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Hybrid Beamforming with Discrete Phase Shifts for
RIS-assisted Multiuser SWIPT System

Zhen Chen, Member, IEEE, Jie Tang, Senior Member, IEEE, Nan Zhao, Senior Member, IEEE,
Mingqian Liu, Member, IEEE and Daniel Ka Chun So, Senior Member, IEEE

Abstract—Reconfigurable Intelligent Surfaces (RIS) provides
an emerging affordable solution by leveraging massive low-
cost reconfigurable reflective array elements. In this letter, by
utilizing low-cost passive reflecting elements, a joint hybrid
beamforming with discrete phase shifts design is studied in
RIS-assisted multiuser simultaneous wireless information and
power transfer (SWIPT) systems. However, the formulated sum
rate maximization problem is nonconvex and very challenging
to solve. To overcome this difficulty, we decouple the original
maximization problem into the digital-, phase shifts and analog
subproblem. Specifically, for the nonconvexity of the digital sub-
problem, we perform the first order Taylor series expansion on
the objective function, and then an iterative strategy is developed
to tackle the difficulty of the maximum transmit power constraint
imposed by discrete optimization variables. Subsequently, an
effective convex optimization technique was employed to optimize
reflecting elements of RIS. Finally, the greedy selection method
based on minimum mean squared error (MMSE) scheme is
proposed to solve the analog subproblem. Numerical simulations
are conducted to demonstrate the performance advantages of the
proposed scheme.

Index Terms—Hybrid beamforming, reconfigurable intelligent
surfaces, SWIPT, multiuser MIMO.

I. INTRODUCTION

THE increasing demand for high data rate and ubiquitous
services has led to a large energy consumption the fifth-

generation (5G) and beyond era. To cope with these chal-
lenges, the environmentally-friendly energy harvesting (EH)
technology is proposed to harvest renewable energy from the
environment to extend the working life of the equipment.
However, due to the variability of weather and the influence
of geographical location, natural energy sources are often
unstable and unpredictable. Recently, great interests have
been drawn in simultaneous wireless information and power
transfer (SWIPT), proposed by Varshney [1], in which energy
and information are transferred at the same time. To enable
practical techniques to convey information and power, SWIPT
was widely studied in various communication networks [2],
[3]. Specifically, these studies were mainly focused on the
expected capacity maximization problem under the harvested
power constraint or sum-harvested power maximization with
quality-of-service (QoS) constraint. However, it requires a
significant amount of radio frequency (RF) chains that may
result in high power consumption in 5G communication or
internet of things (IoT) networks; thereby it is disadvantage to
the practical implementation.

Interestingly, the new research paradigm of reconfigurable
intelligent surfaces (RIS)-assisted SWIPT communication has

been extensively studied recently [4], [5]. RIS can enhance
the coverage of network and improve spectral and energy
efficiencies (EE), especially in specificities of typical urban
scenarios suffering from severe blockage [5]. Compared with
the conventional active beamforming/relaying technologies,
RIS can adjust the incident signals to achieve a high level
of energy focusing at the receiver without signal amplification
and regeneration. Since low hardware cost of the reflecting
elements, the RIS can be deployed easily to improve the
spectral efficiency (SE) of multiuser multiple input multiple
output (MIMO) system, while SWIPT can provide more incen-
tives for user cooperation. Therefore, it is natural to consider
the combination of RIS and SWIPT in cooperative networks,
which greatly increases the service range and improves the
wireless power transfer (WPT) efficiency for a cluster of
energy harvesting receivers (EHR) (e.g., IoT sensors) located
in an energy charging.

To reap this benefit, there have been many reports regard-
ing the SE maximization problems in RIS-assisted SWIP-
T networks [4]–[7]. In [6], the specific absorption rate
(SAR)-constrained multiuser transmit beamforming optimiza-
tion with QoS requirements are investigated to achieve a better
performance-complexity tradeoff. In [4], the max-min signal-
to-interference-plus-noise ratio (SINR) optimization of the
RIS-assisted SWIPT system is investigated, in which transmits
beamforming and the passive RIS with discrete phase shifts
are jointly optimized. In [8], authors develop holographic
MIMO surfaces for diverse wireless communication applica-
tions. Subsequently, authors investigated channel estiamtion
approach for RIS-based downlink multi-user MISO system [9]
and so on. By integrating RIS into SWIPT, the formulated
optimization problem can effectively solve the performance
fairness issue to a certain extent. However, since the base
station (BS) transmit beamforming vectors and the reflecting
elements of RIS are strongly coupled in the constrained
objective function, such combinatorial optimization problem is
generally nonconvex and computationally intractable, to which
the derivation of the optimal solution is still an open issue.

