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Abstract—This paper investigates a multiuser reconfigurable
intelligent surface (RIS)-assisted simultaneous wireless informa-
tion and power transfer (SWIPT) system, in which a RIS assists
in establishing favorable wireless communication environment.
Particularly, we study the max-min signal-to-interference-plus-
noise ratio (SINR) problem of the system by joint optimizing the
base station (BS) active beamforming vectors, the RIS passive
beamforming vector, and the power splitting (PS) ratios while
guaranteeing the BS maximum transmit power budget and the
minimum harvested energy threshold. The considered max-min
SINR problem is highly non-convex, which is arduous to directly
solve. Hence, we present an efficient alternating optimization
(AQO) algorithm to decompose the max-min SINR problem into
three tractable subproblems, which are solved in an alternating
manner. Particularly, we apply semi-definite relaxation (SDR)
technique and the bisection method to tackle the beamforming
optimization subproblems, and then derive a closed-form solution
to solve the PS ratios optimization subproblem. Numerical
simulations verify the superiority of our proposed AO algorithm
and demonstrate that deploying RIS can achieve significantly
increased min-SINR value.

Index Terms—signal-to-interference-plus-noise ratio (SINR),
reconfigurable intelligent surface (RIS), simultaneous wireless
information and power transfer (SWIPT), power splitting (PS).

I. INTRODUCTION

ITH the proliferation of low-power Internet of Things

(IoT) applications, frequent battery charging or re-
placement of massive IoT devices may result in significant
maintenance costs. To overcome the limited battery life prob-
lem, simultaneous wireless information and power transfer
(SWIPT) has aroused great research interests. Specifically,
SWIPT has the ability of offering simultaneous energy and
information access, and thus the IoT devices can continuously
recharge themselves with energy from the surrounding wire-
less environment [1]. Meanwhile, reconfigurable intelligent
surface (RIS) has been acknowledged as a disruptive tech-
nology to support cost-effective and energy-efficient commu-
nication for future wireless networks [2], [3]. A RIS equipped
with an array of passive reflecting elements does not need any
energy source. By intelligently reflecting incident signals to
the desired direction with adjustable amplitude and phase shift,
a RIS can flexibly configure the wireless signal propagation,
thus enhancing the desirable signals and suppressing the
interference.

Integrating RIS and SWIPT in wireless communication
networks can efficiently inherent the advantages of these two
technologies. Consequently, there are several significant works
in the literature focusing on deploying the RIS in the SWIPT
system [4]-[10]. The authors in [4] investigated a downlink
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Fig. 1. A RIS-assisted system with SWIPT.

SWIPT multiple-input single-output (MISO) system with dis-
tributed RISs, where the energy efficiency (EE) performance
was improved by reasonably designing the RIS control and
the base station (BS) transmit beamforming. Furthermore, the
authors in [5] explored the spectral efficiency maximization
problem in a RIS-enhanced SWIPT multiple-input multiple-
output (MIMO) system, while considering the imperfect pri-
mary user’s channel state information. Additionally, the au-
thors in [6] minimized the BS transmit power in a RIS-aided
and power-splitting (PS)-based non-orthogonal multiple access
(NOMA) network with SWIPT by utilizing an efficient two-
stage algorithm. In addition, the authors in [7] jointly designed
the RIS reflection coefficients, the UAV trajectory, and user
scheduling in a RIS-unmanned aerial vehicle (UAV) network
with SWIPT to address the max-min energy consumption
optimization problem.

