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Abstract—TIn this letter, we study the resource allocation for a
multiuser intelligent reflecting surface (IRS)-aided simultaneous
wireless information and power transfer (SWIPT) system. Specif-
ically, a multi-antenna base station (BS) transmits energy and
information signals simultaneously to multiple energy harvesting
receivers (EHRs) and information decoding receivers (IDRs)
assisted by an IRS. Under this setup, we introduce a multi-
objective optimization (MOOP) framework to investigate the fun-
damental trade-off between the data sum-rate maximization and
the total harvested energy maximization, by jointly optimizing
the energy/information beamforming vectors at the BS and the
phase shifts at the IRS. This MOOP problem is first converted
to a single-objective optimization problem (SOOP) via the e-
constraint method and then solved by majorization minimization
(MM) and inner approximation (IA) techniques. Simulation
results unveil a non-trivial trade-off between the considered
competing objectives, as well as the superior performance of
the proposed scheme as compared to various baseline schemes.

I. INTRODUCTION

Simultaneous wireless information and power transfer
(SWIPT) has been introduced as a promising solution for ad-
dressing the energy limitation of battery-powered devices, es-
pecially in low-power Internet-of-Things (IoT) scenarios. In
such scenarios, the performances of wireless communica-
tion and energy transfer are both important, which moti-
vates the investigation on their fundamental trade-off [1]. As
a result, multi-objective optimization problem (MOOP) has
been proposed to address conflicting objectives in SWIPT
systems. For instance, [2] studied the trade-off between the
transmit power and the total harvested power in a full-duplex
SWIPT system.

Recently, intelligent reflecting surface (IRS) been proposed
as a promising solution to improve the wireless communication
spectral and energy efficiency, which has been considered
for the future sixth-generation (6G) wireless network [3]. In
general, an IRS is composed of a large number of recon-
figurable passive reflecting elements installed on a planar
surface and each reflecting element can introduce a phase shift
when reflecting the incident signal. By properly designing the
phase shifts of these elements, the reflected signals from the
IRS can be combined at the receivers either constructively
or destructively to improve the desired signal power or to
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eliminate the undesired interference [5]. In [6], an IRS-
aided green system was considered where the total transmit
power was minimized by jointly optimizing the passive and
active beamformers based on the alternative optimization (AO)
and inner approximation (IA) methods. Existing works have
provided researchers with clear evidence that the deployment
of IRSs can significantly improve the performance of wireless
communication systems. However, they mostly focus on pure
wireless information transmission while its potential perfor-
mance gain to wireless power transfer remains unclear. In this
regard, some recent works have exploited the IRS in SWIPT
systems, e.g., [7]-[10]. In [7], the total transmission power
was considered in a MISO IRS-aided SWIPT network where
an AO algorithm via applying the penalty-based method was
adopted. The authors in [8] aimed to maximize the weighted
sum-power in the formulation of single-objective optimization
problem (SOOP) subject to the individual SINR constraints at
the IDRs. In particular, they proposed an AO method to obtain
a suboptimal solution of the main problem by optimizing
the IRS phase shifts and transmission precoders at the base
station (BS) iteratively. Compared with existing works, the
main contributions of this letter are summarized as follows:

e We propose an IRS-SWIPT system in which both in-
formation decoding receivers (IDRs) and energy harvesting
receivers (EHRs) receive signals reflected by the IRS such
that the overall performance in terms of data sum-rate and
total harvested power can be improved. To balance between
the information transmission and energy harvesting (EH) in the
IRS-SWIPT system, we formulate an MOOP by optimizing
joint active and passive beamforming at the BS and IRS, re-
spectively. In contrast to [4], [5], [7]-[10], where only one
of the two objectives was investigated with the other being
fixed, we propose a new MOOP framework to fundamentally
characterize their trade-off.

e The resulting non-convex MOOP is transformed into
a single-objective optimization problem (SOOP) via the e-
constraint method, which is more efficient than the conven-
tional weighted sum maximization method as the former can
characterize the entire Pareto boundary of the trade-off region
[13].

e Note that for existing methods in the literature, e.g.,
semi-definite relaxation (SDR) and AO based method [4],
[5], [7]-[10], the convergence is not always guaranteed due
to the application of Gaussian randomization in solving the
feasibility check problem. In contrast, via applying the IA
method as in our work, obtaining a locally optimal solution is
guaranteed [6].

