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ABSTRACT The use of simultaneous wireless information and power transfer (SWIPT) is a key enabler
of achieving convenience and prolonging the energy supply lifetime of wireless networks. To address
the low efficiencies of far-field power transfer, a reconfigurable intelligent surface (RIS) is adopted to
enhance the energy harvesting (EH) performance, which can construct a favorable wireless propagation
environment. In this paper, we consider an RIS-assisted SWIPT system with wireless transfer from the
access point (AP) to multiple-antenna receivers, which include information receivers (IRs) and energy
receivers (ERs). First, we formulate the problem of maximizing the minimum rates of the IRs as a nonconvex
constrained optimization problem. For ideal and nonideal channels, we propose two different solutions.
Second, we simplify the objective function and decompose the problem into several subproblems by using
sorting and iterative optimization algorithms. Moreover, under optimal boundary and Karush-Kuhn-Tucker
(KKT) conditions, we successfully solve this problem. The simulation results illustrate a promising approach
for wireless communication by comparing ideal RIS and unsatisfactory situations with no RIS cases under
various conditions.

INDEX TERMS Reconfigurable intelligent surface (RIS), simultaneous wireless information and power
transfer (SWIPT), beamforming, alternating optimization.

I. INTRODUCTION
Simultaneous wireless information and power transfer
(SWIPT) is a promising approach for providing convenience
and prolonging the energy supply lifetime of wireless net-
works. SWIPT has a significant advantage, as it effectively
utilizes radio frequency (RF) signal information and energy.

SWIPT can be applied to different systems, such as ad
hoc networks, where each transmitter (TX) is wirelessly pow-
ered by power beacons (PBs) and uses the aggregate power
received from PBs to transmit to its desired receiver [1].
SWIPT can also be applied to cooperative clustered wire-
less sensor networks, where energy-constrained relay nodes
harvest the ambient RF signal and use the harvested energy
to forward the packets from sources to destinations [2].
In orthogonal frequency division multiplexing (OFDM) sys-
tems, a joint subcarrier and power allocation-based SWIPT
scheme has been proposed [3]. Moreover, SWIPT is also
employed in two-way relay (TWR) channels [4]. An underly-
ing cognitive radio (CR) network can also be considered [5].

In communication networks, the distance from the base
station (BS) to a device is critical in terms of both informa-
tion and power transfer. The prospect of integrating wireless
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power transfer (WPT) with communication networks creates
a need for technology to simultaneously transfer both data
and power to end devices. To meet this requirement, the con-
cept of SWIPT was introduced in [6] from a theoretical point
of view. A comprehensive summary of SWIPT and related
ideas, such as WPT, RF-energy harvesting (EH), and inter-
ference exploitation, with comparative tables and illustrative
figures has been provided [7]. Interference exploitation is
introduced with a fundamental analysis of the interference in
two user links to provide foundational knowledge of SWIPT
and some suggestions on productive areas for further research
related to the SWIPT concept. [8] give a method to achieve
robust beamforming design under imperfect channel state
information, in which the minimum total transmission power
is restricted by the attainable secrecy rate and EH.

A brief survey of state-of-the-art models and several prac-
tical transceiver architectures is provided in [9]. Moreover,
themost crucial link-level and system-level design aspects are
elaborated, with a variety of potential solutions and research
ideas. We envision that the dual interpretation of RF signals
will create new opportunities and challenges requiring sub-
stantial research, innovation, and engineering efforts.

The low efficiency of far-field WPT restricts the fun-
damental rate-energy (R-E) performance trade-off of the
SWIPT system. To address this challenge, reconfigurable
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intelligent surface (RIS) technology is adopted to enhance the
EH performance of SWIPT-aided systems [10].

An RIS is an appealing green, inexpensive solution for
fifth-generation (5G) wireless networks and beyond. An RIS
is composed of a significant quantity of low-cost, passive,
reflecting elements to provide the desired spectrum and
energy efficiency.

Moreover, since an RIS is a complementary device in
wireless networks, deploying it in existing wireless systems
does not require changing their standardization or hardware;
the necessary modification of the communication protocols
suffices. As a result, the integration of RISs into wireless
networks can be transparent to users, thus providing high
flexibility and superior compatibility with existing wireless
systems [11]. Reflection beamforming by an RIS helps
enhance the signal-to-interference-plus-noise ratio (SINR) of
the users near the RIS, which enables a more flexible access
point (AP) for transmit beamforming to users outside the
RIS coverage. Therefore, the total network performance is
improved [12]. Furthermore, the asymptotic squared SNR
gain in RIS-aided systems is larger than the linear beam-
forming gain in both massive multiple-input multiple-output
(MIMO) and MIMO relay systems [12], [13].