Apart from the aforementioned works, there have been other
innovative studies for RIS-assisted SWIPT systems focusing
on weighted sum power maximization [8], minimum EE max-
imization [9], and achievable secrecy rate maximization [8],
minimum EE maximization [9], and achievable secrecy rate
maximization [10]. In [11], the authors investigated the max-
min signal-to-interference-plus-noise ratio (SINR) problem in
the systems with two different user categories, i.e. information
users and energy users. Nevertheless, to our best knowledge,
the max-min SINR problem in a RIS-assisted SWIPT system
based on the PS scheme has not been investigated yet. On
the other hand, to ensure the desired level of fairness among
users, the minimum SINR serves as an important performance
indicator in SWIPT systems, which could provide better user
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fairness in multiuser MISO downlink systems. Furthermore,
the rapid decrease in signal power with respect to the distance
of SWIPT can be overcome by RIS. Therefore, we focus
on a mathematical framework that investigates a RIS-assisted
system with SWIPT to maximize the minimum SINR while
meeting the maximum transmit power budget at the BS as
well as the minimum harvested energy threshold. Furthermore,
we consider a practical non-linear (NL) PS-based architecture,
which enables energy harvesting (EH) and information decod-
ing (ID) simultaneously for each user. Specifically, we propose
an alternating optimization (AQO) algorithm in which the BS
active beamforming vectors, the RIS passive beamforming
vectors, as well as the PS ratios are optimized alternatly.
In particular, the active and passive beamforming vectors are
optimized by the semi-definite relaxation (SDR) technique and
the bisection method, and the PS ratios are optimized based
on a closed-form solution. The performance advantages of the
proposed AO algorithm as well as the benefit of deploying
RIS are unveiled by numerical simulations.

II. SYSTEM DESCRIPTION AND PROBLEM FORMULATION

As depicted in Fig. 1, we consider a RIS-assisted SWIPT
system with K single-antenna users, in which the RIS and the
BS are euipped with M reflecting elements and Nt transmit
antennas, respectively. Moreover, the set of RIS reflecting
elements and that of the users in the system are represented
as M 2 {1,...,M} and K 2 {1,...,K}. We assume that
both the BS and RIS controller are capable of obtaining the
perfect channel state information (CSI). ! The channels of the
BS-user k link, BS-RIS link, and RIS-user & link are specified
as Hy, € Vx1 G € M*Ne and H,., € M*1, respectively. In
addition, the reflection-coefficients matrix is denoted by ® =
diag (816971, Bnel"™), where B, € [0,1] and ¥, €
[0, 27] denote the amplitude and the phase shift associated with
the m-th RIS reflecting elements. Furthermore, we set the RIS
passive beamforming vector as v = [ﬁl AT BNejﬂM] a
and thus we can express the equivalent reflective channel
between the BS and user k as HY, ©G = v# ¥, in which
¥, = diag (ka) G. In addition, we consider all the users
under the PS-based SWIPT setup consisting of a conventional
ID circuit which is able to decode the information carried in
the radio frequency (RF)-band signal and an EH circuit which
is used for harvesting energy. Morever, we denote the PS ratio
for user k as pi € (0,1), Vk € K. Accordingly, the received
signal of user k is split into two separated streams, where the
pi part is for ID and the 1 — py part is for EH.

'In practice, to acquire the CSI, the users/BS send pilots in the up-
link/downlink, and thus the BS-user direct channels can be estimated. Mean-
while, RIS can estimate the CSI from the BS/users through the signals received
by its sensors. Next, based on the beamforming vectors at the BS or the
RIS controller and then sent to the other, the CSI is exchanged between the
BS and the IRS [2]. To reduce the training overhead for the RIS-assisted
system, there are a series of channel estimation schemes for RIS-assisted
MISO systems based on signal processing techniques such as compressed
sensing, deep learning, alternating least squares, and so on [12].
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Under the above analysis, the signal from the BS to user k
can be formulated as
K
u” =k Yy (Ve B Ywidi A e, (1)
i=1
where d; ~ CN(0, Iy,), and w; € Niex1 are the transmit
information symbol for user i, and the corresponding active
beamforming vector, respectively. nj ~ CN(0, o2) is the noise
vector of user k.
Hence, we can express the SINR at user k as