Notation: Vectors and matrices are indicated by boldface
lower-case letters and capital letters, respectively. For a square
matrix A, A, AT, Tr(A), ||All., and Rank(A) denote
its Hermitian conjugate transpose, transpose, trace, trace
norm, and rank, respectively. A > 0 means that A is a



Figure 1: An IRS-aided multiuser MISO SWIPT system.

positive semidefinite matrix. diag(-) is the diagonalization
operation. The Euclidean norm of a complex vector and the
absolute value of a complex scalar are denoted by | - ||
and | - |, respectively. Vyf(x) denotes the gradient vector
with respect to x. The expectation operator is denoted by
E[], and CM*N represents M x N dimensional complex
matrices. The distribution of a circularly symmetric complex
Gaussian (CSCG) random vector with mean g and covariance
matrix C is denoted by ~ CN (i, C).
II. SYSTEM MODEL

A. Signal Model

In this letter, we consider an MISO downlink (DL) IRS-
SWIPT system consisting of a BS, an IRS, K IDRs, and
L EHRs as shown in Fig. 1. The BS and IRS are equipped
with M antennas and N reflecting elements, respectively. It
is assumed that all the receivers are single-antenna devices
to reduce the hardware cost and complexity. The transmit
signal at the BS can be written as s = Y, Wizl +
Siee iz, where 2P and 2" € C are the information
signal for IDR k € K = {1, ..., K} and energy signal for EHR
l e £L={1,..,L} respectively. Without loss of generality,
zIP is assumed to be independent and identically distributed
(i.i.d) while satisfying E{|z{P|?} = 1 and we further assume
that zFH are independently generated from an arbitrary distri-
bution with E{|zFH|2} = 1. Besides, w; € CM*! denotes the
transmit information beam for IDR k and v; € CM*1 ig the
transmit energy beam for EHR [.

B. Channel Model

Assume that all the channel links experience a quasi-static
flat fading and accurate channel state information (CSI) can
be obtained through an IRS controller! (see [3]). The received
signal at the k-th IDR is given by yi> = hffls + nlP| k € K,
where nj? ~ CN(0, o) is the received noise at the k-th
IDR with variance O',%. In particular, h,I;I 2 hfk + hkaH
represents the equivalent channel from the BS-to-IRS and
IRS-to-IDR k along with the direct path from the BS-to-IDR
k. Especially, h,,, € CN*! hy ) € CM*! and H € CN*M
are the channel vectors between the k-th IDR and IRS, BS and
IDR k, and the equivalent channel matrix between the BS and
IRS, respectively. Besides, ® = diag(aie’?1, ..., anelV)
denotes the reflection coefficient matrix at the IRS where
Bn € (0,27] and «,, € [0,1], Vn € {1,..., N}, represent
the phase shift and reflection amplitude of the n-th IRS
element, respectively. We assume that all passive elements

The results in this letter serve as theoretical performance upper bounds
for IRS-aided SWIPT systems with imperfect CSI in practice.

have an amplitude equal to one i.e., |, | = 1 as commonly
adopted in literature, e.g., [7]-[11]. Accordingly, the received
signal at the I-th EHR can be written as yfH = gffs + »FH,
where 2 ~ CN(0, 67) is the received noise with variance
52. Similarly, we have g/ 2 g, + g, OH, where g, €
CN*1 denotes the channel vector between the I-th EHR and
IRS, and g;,; € CM*! represents the channel vector between
the [-th EHR and BS.

