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Chau Yuen

Abstract—This article investigates a joint optimization frame-
work for intelligent reflecting surface (IRS)-enhanced integrated
sensing, communication, and powering systems. In this frame-
work, the base station transmits signals for simultaneous radar
sensing, as well as multi-user information and power transmis-
sions. We aim at maximizing the minimum harvested power
among all users, while satisfying beampattern gain require-
ments for multi-target sensing and signal-to-interference-plus-
noise constraints of users. To tackle this strictly non-convex
problem, we employ the block coordinate descent technique
to iteratively optimize the transmit beamformer of the base
station, the phase shift matrix of the IRS, and the power splitting
ratios of users. The semi-definite relaxation method is utilized
to obtain the optimal transmit beamformer of the base station,
and the tightness of the rank-one relaxation is demonstrated.
Furthermore, we develop a penalty function-based algorithm and
use successive convex approximation techniques to determine the
optimal phase shift matrix of the IRS. Additionally, closed-form
expressions are derived for the optimal power splitting ratios.
Moreover, by exploiting the Bernstein-type inequality, we further
designed the robust beamforming and power splitting scheme for
considered systems under stochastic channel estimation errors.
Numerical results demonstrate that the proposed IRS-enhanced
method outperforms several benchmark methods in terms of the
minimum harvested power among all users.

Index Terms—6G, intelligent reflecting surface, wireless power
transfer, integrated sensing and communication networks.

I. INTRODUCTION

The sixth generation (6G) mobile communication net-
works expect to empower a variety of innovative applica-
tions including autonomous driving, industrial automation,
smart cities, and so forth. To improve the service quality
for such environment-aware applications, integrated sensing
and communication (ISAC) is regarded as a core technology
[1]–[4]. In ISAC, the resources of radar sensing and wire-
less communications can be shared to improve the hardware
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reuse, energy and spectral efficiency [5]–[8]. Meanwhile, it
is of great importance to prolong the lifetime of wireless
devices in an efficient and low-cost manner. The prospect of
introducing wireless power transfer (WPT) into ISAC systems
has great potential to realize this target, and it will create a
new paradigm, i.e., integrated sensing, communication, and
powering systems. Nevertheless, the performance of such an
integrated system is fundamentally restricted by the severe
path-loss of WPT, and the severe co-channel interference
between radar sensing and information transmissions [9]–[14].

With the rapid advancement of information metamaterials,
IRS is regarded as an innovative technology to reconstruct
wireless propagation environments [15]–[19]. Generally, an
IRS comprises numerous passive or active reflection units
that can adjust the amplitude and phase of incident signals.
This refined reflect beamforming improves signal strength
at intended receivers while reducing harmful co-channel in-
terference. Additionally, deploying and configuring multiple
IRSs provides extra communication links to enhance network
coverage. Inspired by these advantages, IRS holds great po-
tential for improving the performance of integrated sensing,
communication, and powering systems. In [20]–[25], IRS
was utilized to improve diverse performance metrics (such
as sum rate, total harvested power, maximum transmit power,
etc.) for simultaneous wireless information and power transfer
(SWIPT) systems. Aforementioned literature considered con-
ventional linear power harvesting model, which cannot reflect
the non-linearity of practical power harvesters. To this end, the
literature in [26]–[29] investigated the beamforming method
for IRS-enhanced SWIPT systems taking into account of non-
linear power harvesting model.

Furthermore, IRS was also exploited to enhance the ISAC
performance [30]–[35]. In [36]–[39], the authors focused on
optimizing the communication performance for IRS-aided
ISAC systems, while satisfying the sensing requirements. In
[40], Luan et al. aimed at maximizing the sensing mutual
information through optimizing transmit and reflect beam-
formers. In [41], Liu et al. developed the joint waveform
and beamforming optimization method to maximize the radar
output signal-to-interference-plus-noise (SINR), while guar-
anteeing the communication requirements. Tong et al. in [42]
further revealed the maximum radar SINR for multi-IRS-aided
ISAC systems in clutter environments. In [43], Song et al.
utilized the IRS to achieve non-line-of-sight radar sensing.
Moreover, they revealed the cramér-rao lower bound for esti-
mation error in the scenarios with point targets and extended
targets. In [44], [45], active IRS was adopted to tackle the path
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attenuation in ISAC systems. Moreover, Wang et al. in [46]
utilized the simultaneous transmitting and reflecting surface
to improve the coverage of ISAC systems. Double-IRS was
exploited to improve the efficiency and coverage of ISAC in
[47]. In summary, Table I illustrates the difference between
this article and existing literature.

As shown in Table I, the authors in [20]–[29] investi-
gated joint transmit/reflect beamforming and power splitting
strategies for IRS-aided SWIPT systems. Besides, [34]–[47]
aimed at utilizing the IRS to enhance the ISAC performance.
Nevertheless, existing literature ignored the optimal design
for IRS-aided integrated sensing, communication, and power-
ing systems, which is essential to meet the diverse service
requirements in 6G era. Noted that this research problem
is extremely difficult due to the complex coupled relation-
ship among radar sensing, communication, and powering. As
expected, the radar sensing can cause harmful co-channel
interference to information transmission, but the extra sensing
signals become beneficial to power harvesting. In addition,
information transmission and power harvesting move toward
perfect opposition in SWIPT, i.e., if the wireless device splits a
larger ratio of received signals to decode information, it will
inevitably result in the reduction of harvested power level.
While IRS offers substantial performance gains, configuring
it effectively to optimize the performance of such an integrated
system presents significant challenges. Therefore, how to
develop the optimal transmission and reflection optimization
strategies for IRS-aided integrated sensing, communication,
and powering systems for balancing the performance of radar
sensing, communication, and powering is an important but
difficult problem. Such observation motivates our study in this
article.

