP
algorithm. Furthermore, the objective function possesses a
finite lower bound due to the principle of energy conservation,
which restricts the received power from exceeding its limit.
Fig. 6 verifies the convergence of our proposed algorithm
numerically, from which we can see that the objective function
converges rapidly within the limited number of iterations.

In addition, we compare our broadbeam design with the
matching method proposed in [22], the alternating direction
method of multipliers (ADMM) algorithm proposed in [37],
and also with the cases when either no RIS is implemented
or when the RIS is randomly designed. Both the average
received power and the variance are presented. Particularly,
for the ULA model, we optimize the average received power
and the variance over the full cover range from ¢ = —90° to
90° with RIS composed of M = 32, 64, 96, 128, and 160
elements. It can be seen from Fig. 7 that a higher average
received power could always be realized with the help of RIS.
As the full cover is considered, the RIS beamforming design
mainly influences the variance of the beam pattern, while
the average received power could be similar. In detail, our
proposed algorithm results in a variance lower than 1072 dB,
while all other beamforming designs lead to higher variance
and more severe fluctuation of the generated broadbeam. For
the URA configuration model, the RIS with 2x16, 4x16, 6x16,
8% 16, and 10x 16 elements are implemented, respectively. We
set the target region with the azimuth angle ¢ € [-90°,90°]
and the elevation angle 6 € [-30°,30°]. By proposing our
developed DC-SDP algorithm, the highest received power
could be realized within the pre-defined angular region. On
the other side, the variance is minimized to be less than 1072
dB, revealing a perfect flat broadbeam within the cover region.

E. The performance of the proposed algorithm with practical
channel model

In this subsection, the power pattern is simulated under both
ULA and URA configurations. In detail, the power pattern
with different sizes of RIS and different sizes of pre-defined
angular regions are investigated. Furthermore, we consider
the full cover over the spatial domain, and symmetrical and
unsymmetrical pre-defined angular regions are also considered
when the region of interest is not the whole spatial domain.

1) The power pattern under ULA configuration

Fig. 8a demonstrates the power pattern under different
numbers of RIS elements. We use the RIS composed of
M = 32, 64, 96, 128, and 160 elements, respectively.
The full cover ¢ € [-90°,90°] is considered. Specifically,
the average received power under different sizes of RIS is
-109.37, —-105.23, -103.49, —102.12, and —101.03 dBm,
while the corresponding variance of each power pattern is
0.0025, 0.0064, 0.0032, 0.0023, and 0.0022 dB, respectively.
The variance results are lower than the threshold § = 0.01 dB,
revealing the good flatness of the generated power pattern.

Fig. 8b shows the power pattern when different sizes of the
pre-defined angular region are considered. A RIS with 180
elements is applied. It is worth mentioning that the side lobes
are given in the simulation. Specifically, when the cover region
is ¢ = [—45°,45°], the average power of the side lobes is
—113.39 dBm, while the average received power of directions
within the pre-defined angular region is —98.04 dBm, which
is 15.35 dB higher than the average power within the side
lobes area. Moreover, when ¢ = [-30°,30°], the average
received power within the region of interest is —96.38 dBm,
which is 17.52 dB higher than the average power outside
the target region. In addition, when the cover region is set
to be ¢ = [-15°,15°], the average received power within
and outside the target region is —93.51 dBm and —115.86
dBm, respectively. It is found that there is 22.35 dB higher
average received power within ¢ € [—-15°15°] compared
with the power within the sidelobe. At the same time, the
beam within the region of interest is significantly flattened,
with power variance lower than the threshold. In addition,
the power patterns when the cover region is not symmetrical
are also presented, as it could be a common and practical
scenario that needs to be considered. When the target cover
region is ¢ € [—60°, —30°], the average received power within
and outside the target region is —93.23 and —114.10 dBm,
respectively. When the target cover region is ¢ € [30°,60°],
the average received power within and outside the target region
is —93.08 and —115.92 dBm, respectively. The variances of the
regions of interest are also lower than the threshold, revealing
good flatness. It can be seen that our proposed algorithm is
robust regardless the shift of the cover range.