C. Performance Metrics

Without loss of generality, we assume that a pseudo-
random sequence generator provides v; at the BS with a given
seed, which is known to all users. Therefore, all IDRs can
eliminate the possible interference caused by the energy sig-
nal [16]. The received signal-to-interference-plus-noise ratio
(SINR) at the k-th IDR can be written as
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On the other hand, the total amount of harvested energy at

EHR [ is considered to be linearly proportional to the received
power [8], which is given by

Pi(wivi,®) = m LY [gf'wil* + Y |ef'vi|*}. @
ke lel

SINRk(Wk,Q) = (1)

where 0 < n; < 1 is the energy conversion efficiency of the
I[-th EHR. Note that the power of received noise is neglected
in (2) as it is negligible for EH.

III. PROBLEM FORMULATION AND SOLUTION

In this section, we first formulate two SOOPs for the pur-
poses of maximizing the data sum-rate and the total harvested
energy, respectively. Then, we introduce an MOOP framework
to investigate the trade-off between these two competing
objectives.

A. Optimization Problem Formulation
First, the sum-rate maximization problem is formulated as
follows, which jointly optimizes the covariance matrix of the

energy signal, active beamforming vectors at the BS, and
phase shifts at the IRS.

Problem 1: Sum-rate Maximization

P1: imi X X
maximize Z log, (1 + SINR,(wy, ©)) (3a)
keK
st Y Wil + D Ivill* < Paaxs (3b)
kEK lec
SINR (wy, ©) > Creq ks VE, (3c)
B(Wk)vl7 6) Z Emin,l; VZv (3d)
|®,n| =1, Vn, (3e)

where P, indicates the maximum transmit power at the
BS. Constants I'req ;. > 0 and Epp; > 0 denote the minimum
required SINRs for the IDRs and minimum harvested energy
requirement for the EHRs, respectively. Constraint (3e) is
imposed to guarantee that the IRS only introduces phase shifts
to the impinging signals. Similarly, for the total harvested
energy maximization problem, we impose the same constraint



set as for (P1)%. Then, the problem is formulated as follows.

Problem 2: Total Harvested Energy Maximization

P2 Py(wy,v1,© 4
A
s.t.  (3b)—(3e). (4b)

Subsequently, the MOOP based on (P1) and (P2) is formulated
in the next.

Problem 3: Multi-objective Optimization

P3: Ql: maximize > log, (1+ SINRi(wy, ©))  (5a)

vi,Wg,©

ke

Q2: maximize ZPZ W, Vi, ©) (5b)
VOWk, lec

s.t.  (3b)-(3e). (5¢)

B. Proposed Solution

To address the conflicting objectives in (P3), we adopt the
e-constraint method [11] by transferring (Q2) to the constraint
set and setting (Q1) as the main objective function. Bear in
mind that the e-constraint method can generate the whole
Pareto frontier [13] of the two optimal objective values by
varying the value of € and solving the corresponding opti-
mization problem. Thus, for a given ¢, the new optimization
problem for obtaining a Pareto optimal solution can be written
as

P4: minimize — Z log, (1 4+ SINRy(wy, ©))  (6a)
v, Wg,®
keK
> Piwy,vi,0) > ¢, (6b)
lec
(3b)=(3e). (6¢)

Constraint (6b) states that the total EH amount is re-
quired to be greater than e. It is evident that the value
of € determines the relationship of the solution of (P4)
compared with that of (P3). Besides, due to the existence
of coupling between optimization variables, i.e. wji and
©®, as well as the unit-modulus constraints in (3e), it is
generally difficult to obtain a globally optimal solution for
(P4). As an alternative, we aim to design a computation-
ally efficient algorithm to obtain a suboptimal solutlon to
(P4) To start with, we first define W, = wkwk, VvV, =
vivil, 0 = (7, ..., ed*N)H ¢ CN>¥1 and u = [T #]T €
(C(NH)“, respectively. Bes1des, t € C is a dummy variable
with |[t| = 1. By applying the transformation of semidef-
inite programming (SDP), U = uu? e CW+Lx({V+1)
is introduced such that the matrix U is semi-definite and
satisfies Rank(U) < 1. Thus, |(h{!, +h/, @H)w;|?, |(g]], +

