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Abstract—Reconfigurable intelligent surface (RIS) has been
developed as a promising approach to enhance the performance
of fifth-generation (5G) systems through intelligently reconfigur-
ing the reflection elements. However, RIS-assisted beamforming
design highly depends on the channel state information (CSI)
and RIS’s location, which could have a significant impact on
system performance. In this paper, the robust beamforming
design is investigated for a RIS-assisted multiuser millimeter
wave system with imperfect CSI, where the weighted sum-rate
maximization problem (WSM) is formulated to jointly optimize
transmit beamforming of the BS, RIS placement and reflect
beamforming of the RIS. The considered WSM maximization
problem includes CSI error, phase shifts matrices, transmit
beamforming as well as RIS placement variables, which results
in a complicated nonconvex problem. To handle this problem, the
original problem is divided into a series of subproblems, where
the location of RIS, transmit/reflect beamforming and CSI error
are optimized iteratively. Then, a multiobjective evolutionary
algorithm is introduced to gradient projection-based alternating
optimization, which can alleviate the performance loss caused
by the effect of imperfect CSI. Simulation results reveal that
the proposed scheme can potentially enhance the performance
of existing wireless communication, especially considering a
desirable trade-off among beamforming gain, user priority and
error factor.

Index Terms—Reconfigurable intelligent surface, imperfect
channel state information, RIS placement optimization, beam-
forming design, non-convex optimization.
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I. INTRODUCTION

M ILLIMETER (mmWave) techniques have the potential
of supporting high spectral efficiency (SE) by ex-

ploiting highly directional beamforming [1]. However, since
directional mmWave links are highly susceptible to block-
age, a large number of active antenna arrays and radio-
frequency chains are required, which may lead to excessive
circuit energy consumption and hardware cost. To reduce the
hardware cost of system, reconfigurable intelligent surface
(RIS), as a promising technology, has great potential to im-
prove the performance of beyond fifth-generation (5G) and
sixth-generation (6G) network [2]. Specifically, RIS is made
of a newly developed metamaterial, which can establish a
favourable transmission environment by collaboratively adjust-
ing amplitude and phase shift (PS) to improve the spectral
and energy efficiency [3]. It is worth noting that the RIS only
consists of low-cost passive reflecting elements, which dif-
fers significantly from the conventional amplify-and-forward
relay [4]. More importantly, low hardware footprints of RIS
structures promote low implementation cost, high-flexibility,
and hence they can be easily deployed and integrated into
existing wireless communication systems without changing the
existing infrastructure and operating standards [5]. Therefore,
the design of RIS in assisting wireless communications has
attracted extensive attention in both industrial and academia.

Due to the significant potentials posed by the RIS, vari-
ous RIS-assisted wireless communications were extensively
studied, such as passive beamforming designs [6]–[9], RIS-
assisted channel estimation [10] and so on. Particularly, the
authors in [11] exploited RIS to control the wireless propaga-
tion environment and enhance the coverage and transmission
rate. To study the suitability of RIS in terms of the SE, a
jointly optimizing the active/transmit beamforming (ABF) and
passive/reflect beamforming (PBF) was developed to minimize
the transmission power of system with respect to the signal-
to-interference-plus-noise (SINR) constraints [12]. The studies
in [13] exploited the maximum-ratio transmission scheme for
RIS-assisted single-cell wireless system, where a joint PBF
and ABF optimization problem was formulated. Also, a similar
problem was considered for multiple RIS-assisted systems,
which jointly optimize the ABF at the BS and the PBF at the
RIS to improve robustness against blockages [14]. In [15], the
authors investigated energy-efficiency maximization approach
for RIS-based downlink multi-user MISO system. Subsequent-
ly, authors further develop holographic MIMO surfaces for
diverse wireless communication applications [16]. Besides, the
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authors in [17] investigated an artificial noise-aided secure
MIMO communication system by exploiting RIS to enhance
the physical layer security. Moreover, RIS was also applied as
an auxiliary facility to support secret wireless communication,
wireless information and power transfer, integrated sensing
and communication and unmanned aerial vehicle (UAV) com-
munications [18]–[24].

However, the performance of RIS-assisted communication
depends on the adaptivity of the reflecting elements. In gener-
al, the choice of RIS positions is initially oriented towards
the BS, since this leads to a lower path loss. If some of
the blockages are still present, the RIS’s location are slightly
adjusted, and then abundant reconfigurable reflecting elements
should be further trained. One of the major concerns is how
to rapidly tune the RIS’s phase shifts to realize the signal
transmission. In particular, the channel state information (CSI)
varies over time in mobility transmission scenarios, and thus
it is difficult to perform RIS phase shifts tuning by employing
full CSI. It is worth noting that most of the research on the
throughput gain in RIS-assisted communication systems focus
on the performance analysis [25]–[27]. Only a few involves the
optimization problem of RIS-assisted optimization problem.
However, optimization for RIS-assisted communication system
is critically dependent on the availability of perfect CSI.
Furthermore, considering mobility scenarios with fast time-
varying channels, the transmitters may only be able to obtain
partial or outdated CSI, which inevitably results in the signal
misalignment in RIS-assisted wireless networks. Therefore,
considering the imperfect CSI for robust beamforming design
of optimization problem could be further investigated.

To ensure the service quality, more efforts were dedicated to
the RIS-assisted beamforming design with imperfect CSI [28]–
[30]. In [30], a RIS-assisted vertical beamforming scheme for
cognitive radio networks were proposed by jointly optimizing
the beamforming vector, tilt angle as well as the phase shifts.
The work of [31] investigated a worst-case beamforming
design for a multi-user MISO wireless system, where the
CSI was assumed to be imperfect. In addition, the large-
scale of RISs were also deployed in hybrid wireless network,
where the passive beamforming was presented to improve
the spectral and energy efficiency by tuning massive low-cost
passive reflecting elements [32]. In fact, it was more practical
to consider the cascaded channel uncertainty in RIS-assisted
wireless systems. To this end, Zhou et. al [33] investigated a
robust secure transmission framework with cascaded channel
error in secure RIS-assisted communication systems. How-
ever, considering the bandwidth with limited feedback, the
transmitters lack perfect CSI feedback. In particular, to reduce
the hardware cost, RIS was generally not equipped with any
transmitter module and thus not capable of performing any
baseband processing functionality [34]. This will inevitably
lead to channel estimation error for exiting beamforming
design.

Motivated by the above observations, the robust beam-
forming design with imperfect CSI for RIS-assisted wireless
communication is still in its infancy and needs to be further
discussed in the open literature.

