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Abstract—In this paper, we focus on reconfigurable intelligent

surface (RIS)-aided joint wide illumination and null insertion

design. This design can be applied in cellular networks, broad-

casting, and radar systems, enabling multiple wide null and

illumination at arbitrary directions. Our objective is to minimize

the deviation between the target pattern and the practical

power pattern by designing the passive beamforming at RIS,

while the RIS unit modulus weights constraint is illustrated. To

tackle the non-convex optimization problem, the low-complexity

alternating direction method of multipliers (ADMM) algorithm

is proposed. In particular, the augmented objective function is

firstly formulated with introduced auxiliary variables, which

is then rephrased as a Lagrangian function. By alternatively

updating the variables, the objective function converges with

the optimized RIS phase shifts. The convergence of simulation

results proves the validity of our proposed algorithm, and the

proposed algorithm performs quite well in matching the desired

and actual power patterns with practical channel model under

different number and size of illumination and null areas.

Index Terms—Reconfigurable intelligent surface, least square

normalization, passive beamforming.

I. INTRODUCTION

Recently, Reconfigurable Intelligent Surface (RIS) has
gained significant attention due to its potential to revolutionize
wireless communication systems [1]. Also known as “smart
surfaces” [2] or “intelligent reflecting surfaces (IRS)” [3], RIS
represents a new paradigm in wireless communications by
introducing the concept of actively controlling the propagation
of electromagnetic waves in the environment. The RIS is
a planar surface that consists of a large number of equal-
spaced tunable elements with no RF chain. On one side, by
smartly turning the phase shifts of the passive elements, the
reflected beam can be adjusted to achieve the desired pattern
[4]; on the other side, the implementation of RIS poses no
significant cost burden when added to the existing cellular
network architecture [5].

As a pivotal and promising technology in shaping the future
of wireless communications, RIS has attracted lots of interests
across various sectors, including 5G and beyond wireless
networks [6], indoor localization [7], Internet of Things (IoT)
connectivity [8], and more. Regardless of the considerable ben-
efits of RIS-assisted communication systems, some difficulties
still have to be resolved, particularly in the acquisition of
full channel state information (CSI). To combat incomplete or
inaccurate CSI, the broad beam covering a continuous sector is

regarded as a potential solution, as it does not require precise
alignment of beams with users or targets. Several relevant
research have investigated this technology. Specifically, the
authors in [9]–[11] studied the beam broadening techniques
in an RIS-assisted system. However, the wide coverage pro-
vided by broad beams may unintentionally transmit signals
to unintended directions, compromising security, privacy, and
cost. The wide null insertion design can be applied to suppress
signals towards undesired directions effectively when the di-
rections of interference and blockages are pre-known. Antenna
pattern synthesis with multiple discrete and continuous nulls
are discussed in [12], [13], where quasi- and mixed-matrix
techniques are applied to obtain the beamforming weights.
Nevertheless, the proposed beamforming technique is not ap-
plicable in RIS-assisted system as it violates the unit modulus
constraint of the RIS weights. To the authors’ best knowledge,
the joint wide coverage and null insertion design remain
unexplored in a RIS-assisted system.

Motivated by these facts, in this paper, we propose a joint
wide illumination and null insertion design in RIS-assisted
system via optimizing the passive beamforming at RIS, given
constraints of RIS unit modulus weights. On one side, the
wide illumination ensures reliable signal transmission without
the accurate CSI of users; on the other side, the extended-
null insertion are essential for suppressing signals towards
unwanted directions. Instead of using classical semi-definite
relaxation (SDR) based method [14], which lifts the problem
dimension from N to N2 and significantly increases the
computational complexity [15], a low-complexity alternating
direction method of multipliers (ADMM)-based algorithm is
proposed in this paper, which effectively address the non-
convexity by introducing auxiliary variables. Via alternatively
updating RIS phase shifts and the auxiliary variables, a
minimized normalization deviation between the target and
optimized pattern can be obtained.