RISs can be applied in many fields, such as secure
communication. Information receivers (IRs) are used to
receive best-effort secrecy data, and energy receivers (ERs)
harvest energy based on the minimum required harvested
power [14]–[16]. Moreover, RISs provide a programmable
wireless environment for physical layer security [17]–[21]
and multiple cell networks [22], [23]. Integrating an RIS
with numerous access networks is a cost-effective solution
for boosting the spectrum/energy efficiency and enlarging the
network coverage/connections. Themethod includes capacity
and data rate analyses, power and spectral optimization, chan-
nel estimation, deep learning-based design, and reliability
analysis, making it achievable [24].

An RIS-aided SWIPT system was first studied in [25].
Although there are many works on RIS-aided SWIPT sys-
tems, to the best of our knowledge, few studies have focused
on beamforming optimization of an RIS-aided cell-free
MIMO network with SWIPT. In this paper, we investigate
beamforming optimization for RIS-aided cell-free MIMO
networks. The aim is to havewireless power APs transmit two
types of signals to several RISs and ERs with the reflection
of RISs. Unfortunately, directly deriving a globally optimal
closed-form solution to the formulated nonconvex max-min
problem is impossible because of the intricately coupled opti-
mization variables in the objective function and constraints.
An alternating optimization algorithm is proposed in our
work to overcome the difficulties of the nonconvex natures
of the objective function and constraint functions.

This paper incorporates an RIS into SWIPT in wireless
sensor networks as a nonconvex constrained optimization
problem. The problem of maximizing the minimum rate of
the IRs is exploited in two different environmental conditions:
the ideal condition and worst-case condition. We decompose

FIGURE 1. RIS-assisted SWIPT system.

the problem into several subproblems by using sorting and
iterative optimization algorithms, transform it into a con-
vex optimization problem using the optimal boundary and
S-procedure, and then solve it using the Karush-Kuhn-Tucker
(KKT)method. Our simulation results show that the proposed
algorithm can convergewithin a few iterations. The numerical
analysis provides practical insights into the effect of various
system parameters, such as the ER energy bound, total trans-
mit power, and Frobenius norm-bounded uncertainty region
size.

II. SYSTEM MODEL
As shown in Figure 1, we consider an RIS-assisted MIMO
wireless network, where an RIS with NR ∈ N+ reflecting
elements is deployed to assist in SWIPT from an AP with
NS ∈ N+ antennas to two sets of multiple-antenna receivers,
i.e., NI ∈ N+ antenna IRs and NR ∈ N+ antenna ERs,
denoted by the sets KI = {1, · · · ,KI },KI ∈ N+ and KE =

{1, · · · ,KE },KE ∈ N+, respectively.
Without loss of generality, we also consider the dedi-

cated information beamforming and energy-carrying signals
of each IR and ER. Therefore, the signal transmitted by the
BS is defined as

x =
KI∑
iI=1

viI siI +
KE∑
iE=1

wiE siE

=

KI∑
iI=1

viI siI +
KE∑
iE=1

xiE , (1)

where siI and siE ∈ CNS×1 denote the information symbol for
IR iI and the energy-carrying signal vector for ER iE , respec-
tively, both of which are assumed to be i.i.d. complex Gaus-
sian distributed, i.e., siI ∼ CN (0, 1) and xiE ∼ CN (0,QiE ),
where QiE is the energy covariance matrix. The vectors viI
and wiE are the corresponding beamforming vectors for siI
and siE .
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Furthermore, assume that the AP has a total budget of Pcon.
The transmit power constraint at the BS is expressed as

S = E
(
xHx

)
=

∑
iI∈KI

‖viI ‖
2
+

∑
iE∈KE

tr(QiE ) ≤ Pcon,

where viI ∈ CNS×1 represents the dedicated beamforming
vector for IR iI . QiE ∈ CNR×1 represents the dedicated
beamforming vector for IR iE .

We assume that the proposed robust transceiver designs
in our work are performed at the BS due to its high com-
putational capability. Moreover, the quasistatic flat-fading
model is adopted for all channels, with channel reciprocity
established for uplink-training-aided downlink channel esti-
mation. In practice, accurate channel state information (CSI)
is generally available at the receiver using a high-signal-
to-noise-ratio (SNR) training transmission. Simultaneously,
the transmitter obtaining perfect CSI is more difficult due to
the possible feedback delay and quantization error.