• First, in mobility transmission scenarios, CSI has to be

re-estimated and the phase shifts of all the elements has to
be adjusted frequently, thus incurring significant channel
training overhead and beamforming design complexity
[35]. Therefore, the design of robust beamforming under
imperfect CSI should be considered for RIS-assisted
system.

• Second, to realize phase tuning in practice, RIS is e-
quipped with smart controllers that is used to adjusting
the biasing voltages according to the available CSI [36].
It is worth noting that the reflecting elements do not
require radio frequency (RF) chains to avoid addition-
al transmit power consumption ideally, but continuous
operations to the smart controller will still be power-
consuming. In practice, the corresponding number of RIS
elements can be quite large, which becomes a significant
obstacle to obtain the accurate CSI.

• Finally, since each transmission link has distinct number
of data streams and undergoes different reflecting pathes
between BS-RIS and RIS-UE channel, the placement of
RIS affects each transmission channel. Therefore, finding
an appropriate place for RIS can further improve the
communication performance, which is imperative to take
the placement optimization and CSI error into consid-
eration when designing the RIS-assisted beamforming
scheme.

As a result, how to jointly optimize the RIS-assisted beam-
forming, RIS placement as well as the CSI error becomes a
challenging issue. To this end, we propose the design of robust
beamforming framework for RIS-assisted wireless communi-
cations under imperfect CSI, where CSI error, the placement
of RIS, phase shifts matrices and transmit beamforming can
be flexibly determined to enhance the system performance.
The major contributions of this paper can be summarized as
follows.

1) A robust beamforming scheme is proposed in the multi-
RIS assisted MIMO system, where the phase shift-
s of RIS, CSI error the RIS placement and trans-
mit beamforming are jointly optimized to improve the
beamforming gain. To improve the robustness of beam
design, the RIS is composed of multiple RIS units,
which can avoid beam misalignment caused by parts
reflecting element broken. According to the proposed
framework, a joint beamforming optimization problem
is formulated to maximize the SE, subject to CSI error,
transmit beamforming, RIS placement and phase shifts
constraints on multi-RIS reflecting elements.

2) The proposed optimization problem for robust beam-
forming design is non-convex due to the fact that multi-
ple variables are strongly coupled together, which makes
it difficult to solve directly. To tackle this issue, we
transform the beamforming optimization problem into
an equivalent yet more tractable form. Based on it, an
efficient gradient projection (GP)-based multiobjective
evolutionary algorithm (GP-MEA) is developed to solve
the optimization problem, which can converge to the
Pareto set.

3) To suppress the CSI error caused by unsuspected feed-

This article has been accepted for publication in IEEE Transactions on Wireless Communications. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TWC.2022.3222218

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: University College London. Downloaded on January 01,2023 at 16:43:08 UTC from IEEE Xplore.  Restrictions apply. 



3

Fig. 1. Illustration of the considered multi-RIS-assisted MIMO communica-
tion system.

back delay or the effect of the RIS, we transform the
CSI error subproblem into a multiobjective optimization
problem and develop a novel evolutionary algorithm
algorithm based on decomposition (MOEA/D) to adjust
the beamforming gain, the priority and error factor. We
also verify that this scheme is superior to conventional
schemes in maximum beamforming gain, the priority
and minimum error factor to achieve multi-object opti-
mum.

4) The effectiveness of the proposed beamforming scheme
is validated by extensive simulation results, which illus-
trate that the proposed mechanism and the corresponding
algorithm can improve the SE significantly over the con-
ventional beamforming design. Moreover, the proposed
mechanism could provide useful insights into the robust
beamforming design on effects of the RIS placement and
CSI error.

A. Organization and Notations

The remainder of this article is arranged as follow. Section
II presents the system model and formulates the corresponding
joint optimization problem. In Section III, the joint opti-
mization of transmit beamforming, CSI error, RIS placement
and phase shifts of RIS are studied in detail. In Section IV,
the proposed GP-MEA algorithm is exploited to solve the
proposed problem under imperfect CSI. Simulation results
and discussions are provided to verify the effectiveness of
the proposed mechanism in Section V, which is followed by
conclusions in Section VI.

Notations: C represents the set of complex numbers; vector
is denoted by bold-face lower-case letters; upper-case boldface
letters represent matrix; ∂ represents the gradient; (·)T , and
(·)H refer to the transpose, and the conjugate transpose of the
vector, respectively; I and tr(·) denote an identity matrix and
trace of matrix, vec(·) and diag(·) denote the vectorization
and diagonalization; ⊗ is denoted as the Kronecker product;
E{·} represents the statistical expectation operator and [·]i,j
denotes the (i, j)-th entry of a matrix.

II. SYSTEM MODEL AND PROBLEM FORMULATION

In this section, we follow the system model of current state-
of-the-art works on RIS-assisted MIMO system [12]–[14], in
which RIS is deployed between BS and UEs. The joint design
of transmit beamforming of the BS, phase shift of the RIS, the
optimal placement of RIS and the CSI error are constructed
to maximize the SE performance of system.

A. RIS-assisted Communication Scenario
Considering a muti-RIS assisted MIMO system, a multi-

antenna BS is deployed to serve K single-antenna UEs. As
shown in Fig. 1, RIS equipped with G RIS units is deployed
to enhance the communication coverage, which are located
in the altitude HRIS . This design can avoid partly reflecting
element of RIS broken that affect the exact CSI requirement.
Each RIS unit is arranged in the form of an M = Maz ×Mel

rectangular array with Maz elements horizontally and Mel ele-
ments vertically, which are controlled by a smart controller to
coordinate the reflecting modes. The BS is deployed at a fixed
altitude HBS , which is located in the coordinates oBS = (0, 0).
For simplicity, we set the altitude HBS to be HBS = 2HRIS . All
UEs are placed in the circular coordinate area, which is the
coverage area of passive beam. The center of the coverage
area is denoted by o0 = [o0(1), o0(2)]

T . The location of the
UE can be specified as oUE = [oUE(1), oUE(2)]

T , where {oUE(1),
oUE(2)} satisfies (o0(1)−oUE(1))

2+(o0(2)−oUE(2))
2 ≤ r2 and

r denotes the radius of the coverage area. As shown in Fig. 2,
the RIS unit is small than RIS and the size of RIS units are
much less than the distance between RIS and users. Thus, the
differences between different RIS unit and the center of the
coverage area are ignored. Then, the first reflecting element of
g-th RIS is regarded as a reference position and the horizontal
and vertical location of the reference position is denoted by
oRISg

= (oRISg
(1), oRISg

(2)). Then, the distance between the BS

and k-th UE is expressed as dBU,k =
√
H2

BS
+ ∥oBS − oUEk

∥22,
k = 1, ...,K. Similarly, the distance between the g-th RIS and
the UEs are expressed as dIU,k =

√
H2

RISg
+ ∥oRISg

− oUEk
∥22,

k = 1, ...,K. We assume that the coverage area of beam is the
circular coordinate area and all UEs are placed in this circular
coordinate area. Then, the center location of the coverage area
oo is used in place of oUE .