The rest of the paper is organized as follows. Section II
presents the system model and formulates the optimization
problem. Then, Section III introduces the proposed algorithm
for pattern synthesis. Simulation results are provided in Sec-
tion IV to verify the convergence and effectiveness of the
proposed ADMM algorithm. Section V concludes the paper.

Notations: Bold-faced upper case letters, bold-faced lower
case letters, and light-faced lower case letters denote matrices,
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Fig. 1: System model of RIS-assisted joint wide illumination
and null insertion design.

column vectors, and scalar quantities, respectively. Super-
scripts (·)T , (·)⇤. and (·)H represent transpose, conjugate,
and conjugate-transpose operations, respectively. Re{·} and
Im{·} denote the real and imaginary parts of a complex
number.

II. SYSTEM MODEL

We model a RIS-aided wide illumination and null inser-
tion design as in Fig.1. Specifically, we assume that there
are R null areas, where nulls are needed to either com-
bat interference or suppress signals towards blockages and
unwanted directions. In addition, there are Q illumination
areas, where users with a single antenna are located. Let
✓ = [✓1, ✓2, ..., ✓M ]H denote the RIS phase shift matrix and
each element ✓m,m = 1, · · · ,M in ✓ could be expressed as
✓m = �mej↵m . For maximum reflection efficiency, we let
�m = 1 and ↵m 2 [0, 2⇡]. Besides, the BS has N elements.

Assume that there are K look-directions across the whole
cover domain. Specifically, KR and KQ refer to the directions
within the null and illumination areas, respectively. We denote
hd,k 2 CN⇥1, G 2 CM⇥N , and hr,k 2 CM⇥1 as the
channel expressions of BS-k-th direction, BS-RIS, and RIS-
k-th direction, respectively, where k 2 K. We further define
w 2 CN⇥1 as the precoding vector at BS, and s 2 C is the
transmit signal with E{ss⇤} = 1. Then the received signal at
the direction k could be expressed as

yk = (hH

d,k + hH

r,k⇥G)ws+ nk, 8k 2 K, (1)

where ⇥ = diag(✓T ) 2 CM⇥M and nk is the additive white
Gaussian noise (AWGN) with zero mean and variance �2

n
, i.e.,

nk ⇠ CN(0,�2
n
).

We apply the uniform linear array (ULA) configuration to
channel vectors, which is generally expressed as

aULA(⌦) = [1, ej
2⇡f

c
d cos⌦, · · · , ej

2⇡f

c
d(Ns�1) cos⌦]T . (2)

We assume that the direct link hd,k follows Rayleigh fading,
while RIS-aided channels hr,k and G follow Rician fading.
Then hd,k, hr,k, and G are modeled as

hd,k = PLNLOShd, (3)

hr,k = PLLOS,k(

r
"

"+ 1
a(⌦R,k) +

r
1

"+ 1
hr), (4)

G = PLLOS,0(

r
"

"+ 1
a(⌦R,0)a

T (⌦B) +

r
1

"+ 1
G). (5)

Specifically, PLNLOS, PLLOS,k and PLLOS,0 denote the cor-
responding path-loss. " is the Rician factor. ⌦R,k, ⌦R,0,
and ⌦B denote the departing angle towards the direction k,
incident angle at RIS and departing angle at BS towards RIS,
respectively. hd, hr , and G denote the NLOS components of
channels, each element of which follows CN(0, 1).

Additionally, as the direct links is severely blocked and only
NLOS paths exist, the channel gain is generally lower than
that of the reflective links. We therefore initialize the active
beamforming at BS with maximum ratio combining (MRC)
for maximal power transmission towards RIS, which can be
expressed as w = a⇤(⌦B). With fixed active beamforming
w, we rewrite ˆhd,k = hd,k

Hw and ĝ = Gw 2 CM⇥1, then
the beam pattern at the k-th direction in the far field can be
expressed as

pk = | ˆhd,k + hH

r,k
⇥ĝ|. (6)

Note that the noise is ignored here as its power is much lower
than that of the signal, especially over the time scale.