We consider the more realistic case in which the BS has
ideal knowledge of the channels from the BS to the RIS
and all mobile units (MUs) by utilizing channel reciprocity.
In contrast, the channels from the RIS to the MUs are subject
to certain errors when feeding back to the BS. Specifically, let
us denote the baseband channels from the BS to ER iE (IR iR),
from the BS to the RIS and from the RIS to ER iE (IR iR)
by Hd,iE (hHd,iR ), G and Hr,iE (hHr,iI ), respectively. We model
imperfect channels Hr,iE and hr,iI as

Hr,iE = Ĥr,iE +1Hr,iE ,

hr,iI = ĥr,iI +1hr,iI ,

iI ∈ KI , iE ∈ KE . (2)

According to (2), actual channels Hr,iE and hr,iI clearly
lie in the neighborhoods (also referred to as error regions) of
nominal channels Ĥr,iE and ĥr,iI , respectively.
In this paper, wemainly consider two different types of CSI

errors: 1Hr,iE and 1hr,iI . Specifically, for deterministically
imperfect CSI, Frobenius norm-bounded error regions 4r,iE
and 4r,iI are defined as

4r,iE = {1Hr,iE : ‖1Hr,iE ‖
2
F ≤ εiE },

4r,iI = {1hr,iI : ‖1hr,iI ‖
2
F ≤ εiI }, (3)

where εiE and εiI denote the radii of error regions 4r,iE and
4r,iE , respectively.

For statistically imperfect CSI, we consider

vec(1Hr,iE ) ∼ CN (0,Cr,iE ),

vec(1hr,iI ) ∼ CN (0,Cr,iI ), (4)

where complex Gaussian distributed errors 1Hr,iE and
1hr,iI have covariance matrices Cr,iI and Cr,iE , respectively.

Let the diagonal matrix 8d = diag[β1ejθ1 , · · · , βNRe
jθNR ]

consist of the reflection coefficients of the RIS, where βn and
θn, n = 1, · · · ,NR denote the reflection amplitude and phase
shift, respectively, induced by the nth RIS reflecting element.
Note that continuous phase shifts induced by the RIS are

considered in our work to characterize the performance limit
of the RIS. In practice, for ease of circuit implementation,
an RIS with discrete phase shifts ranging from 0 to 2π is usu-
ally adopted. Since it is costly to simultaneously adjust the
reflection amplitude and phase shift of the nth RIS element,
we also assume βn = 1 to maximize the signal reflection.
We set γn = 1, n ∈ N to maximize the signal reflection of
the RIS. Thus, the signal received at IR iI ∈ KI is given by

yiI = hHiI x+ niI
=

∑
jI∈K

hHiI vjI sjI +
∑
iE∈KE

hHiI wjE siE + niI , (5)

where H iE = Hd,iE + Hr,iE8G and hHiI = hHd,iI + hHr,iI8G.
Moreover, ni ∼ CN (0, IND ) and ni ∼ CN (0, IND ) represent
the additivewhite Gaussian noise (AWGN) at EREi and IR iI ,
respectively.

Under the assumption that IRs are not capable of canceling
the interference caused by energy signals, the SINR of IR iI
is given by

SINRiI =
|hHiI viI |

2∑
jI 6=iI
|hHiI vjI |

2 +
∑

iE∈KE

hHiI QiEhiI + σ
2
iI

. (6)

Furthermore, due to the broadcasting nature of wireless
channels, ER iE can harvest energy from all information
and energy-carrying signals transmitted by the BS. Hence,
the harvested power at ER iE when neglecting the sufficiently
small noise power is presented as

EiE = ηiE
( ∑
iI∈KI

tr(H iEV iIH
H
iE )+

∑
iE∈KE

tr(H iEQiEH
H
iE )
)
,

(7)

where V iI = viI v
H
iI and ηiE denotes the EH efficiency at

ER iE .
With both the transmit power constraint and the EH restric-

tion, the beamforming optimization problem is expressed as
follows:

max
v,Q,8

min
iI∈KI

log2
(
1+ SINRiI

)
s.t. CR1:

∑
iI∈KI

‖viI ‖
2
+

∑
iE∈KE

tr(QiE ) ≤ Pε

CR2: EiE = ηiE

( ∑
iI∈KI

tr(H iEV iIH
H
iE )

+

∑
iE∈KE

tr(H iEQiEH
H
iE )
)
≥ Econ

CR3 : |θn| = 1, n ∈ {1, 2, . . . ,NR . (8)

which is equivalent to (9), as shown at the bottom of the next
page.