B. RIS Design with Limited Reflection Elements
Let Θ = [Θ1 Θ2 , ..., ΘG] be the reflection coefficient

matrix for the RIS, reflecting coefficient matrix of each RIS
unit is given by

Θg = diag{θg,1, θg,2, ..., θg,M}, g ∈ {1, ..., G}, (1)

where θg,i is i-th reflecting element of g-th RIS unit and
the reflecting elements {θg,i} are assumed to be continuously
controllable. According to (1), the setting of the reflecting
elements are considered in the following two cases.

1) Ideal RIS: The reflecting elements are updated by using
arbitrary amplitudes and phase shifts. Thus, the feasible set of
θg,i can be formulated as

F1 = {θg,i||θg,i|2 ∈ [0, 1]}. (2)
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Fig. 2. Illustration of the multi-RIS-assisted beamforming design under partial
reflecting element of RIS broken case.

2) Non-ideal RIS: The reflecting amplitude of RIS is de-
signed as a fixed value, such as ς = 1. For this scenario,
the design of PSs consists of two cases, namely continuous
PSs and discrete PSs. To be specific, the feasible set of θg,i is
exploited for continuous phase shifts, which can be formulated
as

F2 =
{
θg,i|θg,i = ςejφg,i , φg,i ∈ [0, 2π), ς = 1

}
(3)

and the discrete PSs set {θg,i} with B resolution bits can be
formulated as

F3 =
{
θg,i|θg,i = ςejφg,i , φg,i ∈ D, ς = 1

}
, (4)

where the codebook D =
{

2πn
2B

, n = 1, 2, ..., 2B
}

.

C. RIS-assisted Channel Model

In this subsection, RIS-assisted channel model is discussed,
where the baseband equivalent channel is comprised of BS-
UE, BS-RIS and RIS-UE link, respectively. Since fixed loca-
tion of the BS facilitate accurate CSI, the channel from the
BS to the RIS (BS-RIS link) is assumed to be an line-of-
sight (LoS) channel, where the RIS is commonly placed on
the facade of an buildings. Due to the insufficient angular
spread of the scattering environment, BS-RIS and RIS-UE
channels can be modeled by a Rician fading channel [37].
To facilitate RIS channel estimation, the BS-RIS and RIS-UE
links are collectively called the BS-RIS-UE link. Meanwhile,
the Rayleigh fading channel model is used betwwen the BS
and UE link. Even if the signal transmitted through the BS-UE
link suffers from blockage, there still exist extensive scatters.
For the BS-UE link of the k-th UE, hd,k can be expressed as

hd,k =
√
ρd−κ

BU,k hBU,k , (5)

where ρ is the path loss between the BS and UE at the
reference distance of 1 meter [38], κ is the corresponding
path loss exponent related to the BS-UE channel, dBU,k denotes
the distance between the BS and the k-th UE, and hBU,k

denotes the random scattering component modeled with real
and imaginary parts independent and identically distributed
zero mean random variables.

According to [12], the BS to the RIS channels are mainly
dominated by the LoS links. Thus, the BS-RISg channel in the
g-th RIS units, denoted by Vg ∈ CM×N , is given by

Vg =

√
ρd−2

BI V̂g =

√
ρd−2

BI a(νt,g)a(νr,g), (6)

where dBI =
√

(HBS −HRISg
)2 + ∥oRISg

− oBS∥22 denotes the
distance from the BS to the g-th RIS. The steering vector
a(νt,g), a(νr,g) can be defined as

a(νt,g) =
[
1, e

j2πℓx
λ νt,g ,...,e

j2πℓx
λ νt,g(N−1)

]T
,

a(νr,g) =
[
1, e

j2πℓx
λ νr,g ,...,e

j2πℓx
λ νr,g(M−1)

]T
,

(7)

where j =
√
−1, νt,g and νr,g represent the cosine of angle-of-

arrival (AoA) and angle-of-departure (AoD), respectively. ℓx
denotes the antenna spacing and parameter λ represents the
carrier wavelength of signal.

Similarly, by employing the Rician fading model, the RIS-
UE channel of the k-th UE is modeled as hg,k ∈ CM×1, which
can be expressed as [39]

hg,k =
√
ρd−2

IU,kĥg,k =
√
ρd−2

IU,k

(√
β

β + 1
hLoS

IU,k +

√
1

β + 1
hNLoS

IU,k

)
,

(8)

where dIU,k denotes the distance between the RIS and the k-
th UE; β is the Rician factor. The deterministic LoS channel

is expressed as hLoS
IU,k =

[
1, e

j2πℓx
λ ϑr,k ,...,e

j2πℓx
λ ϑr,k(M−1)

]T
∈

CM×1 and the non-LoS (NLoS) channel hNLoS
IU,k ∈ CM×1 with

zero-mean and unit-variance circularly symmetric complex
Gaussian (CSCG) random variable.

Based on the above channel model, above channel structure
can be applied to design the RIS-assisted beamforming. As
mentioned earlier, however, previous works only consider
the beamforming design for a fixed RIS location/deployment
and perfect CSI, which cannot be directly applied to RIS-
assisted mmWave systems. In hope of seeking a high quality
suboptimal solution, we will investigate how imperfect CSI
can be utilized to design robust hybrid beamforming scheme
in the following section.

III. RIS-ASSISTED BEAMFORMING DESIGN AND
PROBLEM FORMULATION

A. Problem Formulation and Transformation

In this section, to realize reflected signals toward preferable
directions, we investigate the robust beamforming scheme for
RIS-assisted communication, where the transmit beamforming
of the BS is performed while the reflect beamforming is
achieved by optimizing the phase shifts of RIS. From a
systematic perspective, we formulate the spectral efficiency
of the maximization problem as our design criterion, and then
decompose it into the transmit beamforming, CSI error, RIS
placement and the phase shifts of RIS subproblems.
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Let sk be the transmitted symbol of the k-th UE with zero
mean and unit variance. Thus, corresponding to the complex
baseband signal x at the BS can be written as

x =
K∑

k=1

wksk, (9)

where wk ∈ CN denotes the active beamforming vector for
the k-th UE. Based on this, the k-th received signal of the UE
can be represented as