This article considers a typical IRS-assisted integrated sens-
ing, communication, and powering system, where the base
station (BS) transmits signals for conducting wireless power
and information transmissions to multiple users, and multi-
target radar sensing simultaneously. The contribution of this
article is outlined as follows.

• To achieve performance tradeoff between radar sensing,
information, and power transfer, this paper formulates a
minimum harvested power maximization problem, under
the constraints of minimum sensing beampattern gains
for multiple targets, minimum SINR requirements of
users, and maximum transmit power of BS.

• To address the formulated non-convex problem, we
propose a block coordinate descent-based approach to
alternately optimize the transmit beamformer at the
BS, the phase shift matrix of the IRS, and the power
splitting ratios of users. Specifically, we employ the
semi-definite relaxation technique to obtain the optimal
transmit beamformer at the BS, and derive the closed-
form expression of rank-one transmit beamforming. Fur-
thermore, we design a penalty function-based method
to determine the optimal phase shift matrix of the IRS.
Besides, we obtain a closed-form solution for the optimal
power splitting ratio. Meanwhile, we reveal the proposed
alternating optimization method is ensured to converge
within polynomial time.

• To tackle the unavoidable channel estimation errors, we
further investigate a robust transmit/reflect beamform-
ing and power splitting optimization framework for the
considered system under stochastic CSI uncertainties.
In particular, the Bernstein-type inequality is utilized to
transform the semi-infinite SINR and power harvesting
constraints—arising from imperfect CSI—into determin-
istic and tractable forms. Furthermore, an alternating op-
timization strategy, in conjunction with variable substitu-
tion and a penalty function-based algorithm, is employed
to jointly design the robust transmit/reflect beamforming
and power splitting scheme.

• Simulation results show that our proposed method
achieves significantly higher harvested power compared
to the benchmark scheme without optimal IRS configura-
tion. Additionally, we show that radar sensing inevitably
leads to a performance reduction in SWIPT, and our pro-
posed method performs closely to the benchmark method
without radar sensing when the sensing beampattern gain
requirement is sufficiently small. Meanwhile, we also
verify that the proposed method outperforms the sum
harvested power maximization-based method, especially
when the SINR threshold is small.

The structure of this article is outlined as follows. Section
II presents the system model and formulates the optimization
problem for IRS-assisted integrated sensing, communication,
and powering systems. Section III details the development of
an optimization algorithm designed for joint transmit beam-
forming, reflection coefficient matrix configuration, and power
splitting ratio determination. Section IV extends the formu-
lated problem to the scenario with channel estimation errors.
Section V provides extensive numerical results, demonstrating
the performance gains achieved by the proposed approach.
Finally, Section VI concludes the article with a summary of
findings.

Symbol Notations: The notation (·)T , (·)H , Tr(·), Vec(·),
diag(·), and Rank(·) denote the transpose, conjugate trans-
pose, trace, matrix vectorization, diagonalization, and rank
operations, respectively. | · | and ∥ · ∥ represent the absolute
value of a complex number and the norm of a complex vector,
respectively. ⊗ indicates the Kronecker product. Additionally,
O(·) is used to denote the computational complexity of an
algorithm.

II. SYSTEM MODEL AND PROBLEM FORMULATION

As depicted in Fig. 1, this article focuses on an IRS-
enhanced integrated sensing, communication, and powering
system including a multi-functional BS installed with M
antennas, K single-antenna users, an IRS with N reflec-
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TABLE I: Synopsis of related works

Ref. Optimization goal IRS Sensing Communication WET
[20] Sum rate ! % ! Linear model
[21] Weighted total harvested power ! % ! Linear model
[22] Sum rate &total harvested power ! % ! Linear model
[23] Weighted sum rate & ! % ! Linear model

Weighted total harvested power
[24] Minimum achievable rate of all users ! % ! Linear model
[25], [26] Total transmit power ! % ! Linear/Non-linear model
[27] Rate-energy region ! % ! Non-linear model
[28], [29] Energy efficiency ! % ! Non-linear model
[34] Total transmit power ! ! ! %

[35] Total energy consumption ! ! ! %

[36] Communication SINR ! ! ! %

[37], [38] Sum rate ! ! ! %

[39] Sum rate &Weighted ! ! ! %
sensing mutual information

[40] Sensing mutual information ! ! ! %

[41] Radar output SINR ! ! ! %

[42] Radar &communication SINR ! ! ! %

[43] Cramér-rao lower bound ! ! ! %

[44] Beampattern error ! ! ! %

[45], [46] Sensing Beampattern gain ! ! ! %

[47] Sensing accuracy & Spectral efficiency ! ! ! %

This article Minimum harvested power ! ! ! Linear &Non-linear model

tion elements, and L sensing targets1. The sets of users,
IRS reflection elements, and sensing targets are represented
by K = {1, 2, · · · ,K}, N = {1, 2, · · · , N}, and L =
{1, 2 · · · , L}, respectively. In the considered system, the BS
performs the downlink information and power transmissions
to users, and meanwhile performs the radar sensing towards
L targets. Furthermore, the IRS is utilized to reconstruct
wireless channels, enhancing the efficiency of wireless in-
formation and power transfer while mitigating severe co-
channel interference between information and radar signals.
Notably, in scenarios where the direct links between the
BS and users are completely obstructed by obstacles, the
IRS becomes indispensable in establishing reflection links to
facilitate downlink power and information transmission. This
work considers a general scenario encompassing both direct
and reflection links, with the proposed method also applicable
to cases where direct links are absent. For reference, the
symbols of this article are outlined in Table II.