III. PROPOSED SOLUTIONS
In this section, we consider ideal and worst-case channel
conditions separately solved with an alternating optimization
algorithm.
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A. EQUIVALENT TRANSFORMATION OF THE PROBLEM
According to the sorting algorithm, we sort the channel gains
as 0 < |h̄1|2 ≤ |h̄2|2 ≤ . . . ≤ |h̄KI |

2. The correspond-
ing serial numbers are {n̄1, n̄2, . . . , n̄KI }. To further facilitate
addressing problem (9), we propose the following theorem to
simplify its objective function.

Theorem 1 is shown at the bottom of the next page.
Proof: According to (9), we define the function

f (x) = log2

(
1+

Ax

Bx + σ 2
iI

)
, (11)

whereA = V iI andB =
∑
jI∈KI

V jI+
∑

iE∈KE

QiE−V iI . The first-

order derivative of f (x) with respect to x is a monotonically
increasing function, and df (x)

dx > 0. Therefore, the proof is
completed.

Through theorem 1, we can translate (9) into

max
v,Q,8

h̄
H
1 V n̄1 h̄1∑

jI∈KI

|hHiI vjI |
2 +

∑
iE∈KE

hHiI QiEhiI − h̄
H
1 V n̄1 h̄1 + σ

2
iI

s.t. CR1:
∑
iI∈KI

‖viI ‖
2
+

∑
iE∈KE

tr(QiE ) ≤ Pε

CR2: EiE = ηiE

( ∑
iI∈KI

tr(H iEV iIH
H
iE )

+

∑
iE∈KE

tr(H iEQiEH
H
iE )
)
≥ Econ

CR3 : |θn| = 1, n ∈ {1, 2, . . . ,NR}. (12)

We use an alternating optimization method in which the
AP and RIS independently adjust the transmit beamforming
vectors and phase shifts in an alternating manner until con-
vergence is reached. The complexity of this step is O(KI )2.

B. OPTIMIZATION OF V AND Q
When we assume that 8 is perceived, (9) can be translated
into

max
v,Q

h̄
H
1 V n̄1 h̄1∑

jI∈KI

|hHiI vjI |
2 +

∑
iE∈KE

hHiI QiEhiI − h̄
H
1 V n̄1 h̄1 + σ

2
iI

s.t. CR1:
∑
iI∈KI

‖viI ‖
2
+

∑
iE∈KE

tr(QiE ) ≤ Pε

CR2: EiE = ηiE

( ∑
iI∈KI

tr(H iEV iIH
H
iE )

+

∑
iE∈KE

tr(H iEQiEH
H
iE )
)
≥ Econ. (13)

By introducing the auxiliary variable µ, equation (13) can
be written as

max
v,Q

µ∑
jI∈KI

|hHiI vjI |
2 +

∑
iE∈KE

hHiI QiEhiI − µ+ σ
2
iI

s.t. CR1:
∑
iI∈KI

‖viI ‖
2
+

∑
iE∈KE

tr(QiE ) ≤ Pε

CR2: EiE = µiE

( ∑
iI∈KI

tr(H iEV iIH
H
iE )

+

∑
iE∈KE

tr(H iEQiEH
H
iE )
)
≥ Econ

CR3: µ ≤ h̄
H
1 V n̄1 h̄1. (14)

1) PERFECT CONDITION
When the channel of IRs and ERs is ideal, we can readily
achieve σ 2

= 0,V (i, j) = 0,Q (i, j) = 0 while i 6= j. (14) is
transformed into

min
V ,Q

(∑
jI∈KI

hHiI V jI hiI +
∑
iE∈KE

hHiI QiEhiI

)
/µ (15a)

s.t. CR1:
∑
iI∈KI

tr(V iI )+
∑
iE∈KE

tr(QiE ) ≤ Pε (15b)

CR2: EiE = ηiE

( ∑
iI∈KI

tr(H iEV iIH
H
iE )

+

∑
iE∈KE

tr(H iEQiEH
H
iE )
)
≥ Econ (15c)

CR3: µ ≤ h̄
H
1 V n̄1 h̄1. (15d)

When we consider the functions of V and Q, they can be
interpreted as convex functions that can be resolved by the
CVX or KKT condition method. Through the KKT condi-
tions, we obtain the closed-form solution of (15a).
Next, we focus our attention on optimization of (15d) and

use the water injection theorem. When every hHiI V iI hiI and
hHiI QiI hiI is equal, we achieve the maximum of (8).