ŷk = hH
d,kx +

G∑
g=1

hH
g,kΘgVgx + nk,

=

(
hH
d,k +

G∑
g=1

hH
g,kΘgVg

)
K∑

k=1

wksk + nk,

(10)

where nk ∼ CN (0, σ2) denotes the additive complex Gaus-
sian noise with zero mean and variance σ2. To make the
above expression (10) more tractable, we further define θg =
vec(diag(Θg)) and the cascade channel hH

g,kΘgVg can be

rewritten as θH
g Hg,k, where Hg,k =

√
d−2

IU,kdiag(ĥ
H

g,k)Vg =

diag(hH
g,k)Vg and then the received signal sk of the k-th UE is

equivalently rewritten as

ŝk =

(
hH
d,k +

G∑
g=1

θH
g Hg,k

)
K∑

k=1

wksk + nk. (11)

Since the CSI is sensitive to unsuspected feedback delay or
the effect of the RIS, the residual CSI error will substantially
impact the overall system performance due to imperfect CSI
[40], [41]. Moreover, partial reflecting element of RIS broken
that affect the exact CSI requirement. Although we consider
simple Rayleigh fading channels for RIS-assisted syatem, it
is still difficult to estimate the accurate channel. Based on
above observation and characteristics of mmWave channel, the
transmitters have imperfect CSI ĥk, and the relation between
the perfect and the imperfect CSI can be expressed as [42]

ĥk =
√

1− ζkhk +
√
ζkhe,k (12)

where hH
k = hH

d,k +
G∑

g=1
θH

g Hg,k denotes the perfect channel

of the k-th UE and he,k is the corresponding residual CSI
error with i.i.d. zero-mean and unit-variance complex Gaussian
entries, and is independent of hk. ζk denotes the error factor,
scaling from 0 to 1 , indicates the CSI accuracy. If ζk = 0,
then k-th UE has perfect CSI. Intuitively, ζk is related to
the unsuspected feedback delay or the CSI exchange amount
B and can be approximated as 2B . If the CSI exchange
amount tends to infinity, the transmitter can obtain perfect
CSI. Considering the issue of imperfect CSI, we introduce the

estimation error to model the channel, and then the received
signal at the k-th UE is written as

ŝk =
√
1− ζkhH

k wksk︸ ︷︷ ︸
desired signal

+
√
ζkhH

e,kwksk︸ ︷︷ ︸
residual CSI error

+
√
1− ζkhH

k

K−1∑
k ̸=i

wisi︸ ︷︷ ︸
multiuser interference

+ nk︸︷︷︸
noise

.
(13)

To maximize the SE of system, the corresponding SINR of
the k-th UE is given by

γk =

∣∣∣∣∣√1− ζk

(
hH
d,k +

G∑
g=1

θH
g Hg,k

)
wk

∣∣∣∣∣
2

K∑
i=1,i̸=k

∣∣∣∣∣√1− ζk

(
hH
d,k +

G∑
g=1

θH
g Hg,k

)
wi

∣∣∣∣∣
2

+
∣∣√ζkhH

e,kwk
∣∣2 + σ2

(14)

with
K∑

k=1

∥wk∥22 ≤ Pmax (15)

being the power constraint associated with BS, where Pmax

denotes the maximum transmit power. In general, the k-
th UE treats the transmit signal from other UEs (i.e.,
s1, ..., sk−1, sk+1, ..., sK ) as interference.

Accordingly, the achievable SE rk of k-th UE can be formu-
lated as (16), which can be given by the top of the next page.
where ωk denotes the priority for k-th UE. Based on the SINR
principle, it is observed that the SE of (16) in a specific cell is
coupled with transmit beamforming, RIS placement, CSI error
and phase shifts matrices. To make the problem tractable, the
weighted sum-rate maximization (WSM) of the proposed RIS-
assisted mmWave system is adopted as the design criterion. As
a consequence, we strive to jointly optimize the phase shifts
matrices, transmit beamforming of the BS, RIS placement and
CSI error to improve the SE performance. Based on (14) and
(16), the considered optimization problem can be formulated
as

P(A1) max
oRIS ,W,θg,ζ

{
fA1 (oRIS ,θg,W, ζ) =

K∑
k=1

ωk log2(1 + γk)

}
,

(17a)

s.t.

K∑
k=1

(
wH

k wk
)
≤ Pmax, (17b)

θg,m ∈ Fc, c = {1, 2, 3} (17c)

where W = [w1, ...,wK], ζ = [ζ1, ..., ζK] and the phase shifts
feasible set for θg,m is Fc, which can be given by ideal RIS
and non-ideal RIS cases.

It is obvious that the maximization problem P(A1) in
(17) is challenging due to the following reasons. First, the
objective function in (17a) makes P(A1) essentially a non-
convex optimization problem because of the coupling of
various optimization variables. Second, adjusting all reflecting
elements of a large RIS in P(A1) with phase shifts opera-
tion is computationally expensive. Moreover, the presence of
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rk = ωk log2

1 +

∣∣∣∣∣√1− ζk

(
hH
d,k +

G∑
g=1

θH
g Hg,k

)
wk

∣∣∣∣∣
2

K∑
i=1,i̸=k

∣∣∣∣∣√1− ζk

(
hH
d,k +

G∑
g=1

θH
g Hg,k

)
wi

∣∣∣∣∣
2

+
∣∣∣√ζkhH

e,kwk

∣∣∣2 + σ2

 , (16)

the power constraint (17b) and CSI error further complicate
the optimization procedure. In the following, we develop an
innovative scheme to solve these difficult problem.

IV. SOLUTIONS OF THE OPTIMIZATION PROBLEM

In this section, an alternating optimization strategy is a
computationally efficient method for solving the above op-
timization problem. Nevertheless, considering the feasible
solution involving four variables of problem (17) is nonconvex,
which cannot guarantee that the solution obtained by this
strategy is feasible. To tackle this issues, the problem P(A1)
is equivalently translated into a more tractable form P(A2)
by exploiting the fractional programming (FP) technique [28],
[43]. Different from previous works, the introduction of CSI
error and RIS placement will result in the phenomena of the
slower convergence. To facilitate the convergence of the FP
technique, the gradient projection strategy is integrated into
phase shifts optimization processing. Subsequently, the joint
beamforming optimization problem is divided into several
subproblem that can be optimized by fixing the remaining
variables, respectively. Moreover, the Proposition I is provided
to show that the algorithm can carry out the stationary solution.