To facilitate radar sensing, information, and power trans-
fer, it is assumed that the BS transmits information signals
{sk}Kk=1 to K users, alongside a dedicated radar signal

1Given the inherent high path loss characteristic of radio frequency-based
wireless power transfer, the proposed system demonstrates particular suit-
ability for deployment in application scenarios with limited coverage areas,
including smart factories, warehouses, airplanes, etc. To exemplify, consider
a smart warehouse as a representative use case, the system architecture
consists of a multi-functional BS installed at a central or elevated location,
an IRS mounted on walls or ceilings, a set of low-power devices such as
environmental sensors, RFID tags, etc., as well as multiple sensing targets
corresponding to critical zones or moving entities within the warehouse. In
this context, the BS simultaneously performs downlink information and power
transfer to low-power devices through IRS-assisted beamforming, while
concurrently performing target sensing operations. This integrated design
enables intelligent monitoring and real-time situational awareness, thereby
laying a solid foundation for the realization of automated and smart warehouse
management systems.

   

Intelligent Reflecting Surface

Base Station

Users

   

Sensing Targets

Energy Flow

Information Flow

Sensing Beamforming

Fig. 1: IRS-enhanced integrated sensing, communication, and pow-
ering systems.

TABLE II: Summary of major symbols

Notation Description
K Number of users
L Number of sensing targets
N Number of reflection units at IRS
M Number of antennas at BS
PB Transmission power of BS
δ2k/ζ2k Gaussian noise power at k-th user
θn Phase shift of n-th reflection unit at IRS
ηk Linear power conversion efficiency at k-th user
Ek Power harvested by k-th user
ϕl Sensing direction toward l-th target
d Distance between adjacent antennas at BS
λ Carrier wavelength
Pmax,B Maximum transmission power of BS
γmin,k Minimum SINR requirement of k-th user
bmin,l Minimum beampattern gain requirement toward k-th target
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x0 ∈ CM×1.The information signals {sk}Kk=1 are modeled
as independent random variables with zero mean and unit
variance. The radar signal x0 is assumed to have zero mean
and a covariance matrix S0 = E(x0x

H
0 ) ⪰ 0. Let wk ∈ CM×1

represent the transmit beamformer associated with sk. Ac-
cordingly, the downlink transmitted signal at the BS can be
expressed as

x = x0 +

K∑
k=1

wksk. (1)

Unlike conventional single-beam information transmission,
this work considers a general multi-beam transmission scheme
for the radar signal x0. Specifically, the radar signal is ex-

pressed as x0 =
M∑
l=1

tr,lsr,l, where sr,l and tr,l represent the l-

th radar waveform and its corresponding transmit beamformer,
respectively. The radar waveforms {sr,l} are independent
pseudorandom sequences with zero mean and unit variance.
The radar beamforming vectors {tr,l}Ml=1 are derived through
the eigenvalue decomposition of the covariance matrix S0

[48]. Moreover, the total transmit power at the BS is expressed
as

PB = E

(
∥x0 +

K∑
k=1

wksk∥2
)

= Tr(S0) +

K∑
k=1

∥wk∥2.

(2)

A. IRS-assisted SWIPT for Users

Let us define hH
k = hH

r,kΓG + hH
d,k, where G ∈ CN×M ,

hH
r,k ∈ C1×N , and hH

d,k ∈ C1×M represent the channels
from the BS to the IRS, from the IRS to the k-th user, and
directly from the BS to the k-th user, respectively. The IRS
reflection matrix is defined as Γ = diag{ejθ1 , ejθ2 , · · · , ejθN },
where θn ∈ (0, 2π] is the phase shift applied by the n-th
reflection element. Hence, the received signal at the k-th user
is expressed as

yk = hH
k (x0 +

K∑
k=1

wksk) + nk,∀k ∈ K, (3)

where nk ∼ CN (0, δ2k) represents the additive Gaussian noise.
It is important to highlight that the channel state information
(CSI) of IRS-aided integrated sensing, communication, and
powering systems can be estimated by adopting separate chan-
nel estimation methods with semi-passive IRS, and cascaded
channel estimation methods with full-passive IRS [49]. In Sec-
tion III, we assume perfect CSI to characterize the theoretical
performance bounds of the proposed IRS-enhanced sensing,
communication, and powering framework. Furthermore, we
will further investigate the robust beamforming strategy for
the considered systems under CSI estimation errors in Section
IV.