In this letter, joint digital-, phase shifts and analog design is
investigated for RIS-assisted multiuser SWIPT system, where
the BS serves the information users (IUs) and energy users
(EUs) simultaneously. The considered maximization problem
involves the harvested energy and transmit power constraint,
which is non-convex and hard to solve directly. To tackle
this intractable problem, we decouple the maximization prob-
lem into the digital domain, phase shift and analog domain
processing stage, and solve them sequentially. In the digital
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Fig. 1. The RIS-assisted multiuser SWIPT system.

domain processing stage, we derive linear approximation of
the objection function with first order Taylor series expansion,
and then an iterative algorithm is utilized to find the sub-
optimal digital precoder/combiner. After finishing the digital
precoder/combiner design, the effective convex optimization
technique with quantized phase scheme is employed to op-
timize reflecting elements of RIS. In the analog processing
stage, the analog precoding matrix is divided into a number
of vectors, and then the greedy selection algorithm is proposed
for analog precoder/combiner design. Finally, the effectiveness
of the proposed scheme is verified by simulations.

II. PROBLEM FORMULATION

As depicted in Fig. 1, the RIS-assisted multiuser SWIPT
system consists of one BS with Nt antennas employing Mt

RF chains, K information users with Nr antennas using Mr

RF chains, M energy harvesting users with Nr antennas.
Moreover, the BS transmit Ns data streams to the IUs, and
each IU receive d data streams, thus the transmitted streams
satisfies Kd = Ns ≤ Mt ≤ Nt and d ≤ Mr ≤ Nr.
Moreover, the Ns data streams are processed by the Nt ×Mt

digital beamformer B = [B1, ...,BK ],Bk ∈ CNt×d, and then
connected by an Mt × Nt analog beamformer F. The RIS
Ω ∈ CMt×Mt is deployed on both the users and the BS.
On the other hand, the k-th IU processed the received signals
by an Nr × Mr analog combiner Wk, then followed by an
d × Nr baseband combiner Mk. Thus, the received signal is
mathematically formulated as

yk = MkWkHkF
K∑

k=1

Bksk + MkWknk, ∀k, (1)

where s = [sT1 , ..., sTK ]T denotes the transmitted signal, and it
is assumed that E[sks∗k ] = INs

, ∀i ̸= k, the vector nk ∈ Cd×1

denotes the noise vector.

A. RIS-assisted Channel Modeling

According to the (1), the extended Saleh-Valenzuela geo-
metric model is used to model the RIS-assisted channel. By

specifying the prorogation environment, the BS-RIS channel
HBI is defined as

HBI =

√
NtNRIS

NcNp

Nc∑
i=1

Np∑
l=1

αi,laRIS
(
ϕRIS
i,l , θ

RIS
i,l

)
a∗t
(
ϕt
i,l, θ

t
i,l

)
,

(2)

where αi,l ∈ CN (0, σ2
i,l) denotes the complex gain of the l-

th path in the i-th scattering cluster. Moreover, aRIS(ϕ
RIS
i,l , θ

RIS
i,l )

and at(ϕ
t
i,l, θ

t
i,l) denote the receive and transmit array response

vectors, where ϕRIS
i,l and θRIS

i,l represent the angles of depar-
ture/arrival (AoDs/AoAs), respectively.

Similarly, the RIS-IU channel HIU is given by

HIU =

√
NrNRIS

NcNp

Nc∑
i=1

Np∑
l=1

βi,lar
(
ϕr
i,l, θ

r
i,l

)
a∗RIS

(
ϕRIS
i,l , θ

RIS
i,l

)
,

(3)

where βi,l, ar
(
ϕr
i,l, θ

r
i,l

)
, a∗RIS

(
ϕRIS
i,l , θ

RIS
i,l

)
are the l th propa-

gation path gain, and array response vectors, respectively. The
BS-RIS-IUk channel based on (2) and (3) is defined as

Hk = HIUkΩHBI, (4)

where Ω ∈ CMt×Mt is the diagonal phase control matrix of
RIS, denoted by [Ω]k,k = ejωk . Thus, the BS-RIS-EUk channel
Gm is given by

Gm = HIE,mΩHBI, (5)

where HIE,m ∈ CNr×Mt denotes complex channel matrix from
the RIS to the m-th EU. Therefore, the SE of k-th IU can be
written as

Rk = log2 det
(
I + T−1

k MkWkHkFBkB∗
k F∗H∗

k W∗
k M∗

k

)
, (6)

where Tk =
∑K

i̸=k MkWkHkFBiB∗
i F∗H∗

k M∗
k W∗

k +
MkWkW∗

k M∗
kσ

2
n denotes the covariance of the interference

plus noise at k-th IU. For the EUs, the total EH of the m-th
EU can be written as

Em = ηm

K∑
k=1

tr (GmFBkB∗
k F∗G∗

m) , ∀m (7)

where ηm is the energy conversion rate of the m-th EU.