g/ OH)w,[?, and |(g]], + gHGH)le can be equivalently
written as Tr(UL,W; LH) Tr(W,Zy), Tr(UL W, L) =
Tr(W;X;), and Tr(Uf,lVlIN,F) = Tr(V,Y;), respec-
tively, where L, = [(diag(h{;{k)H)T h; )T, L =
[(dlag(gm)H)T gbl]T’ Z, = L{UL; and X, =
LH UL;. Unlike most of the existing works adopting AO

Wh1ch optimizes Wy, V;, and @ separately in an iterative
manner, we aim to optimize all variables jointly. However, the

2It should be noted that although solving (P1) with different values of
Erin, and (P2) with different values of I'eq 1 can also help investigate the
trade-off between ID and EH, the set of all Pareto optimal resource allocation
policies cannot be obtained in general [2].

multiplication of two matrices poses a challenge in solving
our problem. By following [6], [15], we further rewrite the
related terms as

1 1 1
Te(WiZy) = 5 [Wi + Zy||7 - 3 Wl — 3 1Ze|7 2 A,
@)
1 2 1 2 1 2 &
Te(WiX) = 5 Wi+ Xillp = 5 (Wil = 5 Xl = B,
3
1 2 1 2 1 2 a
Te(ViYy) = S IVi+ Yilp = 5 IVille = 5 IVl = Co. O
Hence, (P4) is now in a more tractable form, which is given
by
P5: mlmmlze Z log2 Ak ) (10a)
> Apito}
kekx / g
1€, i#k
st.om(D_ D Brit) C)=e (10b)
leL kek lec
> Te(Wi) + Tr(V1) < Pra, (10c)
kek
Ak A > o2
o > Api > o3, VE, (10d)
req,k itk
il Z By + Ci > Ening, VI, (10e)
kek
V; =0, W, =0, Vk, [ (101)
Rank(Wj) =1, Vk, Rank(U) =1. (10g)

However, (7), (8), and (9) are not concave functions. To handle
them, we adopt the iterative MM method [12] via the first-
order Taylor approximation to establish the corresponding
convex lower bounds. Taking (7) as an example, the term
(Wi, Zg) & LW, + Zy||5 can be bounded by an affine
function which is given by

F(Wi,Z;) > R (W, Z)

+ Te(Vi, AW, Z0) (W, — W)
+Te(VE F(WD, Z0) (2 — Z))
2 F(wi z0), (11)

Similar to (1), we have Fh(W,,X;) & § |[Wy, + X%

(W,(;),X% and Fg(Vl,Yl)_ £ HVi+Yn >
BV, Y™, where (W) W 7z X v vy
the set of solutions obtained at the ¢-th iteration of the MM
method. Therefore, lower bounds of (7), (8), and (9) are given
by

v

() & F i) i 1 1

A2 R(W,20) - S IWiE - S IZel7, a2
= (i = i i 1 2 1 2

BY) 2 Ba(W, X(0) = SIWllf = 5 X%, (3)
= (i = i i 1 2 1 2

¢’ 2 BV Y = S IVillE =5 IVl s

respectively. Then, we apply the following lemma to achieve a
more efficient solution for the phase shifts, since the tightness
of the SDR, i.e., Rank(U) = 1 in (10g), cannot be ensured.