Furthermore, each user adopts a power splitting architecture

to balance power harvesting and information reception2. For
the k-th user, a portion αk of the received downlink signal
is allocated for information decoding, while the remaining
1−αk is utilized for power harvesting3 Therefore, the signal
for information decoding at the k-th user is given by

yID,k =
√
αk(h

H
k (x0 +

K∑
k=1

wksk)+ nk)+ zk,∀k ∈ K, (4)

where zk ∼ CN (0, ζ2k) indicates the additive Gaussian noise
at the information decoder of k-th user. The SINR of k-th
user for decoding information is written as 4

SINRk=

αk|hH
k wk|2

αk

K∑
i=1,i̸=k

|hH
k wi|2+ αkhH

k S0hk+ αkδ2k+ ζ2k

,∀k ∈ K. (5)

Meanwhile, the signal for power harvesting at the k-th user
is given by

yEH,k =
√
1− αk(h

H
k (x0 +

K∑
k=1

wksk)+ nk),∀k ∈ K. (6)

Denoting ηk ∈ (0, 1] as the power conversion efficiency of
k-th user, the power harvested by k-th user is expressed as

Ek = ηk(1−αk)(h
H
k S0hk+

K∑
i=1

|hH
k wi|2+δ2k),∀k ∈ K. (7)

B. Target Sensing

To achieve the efficient radar sensing, the beamforming
scheme is designed to form the strong beampattern gain
towards L targets. According to [51], the beampattern gain
ρ(ϕl) towards l-th target is written by

ρ(ϕl) = aH(ϕl)

(
S0 +

K∑
k=1

wkw
H
k

)
a(ϕl),∀l ∈ L, (8)

2In comparison to time switching-based power transfer schemes, the power
splitting architecture offers distinct implementation advantages. The power
splitting approach can be realized using relatively simple analog components,
eliminating the need for precise synchronization and rapid switching be-
tween power harvesting and information decoding modes. Furthermore, time
switching-based schemes inherently suffer from spectral efficiency limitations
due to their time-division operation between power and information transfer.
Motivated by these considerations, our study employs the power splitting-
based architecture for simultaneous wireless information and power transfer.

3The power splitting ratio αk is typically determined based on the trade-off
between power harvesting and information decoding. A smaller αk is chosen
to meet higher power harvesting requirements, whereas a larger αk enhances
the SINR for information reception.

4Notice that the sensing signal x0 is generally pre-determined sequences
that can be known by the BS. In addition, the BS can send the radar
signal x0 and the CSI {hk}Kk=1 to users before the ISAC transmissions.
During the transmissions, the k-th user can cancel hH

k x0 from yk . As
observed, the cancellation of radar interference signal at users will increase
the signaling overheads of considered systems, and meanwhile it also reduces
the amount of harvested power from downlink received signals of users. In
this paper, we aim at maximizing the minimum harvested power among
all users, while satisfying the information transmissions and radar sensing
requirements. Therefore, we consider that the users do not need to remove the
radar interference signal before decoding information and harvesting power
[48], [50].
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where a(ϕl) = 1√
M
[1, ej

2πd sin(ϕl)

λ , · · · , ej
2πd(M−1) sin(ϕl)

λ ]T

represents the array steering vector of BS with direction ϕl,
λ indicates the carrier wavelength, and d denotes the distance
between two adjacent antennas. It is worth noting that this
paper assumes that the target directions θl are perfectly known
at the BS5. This is a common assumption in the existing
literature (e.g., [48], [50]), which allows us to focus on the
joint beamforming and power splitting design and to establish
a performance upper bound that serves as a useful benchmark
for future extensions involving imperfect angle information.

C. Problem Formulation

This work aims at maximizing the minimum harvested
power among all users, while satisfying the SINR constraints
of users and multi-target sensing requirements. Moreover,
the transmit beamforming {wk,S0} of BS, the phase shift
matrix Γ of IRS, and power splitting ratios {αk} of users are
jointly optimized to achieve such a design goal. Such a joint
optimization problem is expressed as

maximize
{wk,αk,S0,Γ}

min
k∈K

Ek

s.t. C1: Tr(S0) +

K∑
k=1

∥wk∥2 ≤ Pmax,B ,

C2: SINRk ≥ γmin,k,∀k ∈ K,

C3: ρ(ϕl) ≥ bmin,l,∀l ∈ L,
C4: 0 ≤ θn ≤ 2π,∀n ∈ N ,

C5: 0 ≤ αk ≤ 1,∀k ∈ K,

C6: S0 ⪰ 0,

(9)

where Pmax,B is the maximum transmit power of BS, γmin,k
denotes the minimum SINR requirement of k-th user, and
bmin,l specifies the minimum beampattern gain for the l-th
target. In Problem (9), constraint C1 limits the BS transmit
power, C2 enforces the SINR requirements for users, and C3
ensures the beampattern gain for radar sensing. Constraints
C4, C5, and C66 correspond to the IRS phase shift configura-
tion, power splitting ratio, and transmit beamforming design,
respectively.

Remark 1: The formulated problem (9) is strictly non-
convex due to the following reasons: 1) the highly coupled
optimization variables at SINRk and Ek, including transmit
beamformer wk and phase shift matrix Γ, the power splitting
ratio αk and the transmit beamformer wk, etc. 2) the non-
smooth and non-concave objective function min

k∈K
Ek; 3) the

non-convex beampattern gain requirements.
It is important to note that conventional convex optimization

techniques cannot be directly applied to address the non-
convex nature of problem (9). Furthermore, heuristic algo-
rithms, such as particle swarm optimization and greedy meth-

5Noted that various methods have been developed to obtain target angular
information, such as wide-beam initial scanning [52], recursive estimation
algorithms (e.g., Kalman filtering) [53], and sensor fusion approaches that
combine RF measurements with auxiliary modalities like visual sensors,
inertial measurement units (IMUs), or GPS [54].