For the considered system, our aim is to design the digital
beamformer B, analog beamformer F, phase shifts Ω, the
analog combiner W and the digital combiner M by maximizing
the SE of system, subject to the minimum EH requirement
and transmit power constraint. Therefore, the proposed hybrid
beamforing design problem can be expressed mathematically
as

(P0) max
B,F,Ω,{Wk,Mk}K

k=1

K∑
k=1

Rk (8a)

s.t. Em ≥ Ēm, ∀m (8b)

∥FB∥2F ≤ P (8c)

|F(i, j)|2 = 1, ∀i, j (8d)

|Wk(i, j)|2 = 1, ∀i, j, k (8e)
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where Ēm is the minimum EH required by the m-th EU. The
corresponding optimization problem is a non-convex, due to
the constant magnitude of precoder/combiner matrix and the
transmit power constrains.

III. HYBRID BEAMFORMING WITH DISCRETE PHASE
SHIFT DESIGN

For the optimization problem mentioned above, multiple
variables need to be optimized jointly, so it is intractable to
obtain the optimal solution. Based on this, we decouple the
maximization problem into a series of subproblem. The analog
precoder/combiner is achieved by approximating the objective
function. Then, discrete phase shift of RIS is designed by
exploiting the quantized phase scheme. Finally, the digital
precoder/combiner of all the IUs are designed based on an
MMSE scheme. In the following subsection, we will simplify
the optimization problem to seek a near-optimal solution.

A. Analog domain design
The analog precoder and combiner is optimized by maxi-

mizing the mutual information over the channel, the problem
(8) with respect to F, {Wk}Kk=1 are given by

max
F,{Wk}K

k=1

K∑
k=1

log2det (IMr + WkHkFF∗H∗
k W∗

k ) (9a)

s.t., (8d), (8e) (9b)

Since the structures of the analog precoder/combiner are
similar, the design of F and {Wk}Kk=1 can be separated to
reduce the complexity of the problem. Firstly, the analog
precoder F is designed by assuming WkW∗

k = INr
, ∀k. Then,

we optimize {Wk, ∀k} with Ĥ = HF. Therefore, the objective
function of the optimization problem for the analog precoder
and combiner can be written as

max
F

K∑
k=1

log2det (INr + HkFF∗H∗
k ) , (10)

max
{Wk}K

k=1

K∑
k=1

log2det
(

INr
+ WkĤkĤ

∗
k W∗

k

)
. (11)

Considering the magnitude of precoder/combiner constraint,
it is intractable to solve the above problem directly. For the
fairness of users, we divide the analog precoding matrix into
several sub-matrices. We define F = [F1,F2, ...,FK ], where
each analog precoder Fk serves the k-th IU. Thus, the problem
(10) is reformulated as

max
F

K∑
k=1

log2det

INr +
K∑
j=1

HkFjF∗
jH∗

k

 (12a)

s.t. Fj ∈
{
ajt (ϕ

t
i,ℓ, θ

t
i,ℓ), ∀i, ℓ

}
, (12b)

where ajt denotes the array response vectors corresponding to
the AODs from the BS to the j-th users.

Inspired by [10], when the AODs and AOAs are drawn
independently from a continuous distribution, we have

F∗
j Fk = 0, ∀j ̸= k. (13)

Therefore, the problem (12) can be further simplified as K
sub-problems, which can be written as follow

max
Fk

log2det (INr + HkFkF∗
k H∗

k ) (14a)

s.t. Fk ∈
{
ak
t(ϕ

t
i,ℓ, θ

t
i,ℓ), ∀i, ℓ

}
, k = 1, ...,K. (14b)

According to the problem (14), we decompose the analog
precoder Fk as Fk = [FN−1, f n], where f n is the n-th column
of Fk, and Fk,N−1 is the first N − 1 columns of Fk. Thus, the
objective function of the problem (14) is given by

Cn = log2 det (INr + HkFN-1F∗
N-1H∗

k + Hkf nf∗n H∗
k )

(a)
= log2 det (TN-1) + log2

(
1 + f∗nH∗

kT−1
N−1Hkf n

)
,

(15)

where (a) is from TN−1 = INr + HkFN−1F∗
N−1H∗

k . For the
case n = 0, we define that T0 = INr . It is observed that
the second equation is not negative, which implies that Cn is
an increasing function with respect to n. Therefore, we can
search the whole array response matrix Ak

t and choose the
best column to solve the above problem by maximizing the
objective function as follows

max
f n

log2 det (TN-1) + log2
(
1 + f∗nH∗

kT−1
N−1Hkf n

)
. (16)

Similarly, this scheme also is applied to design Wk by
substituting Ĥk and Ak

r, respectively. In summary, the pseudo-
code is given in Algorithm 1. Note that [ ] and {} denotes the
set union of two sequences and set, respectively.