Proof 1: Please refer to Appendix A.

max
v,Q

min
iI∈KI

log2

1+
hHiI V iI hiI∑

jI∈KI

|hHiI vjI |
2 +

∑
iE∈KE

hHiI QiEhiI − h
H
iI V iI hiI + σ

2
iI


s.t. CR1:

∑
iI∈KI

‖viI ‖
2
+

∑
iE∈KE

tr(QiE ) ≤ Pε

CR2: EiE = ηiE

( ∑
iI∈KI

tr(H iEV iIH
H
iE )+

∑
iE∈KE

tr(H iEQiEH
H
iE )
)
≥ Econ (9)

VOLUME 9, 2021 112555



Z. Yang, Y. Zhang: Optimal SWIPT in RIS-Aided MIMO Networks

We conclude that this alternating optimization algorithm
converges with complexity NSKI .

2) IMPERFECT SITUATION
When considering an unsatisfactory situation, we utilize the
same system setup as that in the perfect case. We additionally
define the imperfect IR and ER channels as

h = ĥ+1h,

h̄1 = ĥ1 +1h̄1, (16)

where ĥk is the nominal channel, and 1h is the determinis-
tically bounded CSI error, i.e., ‖1H iE ‖

2
F ≤ εiE , ‖1hiI ‖

2
F ≤

εiI , where ε denotes the Frobenius norm-bounded uncertainty
region size.

The corresponding problem is then formulated as

max
v,Q

log2

1+
|h̄
H
1 vn̄1 |

2∑
jI 6=n̄1
|hHiI vjI |

2 +
∑

iE∈KE

hHiI QiEhiI + σ
2
iI


s.t. CR1: H iE = Ĥ iE +1H iE , hiI = ĥiI +1hiI

CR2:
∑
iI∈KI

‖viI ‖
2
+

∑
iE∈KE

tr(QiE ) ≤ Pε

CR3: EiE = ηiE

( ∑
iI∈KI

tr(H iEV iIH
H
iE )

+

∑
iE∈KE

tr(H iEQiEH
H
iE )
)
≥ Econ

CR4: ‖1H iE ‖
2
F ≤ εiE , ‖1hiI ‖

2
F ≤ εiI . (17)

We substitute CR1 into the objective function and CR2 to
obtain formula (18), as shown at the bottom of the next page.

Similar to the perfect case, by inputting the auxiliary vari-
able µ, we convert problem (13) into (19), as shown at the
bottom of the next page, on the following page.

To solve problem (19), we introduce the following lemma.
Lemma 1 (S-Procedure): Assume f (x) = xHAx + xHb +

bHx + c, where x ∈ CN , A ∈ HN×N , b ∈ CN , and c is a
constant. Subsequently, the following equivalence holds:

f (x) ≤ 0, ∀x ∈ {x | tr(xxH ) ≤ εe}

⇔ u
[

IN 0N×1
0TN×1 −εe

]
−

[
A b
bH c

]
� 0,

with some u ≥ 0. (20)

Applying Lemma 1, we can reformulate (19d) as[
u1IN + V n̄1 V n̄1 ĥ1

ĥH1 V n̄1 −µ− εiI − ĥH1 V n̄1 ĥ1

]
� 0,

u1 ≥ 0. (21)

(21) can be regarded as a convex linear matrix inequality
(LMI).

min
V ,Q

( ∑
jI∈KI

(̂hiE +1hiE )
HV jI (̂hiE +1hiE )

+

∑
iE∈KE

(̂hiE +1hiE )
HQiE (̂hiE +1hiE )+ σ

2
iI

)
/µ

(22a)

s.t. CR1:
∑
iI∈KI

‖viI ‖
2
+

∑
iE∈KE

tr(QiE ) ≤ Pε (22b)

CR2: ηiE

( ∑
iI∈KI

tr((Ĥ iE+1H iE )V iI (Ĥ iE +1H iE )
H )

+

∑
iE∈KE

tr((Ĥ iE+1H iE )QiE (Ĥ iE+1H iE )
H )
)
≥ Econ

(22c)

CR3:

[
u1IN + V n̄1 V n̄1 ĥ1
ĥH1 V n̄1 −µ− εiI − ĥH1 V n̄1 ĥ1

]
� 0,

u1 ≥ 0. (22d)

Given any feasible µ, problem (22) is jointly concave and
can thus be globally solved by golden section search (GSS).
Additionally, we prove that problem (22) is quasiconcave.
The error HE ,hI in the equivalent problem (22) is actually
independent of η. Based on the above discussion, the pro-
posed semidefinite programming (SDP)-based linear search
for solving problem (15) can obviously be directly extended
to problem (22).
As a result, we can reformulate (22) as

min
V ,Q

( ∑
jI∈KI

(̂hiE +1hiE )
HV jI (̂hiE +1hiE )

+

∑
iE∈KE

(̂hiE +1hiE )
HQiE (̂hiE +1hiE )+ σ

2
iI

)
/µ

(23a)