Lemma 1. The equivalent form of Rank(U) = 1, is given by
(6]

g(U) 2 U], —[|U]]2 < 0. (15)



However, (15) is still non-convex. In order to tackle this
obstacle, we adopt a penalty approach to augment (15) into
the objective function which penalizes the objective function
when the matrix rank of U is greater than one. Hence, by
using the first-order Taylor approximation of ||U]|2, in each

iteration of the MM algorithm, we obtain
30U) 20 — U]z = Tr [ (uith)" (U = U]

(16)

where umax is the el%j:nvector corresponding to the maximum
eigenvalue of matrix in the 7-th iteration. Furthermore, the

non-convex COl’lStILa](IBt (10d) can be approximated as

-3 "AY -~ >0, (17)
Freqk itk
where A,(;)Z £ 1w, + ZkH% - Sl(WEi)) - S’Q(Z,(f))7 and
1 i
S1(Wi) £ 5 Wiz > (W)
+ Te(Ve, S (WY (W, — Wiy 2 5 (W), 18)

Similar to (18) SQ(Z(Z ) can be obtained by defining
So(Zy) = |\Zk||F As a result, by augmenting (16) to the
objective functlon of (P5) with @ > 1 as a penalty factor to
penalize any non-rank-one matrix U, an upper bound of (P5)
can be established via the following problem

(z
P6: rr\l}r%}vnklum Z Ty + <I> )) (19a)
ke
n(D_ D B +>.¢) > (19b)
leL ke lel
m Y B+ C > Eying, Y, (19¢)
ke

(10c), (10f), (17), Rank(Wy) =1, (19d)

where Tj, = log, (Y, AL + 07) — RWL, Z). Sim-
ilar to (11), R(WZ@, Z,(j)) denotes the lower bound of
R(W;,Zy) = log, (Zielc’#k Agi+o03).

Proposition 1. For arbitrary user channels, the optimal solu-
tion to (P6) satisfies Rank(W7}) =1 and V| = 0.

Proof. It can be proved by following a similar approach as
in [8], which is omitted here due to page limitation.

It can be observed that (P6) is a convex optimization
problem and optimization tools such as CVX can be uti-
lized to solve it efficiently [14]. By iteratively solving (P6)
optimally, we can monotonically tighten this upper bound.
Besides, the objective function in (P6) is monotonically non-
increasing, which guarantees the converge to a stationary
point. The maximum value of € is obtained with FEy,,x such
that (P5) remains feasible [11], where FE,,,, is the maximum
EH amount. The value of Ep,x can be found by solving the
following optimization problem:

P7: maximum ZPl wg, V,0) — ( (i)(U)) (20a)
Wk lec
st.om Y By +C > By, VI, (20b)
kek
(10c), (10f), (17), Rank(W}) = 1. (20¢)

Table I: Simulation Parameters

Parameters Values
Path-loss model and exponent [8]
Number of antennas at the BS, M
Maximum transmit power, Ppax 40 dBm
Minimum required SINR, T'eq & 5dB
Minimum required EH, Epiy ; —20 dBm
Carrier frequency 750 MHz
Noise power, o]% cr}% =02 = —90 dBm

The different values of € lead to different trade-offs between
total EH amount and data sum-rate. To obtain a specific value
of €, we let € = § iy, where § is a positive value in the range
of (0, 1].
C. Computational Complexity Analysis

In this subsection, we present a computational complexity
for our proposed solution. Specifically, (P6) includes M2
variables and 3K affine constraints. Consequently, the com-
plexity order for designing joint beamforming and phase shift
0pt1m1zat1on in each iteration is given by (9( 1og (BK)M?*+

N 2) [17]. Moreover, the computational complexity order
for solving (P6) via adopting AO method based on the SDP
for finding beamforming is O(M 2+ 3K )  while for the
reflecting elements the complexity order is O(3K + N?2)3-°
[17]. It is worth mentioning that while the KKT solution
obtained by the IA algorithm is better in quality than the
stationary point obtained by the AO algorithm, there is a
trade-off between the algorithm complexity and the system
performance.
IV. SIMULATION RESULTS