B. RIS’s phase shift design

It is not difficult to find that for given Ω, the capacity of
k-th IU can be reformulated as

max
Ωk

log2 det
(

INr + T̃
−1

AmΩkŨkΩ
∗
k A∗

m

)
(17a)

s.t. Em ≥ Ēm, ∀m (17b)

where Ũk = HBIFBkB∗
k F∗H∗

BI, Am = MkWkHIE,m, and T̃ =∑K
i ̸=k AmΩkŨ

∗
i Ω

∗
k A∗

m+MkWkW∗
k M∗

kσ
2
n denotes the covariance

of the interference plus noise at k-th IU. Note that (17) is
convex on optimization variable Ω, which can be solved by
convex program.

Algorithm 1 Greedy selection algorithm

Require: Mt, Hk and Ak
t, 1 ≤ k ≤ K

1: Initialization: Fk = ∅, T = INr Fk, 1 ≤ k ≤ K
2: for 1 < k ≤ K do
3: for i = 1 to Mt do
4: Select a column of Ak

t, named as f n, which maximize
the optimization problem (16)

5: Update Fk = [Fk, f n]
6: Update Ak

t = Ak
t − {f n}

7: Update T = T + Hkf nf∗n H∗
k

8: end for
9: end for

It is worth noting that increasing RIS elements to improve
system performance is a great energy-saving scheme. Howev-
er, a large number of RIS elements result in a great increase
in hardware requirements. For this purpose, we quantify the
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Algorithm 2 Low complex hybrid precoder design

Require: H̃k, 1 ≤ k ≤ K, Bk, 1 ≤ k ≤ K
1: Initialization:Q̄k = 0, ∀i
2: repeat
3: Update the optimal Qk,∀k, by solving the problem (22)
4: Update Q̄k = Qk, ∀i
5: until convergence
6: Calculate the Bk by decomposing Qk with SVD.

phase of the RIS element to further reduce the hardware
complexity. Let θi,j , ∠Ω(i, j), the quantized phase θ̄i,j can
be derived by following calculation

θ̄i,j = round
(
θi,j
δ

)
× δ, (18)

where δ = 2π
2B

denotes the resolution of phase shift, and B
denotes the quantization bits.

C. Digital domain design

After the analog precoder F and combiners {Wk, ∀k} are
optimized, the digital precoder and combiners further are
determined to maximize the SE of the problem (6). Therefore,
the capacity of k-th IU is reformulated as

Rk = log2 det
(

INr + T−1MkH̃kBkB∗
k H̃

∗
k M∗

k

)
, (19)

where H̃k = WkHkF denotes the equivalent channel.
To decouple the transceiver digital matrices, the proposed

joint optimization problem focus on the design of the digital
precoder B to maximize the mutual information achieved by
training sequences or pilot signal over the equivalent channel,
which can be written as

max
Qk

K∑
i=1

Ri (20a)

s.t. Ri = log2

det
(

I +
∑K

k=1 H̃iQkH̃
∗
i

)
det
(

I +
∑K

k=1,k ̸=i H̃iQkH̃
∗
i

) , (20b)

where Qk = BkBk
∗. Obviously, the optimization problem (20)

is non-concave because of the inter-user interference of the ob-
jection function Rk, which is difficult to be solved. Motivated
by [11], we derive a linear approximation of the non-concave
objection function to make it concave. The method aims to
transform the function (20) into convex function by exploiting
first order Taylor expansion. Thus, we can obtain the upper
bound of log det(I + X) as

log det(I + X) ≤ log det(I + X0)

+ tr
(
(I + X0)

−1(I − X0)
)
.

(21)

Therefore, the mutual information of i-th IU can be lower
bounded at point

∑
k=1,k̸=i Qk as

Ri ≥ log det

(
I +

K∑
k=1

H̃iQkH̃
∗
i

)
−

K∑
k=1,k̸=i

tr(Y−1
i H̃iQkH̃

∗
i )

− log detYi +

K∑
k=1,k ̸=i

tr
(

Y−1
i H̃iQ̄kH̃

∗
i

)
, R̃i,

where Yi = I +
∑

k=1,k ̸=i HiQ̄kH∗
i . Therefore, the maximiza-

tion problem can be reformulated as

max
Qk,∀k

∑
1≤k≤K

Rk (22a)

s.t.