Hy HY 2
szKV K+ Hyl ) Wi Q)

e }(VH\IIk +ka ) Wi|2 + o}
i=1,i%k

SINRy, =

From practical perspectives, we consider a non-linear EH
model based on the sigmoidal function [13]. Accordingly, we
can formulate the harvested energy at each user as

2 — 78
exp(—zk(€r—Uk k3ck
Y = erndo ) VkeK, ()
— 4
where €, m rr and vy, are determined

by the EH circuit characteristics, Z; denotes the maxi-
mum power that user k can harvest, and e, = (1 —

K
pe) > | (v, + HY) wilz represents the input power, i.e.
=1

the Zsf)lit power for EH at user k.

In this paper, our objective is to maximize the minimum
SINR by optimizing the BS active beamforming vectors {wy, },
the RIS passive beamforming vector v, as well as the PS ratios
{pr} in an alternating optimization manner. Accordingly,
we can mathematically express the orginal max-min SINR
optimization problem as

(P1) v,{v&li}{(pk} irg’rcl SINR 4)
K

st Y [wil® < P, (5)
k=1

ENE > B, Vk € K, (6)

V| < 1,¥m € M, (7)

0<pp<1l,VkeEK, (8)

in which constraint (5) implies that the transmit power should
satisfy the maximum budget P, and constraint (6) guarantees
the minimum harvested energy requirement F,,;, for each
user. Furthermore, constraint (7) is the RIS reflection con-
straint, and constraint (8) limits the PS ratios of each user.
Here we express constraint (6) in an equivalent form to tackle
its non-convexity. The inverse function of (3) is given by

Zy, -
(1 — Qk)E]]cVL + Zka

1
Pk(EéVL):yk—x—kln( 1),Vk € K.

9)
Based on (9), we can transform constraint (6) into the
convex form with respect to {py} as follows,

K
(1 =) > | @y + B )wi|* > Pi(Buin), Yk € K.
=1

(10)
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With the aim of facilitating the derivation, we reformulate
problem (P1) by introducing an auxiliary variable ~y as

P2 max 11
(P2) s (11)
s.t. SINRy > ~,Vk € K, (12)

(5), (1), (8), and (10).

III. THE PROPOSED AO ALGORITHM

Problem (P2) is arduous to directly solve, resulting from the
presence of the coupled variables {wy} , v, and {py }. To cope
with this issue, we present an efficient AO algorithm in this
section to deal with the max-min SINR problem by decom-
posing problem (P2) into three tractable subproblems. First,
the active beamforming vectors {wy} are optimized to design
the optimal transmit beam pattern. Subsequently, we optimize
the passive beamforming vector v with the acquisition of the
active beamforming vectors. Finally, we derive a closed-form
solution to optimize the PS ratios {py, } based on the achieved
active and passive beamforming vectors.

A. Optimal BS Active Beamforming Vector

We set the combined channel between the BS and user k
as ¢ = U v+ H, ;.. Motivated by the SDR technique, we
define Cy, = ckcf and W, = wkw,?, where W, satisfies Wy,
> 0 and rank(Wj) < 1. Thus, we can reformulate the SINR
at user k as

K
Dr Z Tr(CW;) + 0,%
SINR,, = =1 . (13)
Pk

=
ol
=
a
c
=
_|_
q
ol

i
Based on the fixed v and {p;}, we can formulate the BS
active beamforming optimization problem as

(P3) max v (14)
{wr}
st. SINR,, > v,Vk € K, (15)
K
> Te(Wy) < P, (16)
k=1

K
(1=pr) > Tr(CuWi) > Pi(Bmin), Yk € K, (17)
i=1

W, = 0,Vk € K, (18)
rank(Wy) < 1,Vk € K. (19)
To efficiently tackle the non-convex problem (P3), we fix ~

and obtain the feasibility problem (P4) as follows,
(P4) find {Wy} (20)
st. SINR,, > ~,Vk € K, @1

(16), (17), (18), and (19),

where v is updated by the bisection method. specifically, we
denote the optimal solution of v to problem (P4) as v*. For

a fixed ~, if problem (P4) is feasible, then we have v < v*;
otherwise we have v > v*. Accordingly, we can perform the

bisection search over v > 0 while checking the feasibility of
problem (P4) with any fixed v to equivalently tackle problem
(P3).