Fig. 8c shows the power pattern under different Rician
factors when a RIS with M = 64 elements is applied. The
full cover within ¢ = [-90°,90°] is considered. Specifically,
when the Rician factor is € = {2,4,6,8}, the correspond-
ing average received power are —106.59, —106.18, —106.13,
—106.89 dBm, and the variances of the power pattern are
0.0024, 0.0041, 0.0058, and 0.0023 dB, respectively. Note
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Fig. 8: The power pattern under practical channel model when ULA configuration is applied.

that this simulation is generated with instantaneous channel
state information (CSI), as the average over channel fading
could weaken the effects of the Rician factor. The generated
broadbeams reveal that our proposed DC-SDP algorithm is
robust against various channel environments.

2) The power pattern under URA configuration

Specifically, a RIS with 16 x 16 elements is applied to
generate the flat broadbeam to cover the pre-defined angular
region. Fig. 9a presents the power pattern when the pre-defined
angular region is across 6 € [-30°,30°] and ¢ € [-30°,30°].
In detail, the average received power within the target region is
—-96.97 dBm, and the power pattern is flattened with a variance
of only 0.0024 dB. On the other side, the average received
power towards other angles is only —121.95 dBm, which is
about 25 dB lower than the average power received in the
target region. Furthermore, Fig. 9b shows the unsymmetrical
power pattern when the pre-defined angular region is across
0 € [-90°,-30°] and ¢ € [-30°,30°]. The average received
power and the variance within the specific range are —95.53
dBm and 0.0025 dB, respectively. At the same time, the
average received power at other angles is —113.34 dBm. It
is worth mentioning that our proposed DC-SDP algorithm can
optimize the flat beam towards arbitrary angular regions in the
3D space. Fig. 9c shows the full cover in both the elevation and
azimuth domain. In detail, the average received power among
all directions is —102.31 dBm with a variance of only 0.0021

dB. To be noted, when the RIS with the same number of
elements is applied, URA configuration will result in a higher
sidelobe level compared with ULA model, as directions in both
azimuth and elevation domains need to be considered. In order
to realize the sidelobe suppression under URA configuration
without sacrificing the resolution, a larger RIS or multi-RISs
need to be applied.

VI. CONCLUSION

In this paper, we investigate a RIS-assisted downlink com-
munication system, where a RIS is deployed to generate a flat
broadbeam in any pre-defined angular region without known
CSI or feedback mechanism. We mathematically derive the
expression of the maximum average received power that could
be achieved in a cover region with arbitrary size. The upper
bound of the average received power is obtained as well. We
propose a broad beamwidth design where the average received
power is maximized and a restricted fluctuation is allowed in
the beam pattern by optimizing RIS phase shifts. To address
this non-convex problem, the DC-SDP algorithm is applied.
Simulation results verify our proposed theoretical findings and
indicate the superiority of the DC-SDP algorithm in generating
broadbeam with the best flatness. This application is of great
value to be implemented in practical industrial and daily
scenarios with low computation and hardware requirements
while realizing a high sum rate. Additionally, it can also
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be viewed as the premise of obtaining accurate CSI and
establishing communication connections.