6Note that S0 denotes the covariance matrix associated with the radar
signal x0, which must satisfy the positive semi-definite property [48].

ods, often suffer from high computational complexity and un-
certain convergence properties. To overcome these challenges,
the block coordinate descent technique is first leveraged to
construct an alternating optimization framework, enabling the
decoupling of the optimization variables. Subsequently, ad-
vanced methods, including variable substitution, semi-definite
relaxation, and a penalty-function-based approach, are em-
ployed to efficiently solve the resulting subproblems. Finally,
we rigorously demonstrate that the proposed alternating op-
timization framework ensures convergence within polynomial
time.

III. JOINT BEAMFORMING AND POWER SPLITTING
OPTIMIZATION WITH PERFECT CSI

To remove the min function in (9), we first introduce an
auxiliary variable e = min

k∈K
Ek to recast it as the following

equivalent problem

maximize
{wk,αk,S0,Γ,e}

e (10a)

s.t. Ek ≥ e,∀k ∈ K, (10b)
C1-C6. (10c)

Since the optimization variables {wk, αk,S0,Γ} are highly
coupled in the problem (10), the block coordinate descent
method is exploited to alternately optimize the transmit beam-
former at the BS, phase shifts of IRS, and power splitting
ratios of users, as detailed in the following subsections [55].
In summary, the flowchart for solving the harvested power
maximization problem (9) is shown in Fig. 2.

Harvested Power Maximization Problem (9)

Block Coordinate Descent Method

Section III-A:Transmit 

Beamforming 

Optimization (11)

Section III-B: Reflect 

Matrix Optimization (19)

Section III-C: Power 

Splitting Optimization (29)

Closed-form Solution
Semi-definite Relaxation Penalty Function-based 

MethodClosed-form Solution

Fig. 2: The flowchart for solving (9).

A. Transmit Beamforming Optimization Subproblem

Given {Γ∗, α∗
k}, we can rewrite (10) as the following

transmit beamforming optimization subproblem

maximize
{wk,S0,e}

e (11a)

s.t.

|hH
k wk|2

K∑
i=1,i̸=k

|hH
k wi|2 + hH

k S0hk + δ2k +
ζ2
k

α∗
k

≥ γmin,k,∀k ∈ K,

(11b)
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ηk(1− α∗
k)(h

H
k S0hk +

K∑
i=1

|hH
k wi|2 + δ2k)

≥ e,∀k ∈ K,

(11c)

aH(ϕl)

(
S0 +

K∑
k=1

wkw
H
k

)
a(ϕl) ≥ bmin,l,

∀l ∈ L,
(11d)

C1, C6. (11e)

Defining Wk = wkw
H
k , we have |hH

k wi|2 =
wH

i hkh
H
k wi = Tr(hkh

H
k wiw

H
i ) = Tr(HkWi), hH

k S0hk =

Tr(HkS0), and aH(ϕl)

(
S0 +

K∑
k=1

wkw
H
k

)
a(ϕl) =

Tr
(
A(ϕl)

(
S0 +

K∑
k=1

Wk

))
, where Hk = hkh

H
k and

A(ϕl) = a(ϕl)a(ϕl)
H . Hence, (11) can be converted to the

following problem

maximize
{Wk,S0,e}

e (12a)

s.t.

Tr(HkWk)

γmin,k
≥

K∑
i=1,i̸=k

Tr(HkWi)+

Tr(HkS0) + δ2k +
ζ2k
α∗
k

,∀k ∈ K,

(12b)

Tr(HkS0) +

K∑
i=1

Tr(HkWi) + δ2k ≥

e

ηk(1− α∗
k)

,∀k ∈ K,

(12c)

Tr

(
A(ϕl)

(
S0 +

K∑
k=1

Wk

))
≥ bmin,l,∀l ∈ L,

(12d)
Rank(Wk) = 1,∀k ∈ K, (12e)
S0 ⪰ 0,Wk ⪰ 0,∀k ∈ K, (12f)

Tr(S0) +

K∑
k=1

Tr(Wk) ≤ Pmax,B . (12g)

Problem (12) is still non-convex because of the rank-one
constraint (12e). By employing the semi-definite relaxation
technique [56], this article eliminates the rank-one constraint
to transform (12) to a convex problem. Consequently, it
becomes amenable to solution using conventional convex
optimization methods incorporated within CVX [57]. Besides,
the subsequent theorem establishes the tightness of the rank-
one relaxation and demonstrates that the optimal transmit
beamforming strategy can be restored by leveraging equations
(13)-(14).

Proposition 1: Suppose that the optimal solution
{W∗

k,S
∗
0, e

∗} satisfies Rank(W∗
k) > 1, we can construct the

feasible solution {Ŵk, Ŝ0, e
∗} of (12) to achieve the optimal

harvested power of users, in which

Ŵk = ŵkŵ
H
k , (13)

Ŝ0 =

K∑
k=1

W∗
k + S∗

0 −
K∑

k=1

Ŵk, (14)

where ŵk = 1√
hH

k W∗
khk

W∗
khk.