Theorem 1: For all IRs,

min
iI∈KI

log2

1+
hHiI V iI hiI∑

jI∈KI

|hHiI vjI |
2 +

∑
iE∈KE

hHiI QiEhiI − h
H
iI V iI hiI + σ

2
iI



= log2

1+
h̄
H
1 V n̄1 h̄1∑

jI∈KI

|hHiI vjI |
2 +

∑
iE∈KE

hHiI QiEhiI − h̄
H
1 V n̄1 h̄1 + σ

2
iI

 (10)
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s.t. CR1:
∑
iI∈KI

‖viI ‖
2
+

∑
iE∈KE

tr(QiE ) ≤ Pε (23b)

CR2: ηiE

( ∑
iI∈KI

tr((Ĥ iE +1H iE )V iI (Ĥ iE+1H iE )
H )

+

∑
iE∈KE

tr((Ĥ iE +1H iE )QiE (Ĥ iE+1H iE )
H )
)
≥ Econ

(23c)

CR3: IE1 + RH
E V n̄1RE � 0, (23d)

where IE1 =
[
u1IN 0
0 −µ− εiI

]
, RE =

[
I
ĥ1

]
, u1 ≥ 0.

With the use of KKT conditions, we obtain the closed-form
solution of (23a).

When every (̂hiE +1hiE )
H (V +Q)(̂hiE +1hiE ) and every

RH
E V n̄1RE are equal, we achieve the maximum of (17).
Proof 2: Please refer to Appendix B.
NSKI illustrates the complexity of this step.

C. PHASE SHIFT OPTIMIZATION
When we assume that V and Q are known, we express

h̃ = [h1,h2, . . . ,hKI ], V c =


V1 0 . . . 0
0 V2 . . . 0
. . .

0 0 . . . V jI

,

Qc =


Q1 0 . . . 0
0 Q2 . . . 0
. . .

0 0 . . . QiE

, and Ṽ n̄1 =


0 0 . . . 0
0 . . . . . . 0
. . . V n̄1

0 0 . . . 0

 as

partitioned matrices.
We can reformulate (23) as

min
8

h̃
H (

(Vc + Qc)/Ṽ n̄1
)
h̃ (24a)

CR1: 0 ≤ θn ≤ 2π, ∀n = 1, . . . ,N . (24b)

CR2: IE1 + RH
E Ṽ n̄1RE � 0. (24c)

To maximize (24a), let

arg(hHr,iI8G
(
(Vc + Qc)/Ṽ n̄1

)
hr,iI8G)

= −arg(hHd,iI
(
(Vc + Qc)/Ṽ n̄1

)
hd,iI ) = ϕ0, (25)

with arg(·) denoting the component-wise phase of a complex
vector. Subsequently, (24a) equals

hHr,iI8G
(
(Vc + Qc)/Ṽ n̄1

)
hr,iI8G. (26)

We assume

hHr,iI8G
(
(Vc + Qc)/Ṽ n̄1

)
hr,iI8G = aHd, (27)

where
a = [1ejθ1 , · · · , ejθNR ]H and
d = diag(hHr,iI hr,iI )G

(
(Vc + Qc)/Ṽ n̄1

)
G.

Problem (24) is reduced to

min
a

aHd (28a)

max
v,Q

log2(1+
|(ĥ1 +1h̄1)Hvn̄1 |

2∑
jI 6=n̄1
|(̂hiI +1hiI )HvjI |2

∑
iE∈KE

(̂hiI +1hiI )HQiE (̂hiI +1hiI )+ σ
2
iI

)

s.t. CR1:
∑
iI∈KI

‖viI ‖
2
+

∑
iE∈KE

tr(QiE ) ≤ Pε

CR2: EiE = ηiE

( ∑
iI∈KI

tr((Ĥ iE +1H iE )V iI (Ĥ iE +1H iE )
H )

+

∑
iE∈KE

tr((Ĥ iE +1H iE )QiE (Ĥ iE +1H iE )
H )
)
≥ Econ

CR3: ‖1H iE ‖
2
F ≤ εiE , ‖1hiI ‖

2
F ≤ εiI . (18)

max
V ,Q

µ∑
jI∈KI

(̂hiE +1hiE )HV jI (̂hiE +1hiE )+
∑

iE∈KE

(̂hiE +1hiE )HQiE (̂hiE +1hiE )− µ+ σ
2
iI

(19a)

s.t. CR1:
∑
iI∈KI

‖viI ‖
2
+

∑
iE∈KE

tr(QiE ) ≤ Pε (19b)

CR2: ηiE

( ∑
iI∈KI

tr((Ĥ iE +1H iE )V iI (Ĥ iE +1H iE )
H )