Note that problem (P4) is strictly concave in {Wy},Vk € K
by relaxing the rank constraint (19), and thus the standard con-
vex optimization methods [14] can be used to solve it. More-
over, the obtained solution is bound to satisfy rank(Wy) =
1,Vk € K, which can be mathematically proved [6]. There-
fore, the eigenvalue decomposition can be applied to obtain
the globally optimal BS active beamforming vectors.

B. Optimal RIS passive Beamforming Vectors

Similar to Section III-A, we optimize the RIS passive
beamforming vector v by the bisection method and SDR
technique while fixing {wy} and {py}. Define s;; = ¥, w,,
thi = hfw“Vk?i € K, and we can obtain

2 2
](leIlkJerk) wi| =v7Sy ;v+2Re {v7ag; Htri|", (22)
where S, ; = Sk,isﬁi, a; = sky,;tkH’i. Furthermore, we define

] Sk agy R
Fr;,= { agi 0 } and Vv = { 1 } Then we have

|V B wi|t = TR+ [ (23)

Accordingly, we can reformulate SINRy, as

)+ o2

K
i > (Tr (Fi i V) 4tk
=1

K )
pre > (Tr(FiiV) +twl*) + o
i=1,i#k
in which V = 9o,
Based on the above setups, the RIS passive beamforming
optimization problem can be expressed as

SINR/ = 24)

(P5) max v (25)

st. SINR} > ~,Vk € K, (26)
K

(1=pk) Y _(Tr (FiiV) +[til?) > Pr(Bmin), ¥k € K,

i=1

27

V=0, (28)

rank(V) < 1, (29)

Vi < 1,¥m e M, (30)

Vysi,m+1 =1 (31

Similar to Section III-A, we fix v and then relax the rank
constraint (29), thus obtaining the feasibility problem (P6) as

(P6) find V (32)
st. SINR! >~,Vk €K, (33)

(27), (28), (30), and (31),
which is concave in V. As such, the solution V* of problem
(P5) can be obtained by checking the feasibility of problem
(P6), together with a bisection search over v > 0. In particular,
if rank (V*) < 1, we can obtain the optimal reflecting vector
v* by eigenvalue decomposition, otherwise we can apply
Gaussian randomization procedure [15] to approximate v*.
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C. Optimal PS ratios

Based on the variables {w;} and v which have been opti-
mized above, we finally formulate the problem of optimizing
PS ratios as

(P7) max ~ 34)
{pr}
s.t. SINRy > ~,Vk e K, (35)

K
(=) Y| (VO +HL) Wil > Pu(Euin), VE € K,
=1

(36)

0<pr <1,VkeK. 37

We denote the derivative of SINR, with respect to py as
SINR (px), which can be proved to satisfy SINRy(px) > 0.

On the other hand, constraints (36) and (37) can be equiva-
lently expressed as

Pk (Emin)

Z ’ (VH‘I’k —I-Hgk) Ww;
=1

0<p,<1-— <LVkeK (38)

| 2

Accordingly, we can obtain the closed-form solution of
problem (P7) as

P (Emin) Yke K  (39)

pr=1-=%
H 2
Z:l | (v, +H ) wi

Under the previous derivations and analyses, the summa-
rized AO algorithm is shown in Algorithm 1. The computa-
tional complexity of the AO algorithm is O(I51 01 + 15202 +
O(K)), in which O; = O(log(1)(3K +1)(N;*°+3K N,*?))
and Oy = O(log(L)(2K +1)(M35 + 2K M??)), I,; and I,
are the iteration numbers of the bisection method for solving
problem (P4) and (P6), respectively [9]. It is worth noting that
the strict convergence of the overall AO algorithm can not
be guaranteed due to the Gaussian randomization procedure.
However, it has been mathematically and numerically proved
that a good approximation of the optimal solution can be
obtained by the SDR technique followed by Gaussian ran-
domization (see [16] and the references therein). Therefore,
the convergence can be improved by increasing the number of
Gaussian randomizations.