We further introduce the target pattern t 2 CK⇥1 and
the weighting factor  2 CK⇥1, which can be designed to
assign different weights for different angular regions. Then our
proposed design can be interpreted as the following matching
problem:

P : min
✓

k · (t�p)k22. (7a)

s.t. |✓m| = 1,m = 1, · · · ,M, (7b)
where p = [p1, · · · , pK ]T . In the following, we develop the
ADMM algorithm to solve the problem P.

III. THE PROPOSED ALGORITHM FOR PATTERN SYNTHESIS

We firstly combine the RIS-assisted reflective links as ⌘
k
=

diag(hH

r,k
)ĝ 2 CM⇥1, then the objective function (7a) can be

reinterpreted as
min
✓

kv � |u+⇤H✓|k22, (8)

where u = [1
ˆhd,1, · · · ,K

ˆhd,K ]T 2 CK⇥1, ⇤ =
[1⌘1, · · · ,K⌘

K
] 2 CM⇥K , and v =  · t 2 CK⇥1.

Then we introduce an auxiliary variable ', which is a
K ⇥ 1 unit-modulus vector containing the phase information
of the target beam pattern. The problem P can be sequentially
reformulated as

P1 :min
✓,'

kV '� u�⇤H✓k22. (9a)

s.t. |✓m| = 1,m = 1, · · · ,M, (9b)
|'k| = 1, k = 1, · · · ,K, (9c)

where V = diag(v).
In order to realize the normalization minimization, the two

variables ✓ and ' are optimized iteratively until convergence.
Firstly, with fixed RIS passive beamforming ✓, ' can be



obtained by ' = ej
6 (u+⇤H✓) (see proof in [16]). Then,

with fixed ', we rewrite v =


Re{V '� u}
Im{V '� u}

�
, ⇤ =


Re{⇤} �Im{⇤}
Im{⇤} Re{⇤}

�
, and ✓ =


Re{✓}
Im{✓}

�
. The RIS unit

modulus weights constraint (9b) can be therefore rewritten as

✓
2
m
+ ✓

2
m+M

= 1, m = 1, · · · ,M. (10)
Furthermore, we introduce a new auxiliary variable b, then the
original problem can be transformed into the following form:

P2 :min
✓

kv �⇤
H

✓k22. (11a)

s.t. b = ✓. (11b)
b2
m
+ b2

m+M
= 1, m = 1, · · · ,M. (11c)

The raised optimization problem can be effectively solved
by the ADMM algorithm [17]. Specifically, by introducing
a Lagrangian multiplier � 2 C2M⇥1, problem P2 can be
rephrased as

L⇢(✓, b,�) = kv�⇤
H

✓k22 +
⇢

2
kb� ✓k22 +�T (b� ✓), (12)

where ✓, b, and � are updated alternatively. Particularly, in
the t-th iteration, ✓, b, and � are updated as

b(t) = argmin
(11c)

L⇢(✓
(t�1)

, b,�(t�1)), (13)

✓
(t)

= argminL⇢(✓, b
t,�(t�1)), (14)

�(t) = �(t�1) + ⇢(b(t) � ✓
(t)
). (15)

Note that the optimization of b is constrained by (11c). By
solving (13) and (14), we can get
b(t)
i ={m,m+M}

=
✓
(t�1)
i

+ (1/⇢)�(t�1)
iq

(✓
(t�1)
m

+ (1/⇢)�(t�1)
m )2 + (✓

(t�1)
m+M

+ (1/⇢)�(t�1)
m+M

)2
,

(16)

✓
(t)

= (⇤⇤
T

+ ⇢I)�1(⇤v + ⇢b(t) � �(t�1)). (17)

With updated ✓, ✓ can be recovered, and the phase of the
desired pattern can be sequentially obtained by

'(t) = ej
6 (u+⇤H✓(t)). (18)

The iterative optimization stops either when the maximum
number of iterations or the convergence reaches. In particular,
the convergence criterion is [17]

C :

(
kb(t) � ✓

(t)k22  ✏1

k⇢(✓(t) � ✓
(t�1)

)k22  ✏2
. (19)

The entire algorithm is summarized in Algorithm 1.