Proof: Since
K∑

k=1

Ŵk + Ŝ0 =
K∑

k=1

W∗
k +S∗

0, we can derive

that the solution of {Ŵk, Ŝ0, e
∗
k}, satisfies the constraints

(12c), (12d) and (12g), and it can achieve the identical
objective function e∗ compared to the counterpart achieved
by the solution of {W∗

k,S
∗
0, e

∗}.
Furthermore, we will prove that the solution {Ŵk, Ŝ0, e

∗
k}

satisfies (12f). As observed, Ŵk is positive semi-definite and
rank-one matrix. For an arbitrary g ∈ CM×1, we have

gH(W∗
k − Ŵk)g = gHW∗

kg−

gH 1√
hH
k W∗

khk

W∗
khk(

1√
hH
k W∗

khk

W∗
khk)

Hg

= gHW∗
kg − |hH

k W∗
kg|2

hH
k W∗

khk

(a)

≥ gHW∗
kg − (hH

k W∗
khk)(g

HW∗
kg)

hH
k W∗

khk
= 0,

(15)

where (a) holds according to the Cauchy-Schwarz inequal-
ity, i.e., |hH

k W∗
kg|2 ≤ (hH

k W∗
khk)(g

HW∗
kg). Therefore, it

follows that W∗
k − Ŵk ⪰ 0 and

K∑
k=1

(W∗
k − Ŵk) ⪰ 0.

Meanwhile, since S∗
0 ⪰ 0, we can derive that Ŝ0 =

K∑
k=1

(W∗
k−

Ŵk) + S∗
0 ⪰ 0.

Finally, we will prove that the solution satisfies (12b).
According to (13)-(14), we have

Tr(HkŴk) = hH
k ŵkŵ

H
k hk

= hH
k

1√
hH
k W∗

khk

W∗
khk(

1√
hH
k W∗

khk

W∗
khk)

Hhk

= hH
k W∗

khk = Tr(HkW
∗
k),

(16)

and

Ŝ0 +

K∑
k=1

Ŵk =

K∑
k=1

W∗
k + S∗

0. (17)

Hence, we have
1 + γmin,k

γmin,k
Tr(HkŴk)

(β1)
=

1 + γmin,k

γmin,k
Tr(HkW

∗
k)

(β2)

≥
K∑
i=1

Tr(HkW
∗
i ) + Tr(HkS

∗
0) + δ2k +

ζ2k
α∗
k

(β3)
=

K∑
i=1

Tr(HkŴi) + Tr(HkŜ0) + δ2k +
ζ2k
α∗
k

,

(18)

where (β1) and (β3) hold according to (16) and (17), re-
spectively, and (β2) establishes since the optimal solution
{W∗

k,S
∗
0, e

∗} of (12) should satisfy (12b). By subtracting
Tr(HkŴk) on both the left and right sides of (18), we derive
that the solution {Ŵk, Ŝ0, e

∗} also satisfies (12b). Based on
above descriptions, we complete the proof.
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Remark 2: Proposition 1 demonstrates that we can always
find a solution {Ŵk, Ŝ0} via (13)-(14) to achieve the same
minimum harvested power among all users, as compared to
the optimal solution of (12) without rank-one constraint (12e).
Therefore, the rank-one relaxation is tight7.

B. Reflect Matrix Optimization Subproblem

Given {w∗
k, α

∗
k,S

∗
0}, (10) can be streamlined into the reflect

matrix optimization subproblem

maximize
{Γ,e}

e (19a)

s.t.

|hH
k w∗

k|2
K∑

i=1,i̸=k

|hH
k w∗

i |2 + hH
k S∗

0hk + δ2k +
ζ2
k

α∗
k

≥ γmin,k,∀k ∈ K,

(19b)

ηk(1− α∗
k)(h

H
k S∗

0hk +

K∑
i=1

|hH
k w∗

i |2 + δ2k)

≥ e, ∀k ∈ K,
(19c)

0 ≤ θn ≤ 2π,∀n ∈ N , (19d)

where hH
k = hH

d,k + hH
r,kΓG. Defining v =

[ejθ1 , ejθ2 , · · · , ejθN ], v̂ = [v, 1] and V̂ = v̂H v̂, we
have

|hH
k w∗

i |2= |(hH
d,k+hH

r,kΓG)w∗
i |2 = |(hH

d,k+vdiag{hH
r,k}G)w∗

i |2

=

∣∣∣∣[v, 1] [diag{hH
r,k}Gw∗

i

hH
d,kw

∗
i

]∣∣∣∣2 =

∣∣∣∣v̂ [diag{hH
r,k}Gw∗

i

hH
d,kw

∗
i

]∣∣∣∣2 =

v̂

[
diag{hH

r,k}Gw∗
i

hH
d,kw

∗
i

] [
(w∗

i )
HGHdiag{hr,k}, (w∗

i )
Hhd,k

]
v̂H

= v̂Rk,iv̂
H = Tr(Rk,iV̂),

(20)
where

Rk,i=[
diag{hH

r,k}GW∗
iG

Hdiag{hr,k} diag{hH
r,k}GW∗

i hd,k

hH
d,kW

∗
iG

Hdiag{hr,k} hH
d,kW

∗
i hd,k

]
.

(21)
Similarly, we can derive that

hH
k S∗

0hk = Tr(ZkV̂), (22)

where

Zk =[
diag{hH

r,k}GS∗
0G

Hdiag{hr,k} diag{hH
r,k}GS∗

0hd,k

hH
d,kS

∗
0G

Hdiag{hr,k} hH
d,kS

∗
0hd,k

]
.