Algorithm 1 The Proposed AO Algorithm

1: INITIALIZE: v(©, {pk}(o). Denote the accuracy thresh-
old and iteration number as ¢>0 and i = 0.

2: REPEAT:

3 =441

. Based on given v("1 and {pk}(ifl), solve problem

(P3) by the SDR technique and bisection method to obtain
(wi} .

s:  Based on given {w;}(*) and {pk}(’;l), solve problem
(IES)) by the SDR technique and bisection method to obtain
v,

6:  Based on given {w;,}() and v(), calculate the closed-
form solution (39) to obtain {pk}(i).

7:  Calculate the objective function in (P2) denoted as A,

8: UNTIL convergence, i.. |y® — (=1 |2 <e.

Page 4 of 22

4

30

==& Without energy harvesting
=== Proposed AO algorithm
Without RIS
Fixed Py= 0.5
—F—w-zF

w-MRT

25

g
S20
Z
w
£
S
%15 27.8 |
S 27.7
27.6
y 27.5
10
44.8 44.9 45
1}
e 7 T | |
3K 3R 37 3R 39 4an a1 42 43 44 45

Fig. 2. Max-min SINR versus maximum transmit power at the BS.

IV. NUMERICAL SIMULATION

In this part of the paper, we offer numerical simulations
to validate the performance superiority of our proposed AO
algorithm. We consider a RIS-assisted MISO system with
SWIPT, in which the 3 users (K = 3), one BS, and one
RIS are positioned at (6m, 0), (5m, 1m), (5m, -1m), (0,0), and
(5m, 0), respectively. Additionally, we formulate the distance-
dependent path loss model as Dy, = Do(i)_oY [17], where
Dy = —30dB is the path loss at ¢, = 1m. Furthermore, for the
BS-user, BS-RIS and RIS-user links, the path-loss exponents «
are set to be 3.6, 2, and 2.5, respectively. Referring to [18], the
RIS-user and BS-RIS links follow Rician fading, whereas the
BS-user link follows Rayleigh fading. In addition, we set the
Rician factor to 10. Furthermore, we suppose that the BS and
RIS adopt a uniform linear array. These additional simulation
parameters are set as: Ny = 4, M = 10, O',% = —40dBm, P,, =
40dBm, Emin = 1MW, P]w = 0.1W, Zk =24 mW, T = 150,
yr = 0.014 [19].

To reflect the superiority of our model and algorithm,
we have taken into account the following four benchmark
schemes,

1) Scheme without RIS, marked as “Without RIS”

2) Scheme with fixed PS ratios, marked as “fixed py = 0.5”

3) Scheme applying Zero-Forcing (ZF) to optimize {wy,},
marked as “w-ZF” [20]

4) Scheme applying Maximum Ratio Transmission (MRT)
to optimize {wy}, marked as “w-MRT” [21].

First of all, we

we gradually increase the maximum transmit power P, to
study its effect on minimum SINR. As we can see in Fig.
2, the minimum SINR achieved by all the schemes increases
monotonically in the P,,. This is due to the fact that with a
higher power budget, more received power can be allocated
to ID once the minimum harvested energy demand for each
user is fulfilled, thus improving the data rate. Obviously, our
proposed AO algorithm can achieve a higher minimum SINR
as compared to both the “without RIS” and “fixed p; = 0.5”
schemes. The reason is that the energy and spectrum can be
utilized more effectively with the auxiliary of RIS and the
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Fig. 3. Max-min SINR versus the number of transmit antennas.