Firstly, the closed-form FP scheme is developed to solve the
weighted sum-of-logarithms-of-ratio problem as follows

max
z

K∑
k=1

ωk log2

(
1 +

|Ak(z)|2

Bk(z)− |Ak(z)|2

)
, (18)

where |Ak(z)| is a nonnegative function, Bk(z) is a positive
function and Bk(z) > |Ak(z)|2 for all k. From the objective
function of the problem (18), the ratio |Ak(z)|2

Bk(z)−|Ak(z)|2 can be
physically regarded as the SINR term in (17a). The derivation
process referred to the recent review [43] for details. To
provide insight on how the closed form FP approach is
obtained, the problem (18) is revisited by using the Lagrangian
dual transform perspective, which can be divided into two
stages:

According to [43], by introducing Lagrangian dual trans-
form, the logarithm function log(1 + γk) can be expressed as

max
γk,αk≥0

ωk log(1 + αk)− ωkαk + ωk
(1 + αk)γk

1 + γk
. (19)

which can be equivalently transformed as

max
z,α

K∑
k=1

ωk log(1 + αk)− ωkαk + ωk(1 + αk)
|Ak(z)|2

Bk(z)
,

(20a)
s.t. αk ≥ 0, ∀k = 1, ...,K, (20b)

where αk is an auxiliary variable. It is pointed out in [43] that
the maximization problem (20) is equivalent to the problem
(18). Then, with the newly transformed objective function, the
quadratic transform technique is introduced to deal with the
FP problem.

Quadratic Transform: Given the variable α =
[α1, ..., αK ]T , we focus on the optimization problem as
follows

max
z

K∑
k=1

|Ak(z)|2

Bk(z)
. (21)

By introducing auxiliary variables β = [β1, ..., βK ]T , we
reformulate the optimization problem as follows:

max
z,β

K∑
k=1

(
2Re{β∗

k Ak(z)} − |βk|2Bk(z)
)
. (22)

It is evident that the problem (21) is equivalent to the
problem (22), which is verified by substituting βk = Ak(z)

Bk(z)
into the optimization problem (22). Based on the above obser-
vations, we introduce closed-form FP scheme by dropping the
quadratic transform in (22) to solve the optimization problem
(17) as follows

P(A2) max
α,β,oRIS ,θg,W,he,k

f
A2
(α,β, oRIS ,θg,W, ζ), (23a)

s.t. (17b), (17c), (20b), (23b)

where the corresponding objective function is given by

f
A2

(α,β, oRIS ,θg,W, ζ) =
K∑

k=1

ωk (log(1 + αk)− αk)

+

K∑
k=1

2
√

ωk(1 + αk)Re
{
β∗

k

√
1− ζkhH

k wk

}
−

K∑
k=1

|βk|2
( K∑

i=1

∣∣∣√1− ζkhH
k wi

∣∣∣2 + ∣∣∣√ζkhH
e,kwk

∣∣∣2 + σ2
)
.

(24)

Although we have transformed problem (17) into problem
(24), it is still not straightforward to solve the problem P(A2)
by simultaneously optimizing all variables. To mitigate this
impact, we focus on optimizing the variables in an alternative
manner. It is a remarkable fact that the computation cost of
problem P(A2) increases with the increasing of the num-
ber of phase shifts. In addition, the CSI error optimization
subproblem can be independently exploited to obtain the
feasible solution. Motivated by this, we decouple it into four
subproblems to deal with the transmit beamforming, RIS
placement, phase shifts of RIS and CSI error in the following.

This article has been accepted for publication in IEEE Transactions on Wireless Communications. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TWC.2022.3222218

© 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: University College London. Downloaded on January 01,2023 at 16:43:08 UTC from IEEE Xplore.  Restrictions apply. 



7

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Ratio δ

T
he

 o
pt

im
al

 R
IS

 d
ep

lo
ym

en
t c

oe
ffi

ci
en

t

Fig. 3. The optimal RIS deployment coefficient ξ∗(δ) against distance-versus-
altitude ratio δ.

A. Location Planning Optimization
We investigate the location planning with fixed the

α,β,θg,W and ζ. Since RIS is an integrated reflection
surface, which is constituted by G RIS unit. Therefore, we
just to estimate the position of the first RIS unit, e.g., g = 1.
By that analogy, the position of the other RIS unit can be
obtained. It is widely believed that RIS is considered to control
and adjust the propagation direction, the direct channel from
BS to UE is obstructed or can be estimated by closing the RIS.
Therefore, the direct channel from BS to UE is not considered
for the location planning optimization problem P(A2) in (23),
which can be recast as

min
oRISg

K∑
k=1

(H2
RISg

+ ∥oRISg
− oUEk

∥22)
(
(HBS −HRISg

)2 + ∥oRISg
− oBS∥22

)
Ak + Bk

,

(25)

where

Ak = 2
√
ωk(1 + αk)Re

{
β∗

k

√
1− ζk(θ

H
g diag(hH

g,k)Vg)wk

}
,

Bk = −|βk|2
( K∑

i ̸=k

∣∣∣√1− ζk(θ
H
g diag(hH

g,k)Vg)wi

∣∣∣2).
It can be observed that the optimization problem (25) is in-

trinsically a classical fractional programming problem, which
can be solved by checking the first-order derivative of the
location oRISg

. As described above, the location of the coverage
area satisfies (o0(1)− oUE(1))

2 + (o0(2)− oUE(2))
2 ≤ r2 and

r denotes the radius of the coverage area. The center location
of the coverage area oo is used in place of oUE . After dropping
irrelevant constant terms, the optimal horizontal placement of
the RIS is given by

oRISg
= ξ∗(δ)oo (26)

with

ξ∗(δ) =


1

2
, δ ≥ 1

2

1

2
−
√

1

4
− δ2 or

1

2
+

√
1

4
− δ2, otherwise

(27)

where ξ∗(δ) is called the ratio coefficient and δ =
HRISg

D and
D is source-destination distance.

It is observed from (26) that the optimal horizontal place-
ment of RIS only relies on δ =

HRISg

D . As shown in Fig. 3, if
the ratio coefficient δ ≥ 1

2 , the RIS should be placed at the
central area between the source and destination. If the ratio
coefficient 0 ≤ δ < 1

2 , there exist two optimal placement
locations for the RIS that are symmetrical about the midpoint.

B. Transmit Beamforming Optimization

One may focus on the variables wk by fixing the remain-
ing variables. Let W = {w1,w2, ...,wK}, the optimization
problem (23) with respect to the W is optimized through the
following problem

P(A3) max
α,β,wk

fA3(wk,α,β), (28a)

s.t. tr
(
WHW

)
≤ Pmax, (28b)

where β = [β1, ..., βK ]T is the auxiliary vector.
By dropping irrelevant constant terms, the objective function

in (28a) can be rewritten as

f
A3
(wk,α,β) =

K∑
k=1

2
√
ωk(1 + αk)Re

{
βk

√
1− ζkhH

k wk

}
−

K∑
k=1

|βk|2
( K∑

i=1

∣∣∣√1− ζkhH
k wi

∣∣∣2 + ∣∣∣√ζkhH
e,kwk

∣∣∣2 + σ2
)
.