+

∑
iE∈KE

tr((Ĥ iE +1H iE )QiE (Ĥ iE +1H iE )
H )
)
≥ Econ (19c)

CR3: µ ≤ min (ĥ1 +1h̄1)HV n̄1 (ĥ1 +1h̄1) (19d)
CR4: ‖1H iE ‖

2
F ≤ εiE , ‖1hiI ‖

2
F ≤ εiI . (19e)
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FIGURE 2. Simulation setup.

CR1: |an| = 1, ∀n = 1, . . . ,N . (28b)

CR2: arg(aHd) = ϕ0. (28c)

It can be verified that the optimal solution is given by

a∗ = ej(ϕ0−arg(d))

= ej(ϕ0−arg(diag(h
H
r,iI

hr,iI )G
(
(Vc+Qc)/Ṽ n̄1

)
G)
. (29)

Thus, the corresponding nth phase shift at the RIS is given
by

θ∗n = ϕ0 − arg(h
H
r,iI hr,iI g

H
n
(
(Vc + Qc)/Ṽ n̄1

)
gn)

= ϕ0 − arg((hHr,iI hr,iI )− arg(g
H
n
(
(Vc + Qc)/Ṽ n̄1

)
gn),

(30)

where gHn is the nth row vector of G.

IV. SIMULATION RESULTS AND DISCUSSION
In this section, we consider a uniform linear array (ULA) at
the AP and a uniform rectangular array (URA) at the RIS
with N = Nx ∗ Ny, where Nx and Ny denote the number
of reflecting elements in the horizontal direction and vertical
direction, respectively. The ULA is positioned in parallel to
the URA at the same altitude. The location of the AP and the
location of the RIS are (0, 20) m and (40, 30) m, respectively.
In addition, the users are assumed to be located at (10, 0) m,
(20, 0) m and (30, 0) m. This situation is shown in Fig. 2.
The AP-user1 distance and RIS-user1 link distance are given

by d1 =
√
d22 + d

2
3 and d4 =

√
d25 + d

2
6 , respectively. The

distances between theAP and the RIS and betweenUser 2 and
User 3 can be easily obtained.

We can quickly obtain the distances between the APs and
RISs and between users. In the considered large-scale fading
model, the BS-RIS-user link suffers the double-fading effect,
which gives us access to an ideal system model. According
to these settings, we assume that the CSI is available. The
signal attenuation at a reference distance of 1m is set to 30 dB
for all channels. The antenna gain of both the AP and users
is assumed to be 40 dBi [26]. According to these settings,
we assume that all wireless channel coefficients follow the

FIGURE 3. Maximum IR minimum rate over PεI when σ2
n = −140 dBm.

FIGURE 4. Maximum IR minimum rate over PεI when σ2
n = −130 dBm.

i.i.d. Rayleigh distribution with zero mean. The RIS EH
efficiency is ξ = 1. The maximum number of iterations of
the proposed algorithm is set to 50. The transmit power at the
APs is set to PεI ∈ [10, 30] dBm.

First, a plot of the maximum IRminimum rate over the fea-
sible range of the ER energy bound PεI is shown in Fig. 3 for
σ 2
n = −140dBm. We compared the behaviors in ideal RIS

and imperfect RIS cases with beamforming. When the trans-
mit power at the BS increases, the rate rapidly rises in all
cases, which indicates the intuitive conclusion that increasing
the transmit power is a straightforward way to improve the
rate of an IR in the target network. Moreover, the behavior
in the imperfect case improves more quickly than that under
ideal circumstances, although there is still a gap between
perfect and unsatisfactory conditions.

In Fig. 4, we assume σ 2
n = −130dBm and compare the

behaviors in RIS-aided, no RIS, and strong eigenmode of
HH cases. In strong eigenmode of HH regime, the opti-
mal transmission strategy is beamforming over the strongest
eigenmode of the effective MIMO channel, by allocating
all transmit power to the strongest eigenchannel. When the
transmit power at the BS increases, the rate also increases
in all states, similar to Fig. 3. Moreover, the behavior in the
strong eigenmode of HH case updates more quickly than
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FIGURE 5. Maximum IR minimum rate over Pcon when σ2
n = −110 dBm.

FIGURE 6. Maximum IR minimum rate over noise.

FIGURE 7. Maximum IR minimum rate change over ξf .

that under ideal circumstances. However, there is still a gap
between the perfect RIS and strong eigenmode of HH cases,
while the behavior under the no-RIS conditions is the worst.