reasonable PS ratios setting, thus enhancing the minimum
SINR. In addition, our proposed algorithm can achieve a
higher minimum SINR compared to the benchmark schemes
applying the ZF and MRT approaches since higher transmit
beamforming gain can be obtained by our proposed algorithm.
In addition, we investigate the RIS-assisted system without
energy harvesting. We can observe from Fig.2 that as P,
increases, the loss of the max-min SINR caused by adding the
minimum harvested energy requirement gradually decreases.
This is because with relatively large transmit power, there
is still enough energy to increase SINR while meeting the
minimum harvested energy requirement.

Next, we study the min-SINR performance versus the
number of transmit antennas N;. As we can see in Fig. 3
that by increasing N;, the minimum SINR of all the schemes
increases as well. The reason is that as N; increases, higher
transmit beamforming gain and spatial diversity gain can
be obtained, thus yielding higher minimum SINR. Similarly,
our proposed scheme can significantly enhance the minimum
SINR compared with the four benchmark schemes, which
indicates the superiority of the proposed AO algorithm. It
should be noted that, as Ny becomes large, the min-SINR
performance achieved by the ZF scheme approaches that of
our proposed design. This is due to the fact that with a large
number of transmit antennas, the ZF transmit beamforming
can become asymptotically optimal, and thus obtaining the
transmit beamforming gain similar to that in our proposed
scheme.

Finally, we gradually increase the minimum harvested en-
ergy requirement F,,;, under different number of RIS reflect-
ing elements M to investigate the effect of both F,,;,, and M
on the min-SINR performance. As we can see from Fig. 4, the
minimum SINR decreases as E,,,;, increases. This is explained
by the fact that with a large value of E),,;,, more power needs
to be used for EH to guarantee the minimum harvested energy
threshold, resulting in a decrease in the achievable data rate.
Furthermore, comparing the five curves, we can conclude that
the minimum SINR increases monotonically with the increase
of M. The reason is that stronger passive beamforming gain

N
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\; 12%

Max-Min SINR
a I

o
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1 1.5 2 25 3 3.5
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Fig. 4. Max-min SINR versus minimum harvested energy requirement.
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Fig. 5. Energy outage probability versus the number of RIS reflecting
elements.

can be obtained with a larger M, thereby further enhancing the
desired signals and mitigating the co-channel interference. Par-
ticularly, when M = 4, the minimum SINR of the RIS-assisted
system is at least 12% larger than the system without RIS,
which unveils the benefit of deploying RIS for improving the
minimum SINR. In our final simulation, we define the energy
outage probability as IIp(7) = P{min SINR < 7},7 = 28.
Fig 5. illustrates the energy outage probability in relation to
the number of RIS reflecting elements M. As expected, the
energy outage probability decreases with the increase of M.
This indicates that the minimum energy constraint is more
easily satisfied, which once again proves that the increase of
M can improve the system performance.

V. CONCLUSION

This paper investigated the max-min SINR optimization
problem for a RIS-assisted SWIPT system with NL EH model,
while considering the minimum harvested energy threshold
and the BS maximum transmit power budget. The original
max-min SINR problem was extremely non-convex and com-
plex due to the coupling of the variables, i.e., the BS active
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beamforming vectors, the RIS passive beamforming vector,
and the PS ratios. To cope with the non-convex problem, we
proposed an efficient AO algorithm to decompose the max-min
SINR problem into three tractable subproblems. Specifically,
the SDR technique as well as the bisection method were
applied to tackle the beamforming optimization subproblems,
and a closed-form solution was derived to solve the PS
ratios optimization subproblem. Finally, numerical simulations
unveiled the superiority of the proposed AO algorithm and
demonstrated the auxiliary role of RIS is of great significance
as compared to four benchmark schemes. In addition, this
paper can be extended to a more realistic case by considering
the imperfect CSI, which will be considered in our future
work.
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