K∑
k=1

tr(FQkF∗) ≤ P (22b)

Em ≥ Ēm, ∀m (22c)
Qi ≽ 0, ∀k. (22d)

It is observed that the above optimization problem is convex,
which can be obtained using the convex optimization numer-
ical techniques, such as the interior-point method [12]. Then,
by utilizing the singular value decomposition (SVD) of Qk, the
precoder Bk of the k-th receiver can be calculated. In summary,
the pseudo-code for the digital precoding algorithm is given
in Algorithm 2.

After obtaining the hybrid precoder and analog combiner,
the received signal is given by

yk = MkH̃kBksk + MkH̃k

K∑
i=1,i ̸=k

Bisi + MkWknk. (23)

We seek to design digital combiners Mk by minimizing the
mean-squared-error (MSE). Thus, the solution of the digital
combiner design is given by

Mk = E [sky
∗
k ]E

[
yky

H
k

]−1

= B∗
k H̃

∗
k (H̃kBB∗H̃

∗
k + σ2WkW∗

k )
−1, ∀k.

It follows that the digital-, phase shift and analog domain
precoder can be optimized by the alternate optimization. Based
on (P0), the overall complexity of the above algorithm can be
shown to be O(I(KNtd

2 + N3
t (K + M2

t Ntd) + N2
rMr)),

where I denotes the iteration numbers required for con-
vergence. In the following section, the simulations will be
provided to verify the proposed scheme that can achieve near-
optimal performance.

IV. NUMERICAL SIMULATION

Numerical simulations are provided to evaluate the ef-
fectiveness of the proposed algorithm in terms of SE. The
number of scattering cluster is Nc = 8 with Np = 10
propagation paths, and the variance of path gain of each
cluster is σ2

i,l = 0.1, ∀i, l. The AoDs and AoAs follow the
Laplacian distribution with uniformly distributed mean angles
over [−π

2 ,
π
2 ] and [−π

6 ,
π
6 ], respectively, and an angular spread

of 6 degrees. All results are based on the basic principles
of Monte Carlo simulation, and simulation results can be
averaged over 5000 times. The BS is equipped with Nt = 64
antennas to serve K = 4 IUs and Q = 4 EUs with Nr = 16
antennas

Firstly, we compare the performance of four different
beamforing methods: (1) Full digital beamforming; (2) hybrid
beamforming with beamspace MIMO proposed in [13], (3)
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the scheme proposed in [14] and the proposed scheme with
non-linear EH model. According to the non-linear EH model
proposed by [15], we set parameters c = 2.463, d = 1.635 and
v = 0.826. Fig. (a) illustrates the SE as a function of the SNR.
As expected, all the performance curves are upper and lower
bounded by the SE achieved using fully digital beamforming
approach and hybrid beamforming in [13], respectively. The
SE gap between the procedures increases as the value of SNR
increases. We observe that the proposed algorithm outperforms
the benchmark strategies, which benefits from the flexibility
of the proposed scheme. Moreover, the performance of the
proposed algorithm is close to the optimal full digital beam-
forming scheme. This indicates that the proposed algorithm is
a great energy-saving scheme to improve SE performance.

To verify the robustness performance of the proposed solu-
tion, we further consider an RIS-assisted system by changing
the multiplexing settings (e.g., the number of RIS elements,
and data streams). Particularly, In Fig. (b), we examine the
impact of the EH threshold on the total transmit power
constraint. We notice that the performance gains are more
prominent from more stringent EH thresholds. Meanwhile, it
is observed that when the EH threshold of user is the same,
the total transmit power can be improved by increasing the
number of RIS elements. Finally, the effect of the number of
data streams on the performance of the proposed algorithm
is verified in Fig. (c). It is clear that the SE of the proposed
system increases with the number of data streams when phase
shifts with the same resolution are used.

V. CONCLUSION

This paper studies the hybrid beamforming design for
RIS-assisted multiuser SWIPT communication. The sum rate
maximization problem was formulated subject to the total
transmit power and the minimum EH requirement per energy
user. To tackle this intractable problem, an iterative algorithm
with MMSE and the greedy selection is developed to derive
the sub-optimal solution. Numerical simulation verify the
effectiveness and robustness of the proposed algorithm, in
which the proposed hybrid beamforming with RIS can enhance
the sum rate performance of SWIPT systems.
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