(29)

It is worth mentioning that the optimization problem (28)
includes the variables α, β and wk. To solve this problem,
we decompose the optimization variables α, β and wk by
exploiting the Lagrangian multiplier method, which can be
expressed as

Lk(wk,α,β) = 2
√
ωk(1 + αk)Re

{
β∗

k

√
1− ζkhH

k wk
}

− |βk|2
( K∑

i=1

|
√
1− ζkhH

k wi|2 +
∣∣∣√ζkhH

e,kwk

∣∣∣2 + σ2
)

+ η
(
tr(WHW)− Pmax

)
,

(30)

where η ≥ 0 is the Lagrange multiplier corresponding to the
transmit power constraint (30).

Thus, the optimal transmit beamforming vector wk is up-
dated by directly the use of the Karush-Kuhn-Tucker (KKT)
optimality condition as follows

wk =
√
ωk(1 + αk)βk

√
1− ζk

(
ηIN + |βk|2

×
( K∑
i=1

(1− ζk)hkhH
k + ζkhe,khH

e,k

))−1hk.
(31)

Let X =
K∑
i=1

(1 − ζk)hkhH
k + ζkhe,khH

e,k and gk =√
ωk(1 + αk)(1− ζk)βkhk, the equation (31) can be rewritten

as (
ηIN + β2

k X
)−1 gk = wk. (32)
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Thus, the derivation of the Lagrange multiplier η is

∂tr(wkwH
k )

∂η
= tr

((
∂tr(wkwH

k )

∂wk

)H
∂wk

∂η

)
= −2tr

(
wH

k

(
ηIN + β2

k X
)−1

(ηIN + β2
k X)−1gk

)
= −2tr

(
wH

k (ηIN + β2
k X)−1wk

)
,

(33)

which shows that (31) is monotonically decreased with the
increasing η. Accordingly, the optimal η is determined by
minimizing the η with the constraint (28b). That is

η =
{
η ≥ 0 : tr

(
WHW

)
= Pmax

}
. (34)

By setting ∂f
A3
(W, βk)/∂βk = 0, the optimal βk is given

by

βk =

√
ωk(1 + αk)(1− ζk)hH

k wk∑K
i=1(1− ζk)|hH

k wi|2 + ζk

∣∣∣fH
k hH

e,kwk

∣∣∣2 + σ2

. (35)

Similarity, the optimal αk is given by

αk =
χ2

k + χk
√
χ2

k + 4

2
, (36)

where χk =
1√
ωk

Re
{√

1− ζkβ
∗
k hH

k wk
}

.

C. Phase Shifts Optimization

After the completion of transmit beamforming at the BS, it
needs to further solve the phase shifts optimization problem
by adjusting PSs pertaining to the RIS. With mathematical
manipulations, the optimal solution to the problem (23) with
respect to θg can be rewritten as

P(A4) max
θg

{
fA4

(θg) ,
G∑

g=1

(
θH

g Qθg − 2Re{θH
g c}

)}
,

(37a)
s.t. θg,m ∈ Fc, c = {1, 2, 3}, (37b)

where Q and c are respectively given by

Q =
K∑

k=1

(1− ζk)|βk|2
K∑
i=1

Hg,kwkwH
k HH

g,k,

c =
K∑

k=1

(√
ωk(1 + αk)(1− ζk)β

∗ (Hg,kwk)
)
.

However, the major challenge of problem (37) arises from
the non-convexity of the phase shifts constraints in (37b). The
gradient descent scheme provides excellent spectral efficien-
cy to deal with the constrained optimization problem [44].
However, this approach cannot guarantee that the solution of
problem (37) is feasible due to the phase shifts constraint.
To tackle the above challenge, the gradient projection (GP)
framework is developed, which projects the feasible solution
obtained by the gradient descent approach onto the constraint

set Fc. More specifically, the GP framework is updated in each
iteration, which is given by

θ̃(t+1)
g = θ(t)

g − µ∇fA4
(θ(t)

g ) (38a)

θ(t+1)
g = arg min

θg∈Fc

∥∥∥θ̃(t+1)
g − θg

∥∥∥2
2

(38b)

where µ denotes a pre-specified stepsize and ∇fA4(θg) =

−(QH +Q)θ
(t)
g + 2cH denotes the gradient of the objective

function (37a). θ
(t+1)
g is the result of gradient projection,

which is the closest feasible vector to θ̃
(t+1)
g based on Eu-

clidean distance. Equation (38b) means that the calculated
phase shifts in each step of the gradient ascent of (38a) should
be projected onto the constraint set Fc, which is the feasible
region of (4). The stopping criteria is provided as follows∣∣∣∣∣∣

fA4

(
θ
(t+1)
g

)
− fA4

(
θ
(t)
g

)
fA4

(
θ
(t)
g

)
∣∣∣∣∣∣ ≤ ε,

where ε is the stopping condition.
It is worth that the GP framework is introduced to achieve

the feasible solution of phase shifts optimization problem, but
such a projection operator may cause high control overhead
and slow convergence problem. To further explain the conver-
gence for GP framework, the following proposition is stated
by carefully choosing the step size.
Proposition I. Let θ(t)

g be the sequence of feasible solutions
obtained by the GP scheme. If λmax is the maximum eigenvalue
of {Q} that satisfying µ ≤ 1

4λmax
, then we have f(θ

(t+1)
g ) ≤

f(θ
(t)
g ).
Proof: See Appendix A.

D. CSI Error Optimization

As shown in the optimization problem (23), the CSI error
he,k are inevitable due to unsuspected feedback delay, the
residual CSI error will substantially impact the overall system
performance due to imperfect CSI. Especially, many other fac-
tors in the environment can affect CSI performance, including
block the line of sight, factors of time-attenuation and path-
attenuation. To solve low channel utilization problem caused
by time-delay channel in wireless networks, it is necessary
to suppress the CSI error he,k. From (12), it is observed
that the CSI error he,k is related to ζk. Therefore, we focus
on optimizing the variable ζk in the CSI error optimization
problem. Then, the optimization problem (23) with respect to
ζk is transformed to

P(A5) min
ζk

fA5(ζk), (39)

where the objective function is

f
A5

(
ζk
)
=

K∑
k=1

2
√

ωk(1 + αk)Re
{
βk

√
1− ζkhH

k wk

}
−

K∑
k=1

|βk|2
( K∑

i=1

∣∣∣√1− ζkhH
k wi

∣∣∣2 + ∣∣∣√ζkhH
e,kwk

∣∣∣2 + σ2
)

(40)
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It seems obvious that the optimization problem (39) is
difficult to obtain an optimal solution ζk, since adjusting the
priority ωk and the error factor ζk will also affect the perfor-
mance of transmit beamforming in (31) and the performance
of phase shifts in (38). To tackle this issue, the problem
(39) with respect to the error factor ζk is transformed as a
MOEA/D-based multiobjective optimization problem, which
can be reformulated as

minF
A5

= {g1(ζ), g2(ω), g3(he,k)} , (41)

where

g1(ζ) =
K∑

k=1

Re
{
β∗

k

√
1− ζkhH

k wk

}
−

K∑
k=1

|βk|2
( K∑

i=1

∣∣∣√1− ζkhH
k wi

∣∣∣2 + ∣∣∣√ζkhH
e,kwk

∣∣∣2 ),
g2(ω) =

1

|ω|
, ω = [ω1, ..., ωK ]T ,

g3(E(νt, νr)) =
1

|E(νt, νr)|
.