IV. SIMULATION RESULTS

We consider a BS equipped with a 32-antenna array located
at coordinates (0m, 0m). A single RIS is employed to estab-
lish high-quality reflective connections between the BS and
users. The angular parameters are set as follows: 'n = 30�,
✓n = �60� for n = 1, · · · , N , and 'i,m = �30�, ✓i,m = 60�

Algorithm 1 Proposed passive beamforming ✓ optimization
algorithm for pattern synthesis

Input: V , u, ⇤, ✓0, and �0.
Output: ✓, pk, k = 1, · · · ,K.

for t = 1 : T do

2: Obtain ' by (18);
Update v, ⇤, and ✓;

4: With fixed ✓(t�1) and �(t�1), update b(t) by (16);
With fixed b(t) and �(t�1), update ✓

(t)
by (17);

6: With fixed b(t) and ✓
(t)

, update �(t) by (15).
if C satisfies then

BREAK

8: end if

end for

10: Obtain ✓ by ✓m = ✓m + j✓m+M ,m = 1, · · · ,M .
Obtain pk by (6), where k = 1, 2, . . . ,K.

for m = 1, · · · ,M . We select K directions in the vicinity of
the RIS, covering a radius of 10m. The specific simulation
parameters are outlined in Table 1. Notably, the channel path-
loss adheres to the 3GPP propagation environment guidelines
[18]. The noise power has a spectral density of -170 dBm/Hz.
We assume the transmission bandwidth is 200 kHz, and there-
fore the noise power is about �2

n
= �117 dBm. Furthermore,

the rician factor is set as " = 10.

TABLE I: Simulation Parameters.

Parameters Values

BS location (0m,0m)
RIS location (1000m,0m)

Path-loss for G and hr,l (in dB) 35.6 + 22.0lg(d)
Path-loss for Hd (in dB) 32.6 + 36.7lg(d)

Transmit power 30 dBm
Noise power -117 dBm

Fig. 2 demonstrates the convergence of our proposed algo-
rithm under the different number of RIS elements. It can be
seen that the objective function decreases rapidly at initial,
and converges to a stable value within limited iterations,
revealing good convergence behaviour of the proposed ADMM
algorithm. Additionally, it can be discovered that the RIS com-
prising more elements results in a smaller objective function
value, representing a better match between the optimized and
target beam pattern.

In Fig. 3, we study the comparison between the target and
optimized power pattern by our proposed algorithm under
different numbers of illumination and null areas. A RIS with
180 elements is applied. In detail, we set Q = {1, 2} and
R = {1, 2}. In order to illustrate the suppression within the
null spaces, the weighting factor within the null areas are set
as k = 1000, k 2 KR, while the weighting factor at other
directions are set as 1. To evaluate the matching between the
actual and target pattern at the null and illumination areas,
we introduce the measurement indicator ◆, which is defined as
◆ = kt̂� p̂k2, where t̂ = t(KQ,KR), p̂ = p(KQ,KR). Then,
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Fig. 2: The convergence behaviour of the proposed algorithm.
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Fig. 3: The comparison between the target and optimized
power pattern: (a) Q=2; R=2. (b) Q=1; R=2. (c) Q=2; R=1.
(d) Q=1; R=1.

◆ for the four cases are 16.06, 10.50, 16.85, and 14.88 dB,
respectively. It can be seen that the optimized power pattern
always matches well with the target pattern with the minimized
deviation. Our proposed algorithm is robust against different
number and size of both illumination and null areas.

V. CONCLUSION

In this paper, we propose a RIS-aided joint wide illumi-
nation and null insertion design. The study of the joint wide
illumination and null design in RIS-aided systems is crucial,
as the accurate CSI is not required to cover the target region,
and at the same time signals are suppressed towards unwanted
regions. Specifically, we propose an optimization problem to
minimize the deviation between the desired and actual power
patterns, given constraint of the unit modulus weight of each
RIS element. To address the non-convexity, an ADMM-based
algorithm is proposed, which formulate a Lagrangian function
enabling the optimized RIS phase shifts within finite update

iterations. Simulation results prove the convergence of our
proposed algorithm and demonstrate the good match between
the target and optimized power pattern.
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