We evaluate the performance of the proposed algorithm
by simulation. The simulation parameters are summarized in
Table I unless otherwise is given. We consider the location
of the BS and the IRS as (3,0) m and (0,4) m, respec-
tively. Also, it is assumed that K’ = 2 IDRs and L = 2 EHRs
are randomly distributed with a distance of d = 50 m and
d = 4 m from the BS, respectively. The small-scale fading
channels are modeled as Rayleigh fading. Fig. 2 investigates
the trade-off region between the system data sum-rate and
average total harvested energy for different values of N, which
is obtained via solving (P6) by varying the values of § with
a step size of 0.1. As can be observed the average harvested
energy decreases with the increasing data sum-rate. This result
confirms that the objective of maximizing average harvested
energy generally conflicts with that of maximizing the data
sum-rate. For comparison, we also consider two baseline
schemes. For baseline scheme 1, we consider the proposed
scheme in [8], where SDP and AO approaches are adopted
and apply them with the e-constraint method for the consid-
ered MOOP framework. For baseline scheme 2, we consider
random passive beamforming at the IRS [5]. It can be observed
that our proposed scheme can establish a better performance
compared with baseline scheme 1. Note that in our proposed
solution, we optimize the active beamforming at the AP
and passive beamforming at the IRS simultaneously in every
iteration, while the proposed algorithm in the literature adopted
an AO method only optimizes parts of the total variables
each time. In particular, the objective function of (P6) is non-
decreasing in each iteration and the proposed IA algorithm
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Figure 3: Average sum-rate versus minimum SINR.

is guaranteed to converge to a KKT solution [6]. Hence, the
superior performance brought by the proposed scheme is due
to the fact that the AO algorithm can be easily trapped in some
inefficient solution, while the IA algorithm can ensure the
convergence to a KKT solution of the design problem, which
is better in quality than the point obtained by the AO algorithm
in general. In addition, our proposed scheme also outperforms
baseline scheme 2 without phase-shift optimization. On the
other hand, one can observe that by increasing the number
of IRS reflecting elements, N, a larger achievable trade-off
region can be obtained, which demonstrates the superiority
of deploying IRS with a large number of low-cost reflecting
elements. We can also observe that the achieved average trade-
off region is significantly enlarged by deploying an IRS in
the considered system. This confirms the capability of the
IRS as a promising approach for providing favorable channel
conditions, which is beneficial to the data sum-rate as well as
harvested energy. Fig. 3 plots the sum-rate versus the minimum
target SINR (I'eq) for different values of M and N, which is
obtained by solving (P6) with ¢ = 0. It can be perceived that
the data sum-rate remains nearly constant for a small value
of minimum required SINR, I'rq, but starts to decline as I'req
increases. This is because when I'yoq is low, the transmitted
power budget is low. Therefore, the proposed design can
easily satisfy the constraints. However, for a higher value
of I'req, more transmit power is required to meet the target
SINR. It can be seen that our proposed scheme outperforms
the two baseline schemes, which shows the effectiveness of the
proposed design based on the IA-method for jointly optimizing
the reflecting elements and active beamformers at the IRS and
the BS, respectively. We also observe the effect of increasing
transmit antennas at the BS, M, as well as reflecting elements

at the IRS, N, on the performance gain in terms of average
sum-rate. In particular, increasing M and N allows a further
improvement of the average total system sum-rate achieved
by the proposed design. More specifically, additional reflecting
elements at the IRS offer more degrees of freedom for resource
allocation by establishing a more favorable propagation envi-
ronment. Furthermore, increasing the number of transmitting
antennas at the BS provides a higher spatial multiplexing gain,
which results in an improvement of average sum-rate.
V. CONCLUSION

In this letter, an MOOP was formulated for the joint passive
and active beamforming design in an IRS-aided SWIPT system
to study the trade-off between the data sum-rate maximization
and the total harvested energy maximization. We first applied
the e-constraint method to convert the MOOP into an SOOP
and then proposed an [A-based algorithm to obtain an efficient
solution. Simulation results unveiled the advantages of the IRS
deployment and demonstrated the superior performance of the

proposed scheme as compared with baseline schemes.
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