(23)

7Unlike the literature in [21] and [58] that considers IRS-aided SWIPT
systems, the information and energy bemaforming strategies proposed in these
works cannot be directly applied to solve problem (11), due to the existence
of sensing beamforming S0 and minimum sensing beampattern constraints
(11d). In addition to proving that rank-one relaxation is tight, we provide
the closed-form solution structure of the optimal transmit beamforming
{w∗

k,S
∗
0}.

According to (20)-(23), we can rewrite the phase shift opti-
mization subproblem as

maximize
{V̂⪰0,e}

e (24a)

s.t.

Tr(Rk,kV̂)

γmin,k
≥

K∑
i=1,i̸=k

Tr(Rk,iV̂)+

Tr(ZkV̂) + δ2k +
ζ2k
α∗
k

,∀k ∈ K,

(24b)

Tr(ZkV̂) +

K∑
i=1

Tr(Rk,iV̂) + δ2k ≥

e

ηk(1− α∗
k)

,∀k ∈ K,

(24c)

V̂n,n = 1,∀n ∈ {N , N + 1}, (24d)

Rank(V̂) = 1. (24e)

Next, we will tackle the non-concave and non-convex rank-one
constraint (24e). An equivalent form for (24e) will be Tr(V̂) =
λmax(V̂) , where λmax(V̂) denotes the maximum eigenvalue
of V̂. As expected, the inequality Tr(V̂) ≥ λmax(V̂) holds
for any V̂ ⪰ 0, and the equality holds when the rank of V̂ is
equal to 1. Hence, (24) is converted as

maximize
{V̂⪰0,e}

e− ν(Tr(V̂)− λmax(V̂)) (25a)

s.t. (24b)-(24d), (25b)

where ν ≥ 0 is the penalty factor. The following lemma
demonstrates the equivalence of problems (24) and (25).

Lemma 1: Let V̂(i) denote the optimal solution of problem
(25) at the i-th iteration. When penalty factor ν is sufficiently
large, i.e., ν → +∞, then any limit point of sequence {V̂(i)}
is an optimal solution of problem (24).

Proof: The similar proof can be found in Proposition 2 of
[59].

Next, we will tackle the non-convex and non-concave
objective function (25a). According to Lemma 2 in [60], we
derive the lower bound of λmax(V̂) as

λmax(V̂) ≥ λmax(V̂
(i−1)) + (v̂(i−1)

max )H(V̂ − V̂(i−1))v̂(i−1)
max ,

(26)
where V̂(i−1) represents the optimal V̂ at the (i − 1)-
th iteration, v̂

(i−1)
max denotes the unit eigenvector related to

maximum eigenvalue λmax(V̂
(i−1)) of V̂(i−1). Replacing

λmax(V̂) as its lower bound and removing the constant term
λmax(V̂

(i−1)) − (v̂
(i−1)
max )HV̂(i−1)v̂

(i−1)
max , (25) can be tackled

by iteratively solving the following problem

maximize
{V̂⪰0,e}

e− ν(Tr(V̂)− (v̂(i−1)
max )HV̂v̂(i−1)

max ) (27a)

s.t. (24b)-(24d). (27b)

As observed, the classic convex toolbox, such as CVX, can
be called to solve the convex optimization problem (27).
The proposed penalty function-based method for solving the
IRS phase shift optimization subproblem is summarized in
Algorithm 1.

Lemma 2: Algorithm 1 generates a sequence {V̂(i)} with
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Algorithm 1: Penalty function-based method to solve
reflect matrix optimization subproblem (19)

1 % Initialization stage:
2 Choose a proper penalty factor ν, and a feasible

solution V̂(0). Set iteration factor i = 1, and
tolerance factor ι.

3 Repeat:
4 Obtain the optimal V̂(i) by solving (27);
5 If V̂(i) = V̂(i−1) (i.e., no improved solution found)

then
6 set ν = 2ν;
7 end if
8 Update iteration factor i = i+ 1;

9 Until Tr(V̂(i))−λmax(V̂
(i))

Tr(V̂(i))
≤ ι.

10 % Optimization stage:
11 Set i = 1;
12 Repeat:
13 Obtain the optimal V̂(i) by solving (27);
14 Update iteration factor i = i+ 1;

15 Until Tr(V̂(i))−λmax(V̂
(i))

Tr(V̂(i))
≤ ι.

16 Output: optimal solution Γ∗.

improved solution of problem (25), which converges to a
solution satisfying first-order necessary optimality condition.