A plot of the change in the maximum IR minimum rate
over the feasible range of the total transmit power Pcon is
shown in Fig. 5 when σ 2

n = −110dBm. We compare the
behaviors in the ideal RIS case and random RIS case, and
it is easy to conclude that the ideal RIS case achieves a
better performance. The stronger the power constraints are,

the lower the rate that can be achieved. This finding indicates
that we must strike a balance between restricting the lowest
consumption and the maximum IR minimum rate.

In Fig. 6, we show the behaviors in the RIS-aided cases
over noise. When the noise is more considerable, the sys-
tem has poorer performance. Fig. 7 shows the maximum
IR minimum rate over the feasible range of the Frobenius
norm-bounded uncertainty region size ξf . With the growth of
the Frobenius norm, the rate performance worsens.

V. CONCLUSION
This paper investigates an RIS-assisted SWIPT system in
wireless sensor networks from two different perspectives of
channel conditions: perfect and imperfect channels. The cor-
responding maximum IR minimum rate is investigated as a
nonconvex constrained optimization problem. Under optimal
boundary and KKT conditions, the problem can be globally
solved by the proposed SDP-based linear search method.
In addition, the closed-form optimal solution is derived for
an interference-free scenario with perfect CSI.

Finally, our simulation results show that the proposed algo-
rithm can converge within a few iterations, and the numerical
analysis provides practical insights into the effects of various
system parameters, such as the ER energy bound, total trans-
mit power, and Frobenius norm-bounded uncertainty region
size.

APPENDIX A

ψ∗h̄
H
1 h̄1 +

1
µ
hhH + λ∗HHH

+ β∗IN − Z∗V = 0 (31a)

1
µ
hhH + λ∗HHH

+ β∗IN − Z∗Q = 0 (31b)

Z∗VV
∗
= 0, Z∗QQ

∗
= 0 (31c)

ZV ≥ 0, ZQ ≥ 0 (31d)

λ∗
(
ηiE
( ∑
iI∈KI

tr(H iEV iIH
H
iE )

+

∑
iE∈KE

tr(H iEQiEH
H
iE )
)
− Econ

)
= 0 (31e)

β∗

∑
iI∈KI

‖viI ‖
2
+

∑
iE∈KE

tr(QiE )− Pε

 = 0 (31f)

ψ∗
(
µ− h̄

H
1 V n̄1 h̄1

)
= 0. (31g)

Here, {λ, β,ψ} are the nonnegative Lagrangian multipliers
for constraints {CR1,CR2,CR3}.
By substituting (31c) into (31a) and (31b), we obtain

ψ∗ = 0, hhH

h̄H1 V n̄1 h̄1
+ λ∗HHH

+ β∗IN = 0.

If β∗=0, then
∑
iI∈KI

tr(H iEV iIH
H
iE )+

∑
iE∈KE

tr(H iEQiEH
H
iE ) =

Econ/ηiE .
Otherwise, β∗ > 0, and

∑
iI∈KI

‖viI ‖
2
+

∑
iE∈KE

tr(QiE ) = Pε.
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APPENDIX B
1
µ
(̂hiE +1hiE )(̂hiE +1hiE )

H
+
(
λ∗ + ψ∗

)
RERH

E

+β∗IN − Z∗V = 0 (32a)
1
µ
(̂hiE +1hiE )(̂hiE +1hiE )

H
+ λ∗RERH

E

+β∗IN − Z∗Q = 0 (32b)

Z∗VV
∗
= 0, Z∗QQ

∗
= 0 (32c)

ZV ≥ 0, ZQ ≥ 0 (32d)

β∗

∑
iI∈KI

‖viI ‖
2
+

∑
iE∈KE

tr(QiE )− Pε

 = 0 (32e)

λ∗
(
ηiE

∑
iI∈KI ,iE∈KE

(Ĥ iE

+1H iE )
H tr(V iI + QiE )(Ĥ iE +1H iE

)
− Econ) = 0 (32f)

ψ∗
(
IE1 + RH

E V n̄1RE

)
= 0. (32g)

Here, {λ, β,ψ} are the nonnegative Lagrangian multipliers
for constraints {CR1,CR2,CR3}.

By substituting (32c) into (32a) and (32b), we obtain
ψ∗ = 0.

If λ∗ = 0, β∗ = − 1
µ
(Ĥ iE + 1H iE )(Ĥ iE + 1H iE )

H , and
RH
E (V iJ + QiE )RE = IE1 , then ψ

∗
= 0. This means that the

constraint is not tight in the optimum conditions.
Otherwise, λ∗ > 0, and (Ĥ iE + 1H iE )

H (tr(V ) +
tr(Q))(Ĥ iE + 1H iE ) = Econ/ηiE . Then, we obtain the
closed-form solution of (23a).
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