(42)

and E(νt, νr) is the beamforming gain. It is observed in [45]
that |hH

k wk| increases with the increasing of the beamforming
gain |E(νt, νr)|.

Next, the MOEA/D with Tchebycheff approach [46] is
exploited to solve the problem (41). The main idea is to
divided the optimization problem (41) into a series of scalar
optimization problems. Thus, all of the subproblems can be
optimized simultaneously to approximate the Pareto front (PF).
Specifically, in preliminary stages, the Euclidean distance is
considered to compute Tc nearest neighbors of the weight
vectors ui for each i ∈ {1, · · · , Npop}, and generate the set
Ω(i), whose indexes are contained in Ω(i) = {i1, i2, ..., iTc}.
For each subproblems, we generate the decision variables
{ϖ1

k , ϖ
2
k , ..., ϖ

pop
k } randomly, and set FVi = J(ϖk). Let

ϱj = min{F
A5
} be the best-so-far solution of the problem

(41). For each i = 1, ..., Npop, we randomly select two indexes
l1, l2 from Ω(i), and then generate a decision variable ϖc

k from
ϖl1

k and ϖl2
k by differential evolution (DE) [46]. Subsequently,

we update the population by comparing best-so-far solutions
and current solutions as follows:

If ϱj > fj(ϖ
c
k), for each j = 1, · · · , d, the best-so-

far solution ϱj is updated. Then, for each j ∈ Ω(i), if
J
(
ϖc

k | uj ,ϱ
)

≤ J
(
ϖj

k | uj ,ϱ
)

, we replace the decision

variable ϖj
k and F -value FVj by ϖc

k and J(ϖc
k), respectively,

where J
(
ϖc

k | uj ,ϱ
)
= max1≤t≤d

{
uj
t |gt(ϖc

k)− ϱt|
}

. If the
condition is satisfied, iteration stop and output EP. Otherwise,
go to the step update. Finally, the optimal solution is deter-
mined on the PF for the three fitness functions.

As above mentioned, variables
(α(0),β(0), o(0)

RIS
,θ

(0)
g ,W(0), ζ(0)) are initialized at the

beginning of iteration, these variables are updated at the end
of each iteration, and repeat this process until convergence.
The proposed iterative algorithm is outlined in Algorithm 1.
Based on P(A1) and P(A4), the overall complexity of the

above algorithm can be given by O(M3+MN2+K(2M3+
MN2) + IG(M + NM2 + MN) + KMN), where the
complexity of optimizing the phase shifts is significantly
reduced, due to the separate design.

Algorithm 1 The GP-MEA for Solving the problem (23)
1: Initialization: t = 0, set P t and the stopping criterion.
2: Input: y, Hg,k, hd,k

3: repeat
4: Location Planning Optimization: Update oRIS by solv-

ing the problem (25).
5: Transmit Beamforming Optimization: Update variables

W by solving the problem (28);
6: Obtain the optimal wk, αk and βk by (34)-(36);
7: Passive Beamforming Optimization: Update variable

θg by solving the problem (37);
8: Estimation Error Optimization: Update the variable ζ

by solving the problem (41);
9: End

10: until The obtained solution is feasible;
11: Output: {oRIS ,θg,W, ζ,α,β}

V. SIMULATION RESULTS

This section presents numerical simulation results to vali-
date the effectiveness of the RIS-assisted beamforming scheme
with imperfect CSIs. To provide comparisons, we assume that
the RIS with 64 reflecting elements is located to serve the
UEs that suffer from severe signal attenuation/interruption in
the BS-user direct link. Let’s suppose that the BS is located
at (0, 0) with 16 antennas. According to [47] and [48], we
define the channel gain as gv ∼ CN (0, 10−0.1Y(r)), where
Y(r) = ϱ̈a+10ϱ̈blg(r)+ξ with N (0, σ2) and r is the distance
between BS and UE. The values of ϱ̈a and ϱ̈b is derived from
Friis’ law. Each RIS unit size is set as Maz = 10 and Mel = 2,
which is used to provide high-quality yet efficient link from
the BS to UEs. We assume that G = 2 RIS units located at (50
m, 30 m). Unless otherwise stated, the pathloss is set according
to the 3GPP propagation environment [49]. In particular, the
total transmit power is set to Pmax = 30 dBm.

A. Convergence Performance

The convergence of the proposed GP-MEA are investigated
in Fig. 4, where the spectral efficiency is shown versus the
number of iterations. It is found that under our theoretical
characterization of beamforming algorithm, the curves grad-
ually increase and exhibit trend of convergence after about
6 iterations. This indicates that the proposed algorithm is
convergence. It should be noted that as the number of phase
shifts M increases, this involves complex solutions for the
four subproblems of the proposed algorithm, which leads to
more computation time for each iteration, and hence the total
computation time by the GP-MEA still increases even with
fewer iterations.

Accordingly, the non-dominated set of the above four CSI
error achieved by the mmultiobjective optimization scheme is
shown in Fig. 5. It can be seen that most of the non-dominated
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Fig. 5. The convergence behavior of multiobjective optimization scheme with MOEA/D.
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Fig. 4. Convergence behavior of the proposed GP-MEA.

solutions of each CSI error result lie on a real Pareto front,
due to the fact that the generated non-dominated solution set
is better than the previous solution at current iteration, and
thereby the algorithm can obtain the optimal solutions that is
close to the Pareto-optimal solution. Moreover, it can be seen

that there is a trade-off between the decoder, gain factor and
estimation error. Furthermore, the beam gain performance is
depicted in Fig. 6. We can observe that the proposed scheme
is superior to conventional schemes, such as without phase
shifts optimization.