APPENDIX A
INTEGRAL APPROXIMATION BY RIEMANN SUM METHOD

Consider the fixed elevation angle 6, the (p, g)-th element
Y(p, q) in terms of the variable ¢ can be expressed as
Pub Ap A ‘[1—[ ds@

Y(p.q) = 2~
Pub — Pib

As it is challenging to integral over ¢ directly, we apply the
Riemann sum. The main idea of the Riemann sum is to obtain
an approximation of a region’s area by adding up the areas of
multiple simplified slices of the region. Specifically, we divide
the azimuth range from ¢y to ¢, into n, sub-intervals, where
each sub-interval has a range of A¢ = S"‘"’n—;‘p”’. A larger
number of sub-intervals n, is desired for a more accurate
approximation result. Then (71) can be approximated as

ej”((l’y _Qy)wy'*'(Pz_qz)wz)

(71)

Y(p,q) =

Pub — Pib

Na

. — . 2t -1 .=
Z ol T ((Py=ay) cos Osin(@ip+=5—Ag)+(p:—qz) sin 9 Ap.
=1

(72)

Particularly, when the elevation angle 0 = 0, and the full
cover from ¢y, = —90° to ¢, = 90° is considered, (72) can
be rewritten as

Y(p.q) =

e/ Py Uy Hpemde)ve) iejn(Py“]y)sin(—§+22til;ln). (73)
Na t =1

By considering py, = ¢, and p, # g, cases, Y can be

explained as

ej”(pz_qz.)wz p = q
'8 , — > y y»
(P.q) { 0. Py,

The result is consistent with (35). Sequentially, Corollary
1 can be obtained, verifying the feasibility of deriving the
average received power by taking integral over the mapped
sin function. Corollary 2 and Corollary 3 can be similarly
derived by taking integral over the angles with the Riemann
sum approximation method, which are omitted here due to the
page limitation.

(74)

APPENDIX B
PROOF OF COROLLARY 4

From (52), it can be seen that 27 4 is inversely proportional
to the difference of the sinusoidal function of the area angle
range, i.e., uup — pp. However, the received power can not be
infinitely large when g, — (1 — 0 considering the limited
transmitted power at BS as well as the limited size of RIS. We
henceforth further investigate the maximum average received
power that could be realized in a cover area and rewrite the
expression for the average received power as (75). To be noted,
am,m=1,---, M is the phase shift of RIS’s elements.

From (75) we can indicate that

M-1 M
_ Hub + Hip
E=M+2 )" > cos(ag—ap+r(p-q)(FE 5 Huia));
p=1 g=p+1
(76)

when uy,p — uip — 0, given the fact that sin(x)/x = 1 when
x — 0. For an extremely small cover area, i.e., u,p —up — 0,
Bmax = M? can be realized through careful designing of RIS
phase shifts as

MHub + Uib
(T

Therefore, Corollary 4 can be obtained.

+yura).m=1,2,---, M. (77)

Ay =

APPENDIX C
PROOF OF THEOREM 2

Given that the optimal RIS phase shifts is a* € CM*! when
the sinusoidal range of the cover area is [u,, up]|, the average
received power for the range [y, + A, up + A] can be then
expressed as

M-1 M
B=M+4 Y
p=1 g=p+l (78)
’ ’ Hp + Ha + 2A
cos(ay" —ap’ +n(p - 61)(+ +YuLa))x,
where _
: 4
sin(n(p - q) %
_ (r(p—q)3 ). (79)

(g - p)¢
Note that @), and «;, denote the p and g-th phase shift in RIS
when the cover range is [ + A, up + A]. It can be seen that

x keeps the same when ¢ is unchanged. Therefore we mainly
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focus on the term cos(a,’~a,’+71(p—q) (LB py i 0)).
When

g =a;" +mqgA, (80)
and

ap’ =ap” +apA, (81)

the maximum average received power E,;," = B, is realized.
We can get the general expression of the RIS phase shift as

a, =a, +amA,m=1,---, M. (82)

As a consequence, there will always exist a group of RIS
phase shifts o’ satisfying (82), such that the maximum average
received power for the range [u, + A, up + A] is the same as
that for the range [ug, up|. However, consider that the shape
of the broad beam will be hard to be optimized when the
target cover region is at the boundary of the area where the
RIS can cover, such as cover regions centred at +80°, and the
side lobes will be hard to be suppressed, the same maximum
power is therefore hard to achieve. Theorem 2 is obtained.
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