B. Impact of the transmit power

To study an overall observation of the performance of the
proposed GP-MEA, we investigated the spectral efficiency
versus the transmit power for M = 25 and K = 4. As
illustrated in Fig. 7, the spectral efficiency of all considered
schemes increase with the transmit power Pmax increasing. It
is observed that the proposed scheme with phase shifts set F2

consume less transmit power than the “Random phase shifts”
scheme, since the RIS phase shifts are not optimized. Further-
more, it is also observed that a higher transmit power leads to
a higher spectral efficiency. From Fig. 8, we investigated the
the spectral efficiency achieved by different schemes versus the
number of UEs for the number of phase shifts M = 25, where
three types of phase shifts set are considered in this case. It
is observed that the phase shifts set has a great influence on
the improvement of system performance with the number of
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Fig. 6. Tradeoff CSI error, beamforming gain and error factor between
proposed and conventional scheme.
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Fig. 7. Spectral efficiency versus the transmit power Pmax for multi-RIS
assisted system when M = 25, K = 2.

UEs K increasing. For achieving the same spectral efficiency,
the proposed scheme with phase shifts set F2 outperforms
the phase shifts cases F1 and F3, which also means that
the proposed scheme is effective. This is because more RIS
reflecting elements bring more reflection paths by optimizing
phase shifts, which improves the performance of system.

C. Effect of RIS Deployment
By moving the RIS from (10 m, 30 m) to (110 m, 30 m),

the effects of RIS deployment position is investigated in this
subsection. For the sake of presentation, the phase shifts set are
given by {Fc|c = 1, 2, 3}. Fig. 9 shows the spectral efficiency
of different schemes with respect to the horizontal distance of
the RIS. As expected, increasing horizontal coordinate x from
10 m to 110 m leads to the spectral efficiency decreasing,
which means long-distance information transmission results
in high propagation path loss. According to Fig. 9, different
phase shifts sets may lead to different system performance.
We observe that the performance of the proposed GP-MEA
with optimized phase shifters still better than the phase shifters
schemes F1 and F3 regardless of the RIS deployment.
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Fig. 8. Spectral efficiency versus the number of the UEs for multi-RIS assisted
system when M = 25.
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Fig. 9. Spectral efficiency versus the distance between BS and RIS for multi-
RIS assisted system when M = 25.
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Fig. 10. The spectral efficiency versus the number of the reflecting elements
for multi-RIS assisted system with N = 64.

D. Effect of RIS size

Fig. 10 displays the SE versus the number of phase shifters
M of RIS size. From a detailed inspection, the SE monotoni-
cally increases as the number of reflecting elements increasing,
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when multi-units is used to RIS. This is because large number
of reflecting elements of RISs introduce additional reflecting
paths, which results in high SE of the system. As shown in Fig.
10, the SE of all schemes increases with the number of phase
shifts M increasing. As predicted by the previous analysis,
although increasing the number of phase shifts M consumes
more power, the SE of the proposed GP-MEA is still better
than that of the schemes with F1 and F3, when optimal PSs
are used to the RIS. Comparing between the three type PSs set,
it is seen that the proposed GP-MEA is not highly sensitive
to the number of RIS units, when the number of of reflecting
elements larger than 30.

VI. CONCLUSION

In this paper, we proposed a robust beamforming scheme,
which strikes a balance between the beamforming gain and the
CSI error, and the importance of exploiting both the passive
beamforming of RIS and flexible deployment in designing
multi-RIS assisted wireless communications. We formulated
a WSM problem that maximizes the beamforming gain and
minimizes the channel CSI error at the same time. The closed-
form FP method was employed to make the non-convex
WSM problem for the beamforming tractable. Furthermore,
to alleviate the effects of the CSI error and RIS placement,
the joint optimization of transmit/reflect beamforming, CSI
error and RIS placement algorithm was designed to overcome
the channel uncertainty. Simulation results demonstrated that
the developed approach can achieve significant SE compared
to several benchmark schemes, providing a possibility for
robust beamforming design with imperfect CSI in practical
RIS-assisted systems.

APPENDIX A
PROPOSITION I

Proof: According to the problem (37), the gradient of the
objective function can be computed as fA4(θ) , −2(c−Qθ).
Accordingly, we have

∥∇f(θ)−∇f(y)∥22 = ∥2Q(θ − y)∥22
(a)

≤ 4∥Q∥22∥(θ − y)∥22
(b)
=

1

µ
∥(θ − y)∥22

(43)

where (a) is from ∥2Q(θ − y)∥22 ≤ 4∥Q∥22∥(θ − y)∥22, (b)
follows the fact that the stepsize is given by satisfying µ ∈
(0, 4λmax(Q

TQ)]. ∇f(θ) is Lipschitz continuous gradient
with the corresponding parameter 1

µ , and thus we obtain the
following relation:

f(θ) = f(y) +∇f(y)H(θ − y) +
1

2µ
∥(θ − y)∥22︸ ︷︷ ︸

g(θ,y)

(44)

where g(θ,y) denotes the quadratic upper bound of the
surrogate function f(θ). Considering the equality of (44) holds
if and only if θ = y, y is adopted instead of θ(t) that
satisfying θ(t) = y(t). Inspired by [50], the iterative algorithm
with majorization-minimization is exploited to solve problem

(37). At each iteration t of the majorization-minimization
framework, y(t) is updated by minimizing the difference of
the current point θ(t) between the surrogate function and the
objective function. Thus, we have f(θ) = g(θ,y). Further-
more, according to the MM framework, the surrogate function
with respect to θ is updated by fixing θ = y, i.e.,

θ(t+1) = argmin g(θ,θ(t))

= argminθH∇f(θ(t)) +
1

2µ
∥θ∥22 −

1

µ
θHθ(t)

= argmin
1

2µ

∥∥∥θ −
(
θ(t) − µ∇f(θ(t))

)∥∥∥2
2

(a)
= argmin

1

2µ
∥θ − PFc

(θ̃(t+1))∥22

(45)

where (a) is from θ̃(t+1) = θ(t) − µ∇f(θ(t)), PFc
(·) is the

projection operator, which is the closest feasible vector to
θ̃(t+1) based on Euclidean distance. It is defined as

PFc
(θ(t+1)

g ) = arg min
θg∈Fc

∥∥∥θ̃(t+1)
g − θg

∥∥∥2
2
. (46)

From the above, one can conclude that the sequence
{f(θ(t))} generated by the GP method is non-increasing
because of

f
(
θ(t+1)

) (a)

≤ f
(
θ(t+1),yt

) (b)

≤ f
(
θ(t),yt

)
= f

(
θ(t)
)
(47)

where (a) follows from (44) and (b) is from the fact that (45).
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