Proof: Suppose that V̂(i) is the optimal solution of (26)
at the i-th iteration. Given {w(n)

k ,S
(n)
0 , α

(n)
k }, let us denote

e(V̂(i)) = max
k∈K

Ek(w
(n)
k ,S

(n)
0 , V̂(i), α

(n)
k ). Therefore, we

have

e(V̂(i+1))− ν(Tr(V̂(i+1))− λmax(V̂
(i+1)))

(a1)

≥ e(V̂(i+1))−

ν(Tr(V̂(i+1))− λmax(V̂
(i))− (v̂(i)

max)
H(V̂(i+1) − V̂(i))v̂(i)

max)
(a2)

≥
e(V̂(i))−ν(Tr(V̂(i))− λmax(V̂

(i))− (v̂(i)
max)

H(V̂(i) − V̂(i))v̂(i)
max)

= e(V̂(i))− ν(Tr(V̂(i))− λmax(V̂
(i))),

(28)

where (a1) holds according to Eq. (26), i.e., λmax(V̂
(i+1)) ≥

λmax(V̂
(i))+(v̂

(i)
max)H(V̂(i+1)−V̂(i))v̂

(i)
max, (a2) holds because

that the optimal {V̂(i+1)} is generated by maximizing (27a).
Hence, the optimal objective function (27a) demonstrates
non-decreasing behavior with each iteration. Integrated with
the assurance of the boundedness of the optimal value of
(27), Algorithm 1 is ensured to converge to a solution that
satisfies first-order necessary optimality condition, according
to Proposition 1 in [61].

C. Power Splitting Optimization Subproblem

Given {w∗
k,S

∗
0,Γ

∗}, (10) can be reduced to the following
power splitting optimization subproblem

maximize
{αk}

min
k∈K

ηk(1− αk)(Tr(HkS
∗
0)+

K∑
i=1

Tr(HkW
∗
i )

+ δ2k)

(29a)

s.t.
αkTr(HkW

∗
k)

γmin,k
≥

K∑
i=1,i̸=k

αkTr(HkW
∗
i )+

αkTr(HkS
∗
0) + αkδ

2
k + ζ2k ,∀k ∈ K,

(29b)

0 ≤ αk ≤ 1,∀k ∈ K. (29c)

To reduce the computational complexity, we deduce closed-
form expressions for the optimal power splitting ratios, as
presented in the following Proposition 2.

Proposition 2: For power splitting optimization subproblem
(29), the minimum harvested power among all users will be
maximized when users adopt the following power splitting
ratios:

α∗
k =

 ζ2k

Tr(HkW∗
k)

γmin,k
−

K∑
i=1,i̸=k

Tr(HkW∗
i )− Tr(HkS∗

0)− δ2k


+

,

∀k ∈ K,
(30)

where [x]+ = max{x, 0}.
Proof: After some inequality transformations, (29b) is

rewritten as

αk ≥ ζ2k

Tr(HkW∗
k)

γmin,k
−

K∑
i=1,i̸=k

Tr(HkW∗
i )− Tr(HkS∗

0)− δ2k

.

(31)
Integrated with (29c), we can transform the (29) to the
following problem

maximize
{αk}

min
k∈K

ηk(1− αk)(Tr(HkS
∗
0)+

K∑
i=1

Tr(HkW
∗
i )+ δ2k)

(32a)

s.t.

 ζ2k

Tr(HkW∗
k)

γmin,k
−

K∑
i=1,i̸=k

Tr(HkW∗
i )− Tr(HkS∗

0)−δ2k


+

≤ αk ≤ 1,∀k ∈ K.
(32b)

As seen in (32a), the power harvested by the k-th user
increases as the power splitting ratio αk decreases. Conse-
quently, when each user adopts its lower bound of power
splitting ratio, the optimal objective function of (29) will be
obtained.

Based on the analysis above, we outline the proposed
method for solving the formulated non-convex problem (9)
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in Algorithm 1 below. As expected, the initialization of IRS
phase shift matrix Γ(0) and power splitting ratios {α(0)

k } is
crucial to ensure the feasibility of the transmit beamforming
optimization subproblem (12) at step 3. According to proposi-
tion 3.1 in [10], the SINR constraints of (12) will be satisfied

when
K∑

k=1

γmin,k
1+γmin,k

≤ Rank(H), where H = [h1,h2, · · · ,hK ]

and hk
H = hH

r,kΓ
(0)G + hH

d,k,∀k ∈ K. Meanwhile, the BS
transmit power restrictions and minimum sensing beampattern
gain requirements are independent of Γ(0) and {α(0)

k }, and
can be met by adjusting the transmit beamforming strategy.
Therefore, before the block coordinate descent (BCD) iter-
ation, we need to initialize IRS phase shift matrix Γ(0) and
power splitting ratios {α(0)

k }, and verify whether the feasibility

condition
K∑

k=1

γmin,k
1+γmin,k

≤ Rank(H) is satisfied.

Algorithm 2: Alternating optimization method to
solve (9)

1 Set the iteration factor n = 1. Initialize {Γ(0), α
(0)
k }.

2 Repeat:
3 Calculate {w(n)

k ,S
(n)
0 } by solving (12);

4 Acquire Γ(n) by solving (19) with penalty
function-based method;

5 Compute {α(n)
k } according to Proposition 2;

6 Update iteration factor n = n+ 1;
7 Until convergence.
8 Output: optimal solution (w∗

k,S
∗
0,Γ

∗, α∗
k).

Next, we will analyze the convergence of Algorithm 2.
Assuming Γ(n), {α(n)

k } and {w(n)
k ,S

(n)
0 } as the optimal

IRS reflection matrix, power splitting ratios and transmit
beamforming of BS at the n-th iteration, respectively. In step
3 of Algorithm 2, the optimal transmit beamforming strategy
is obtained by solving (12), we have

e(w
(n)
k ,S

(n)
0 ,Γ(n), α

(n)
k ) ≤ e(w

(n+1)
k ,S

(n+1)
0 ,Γ(n), α

(n)
k ),

(33)
where e denotes the minimum harvested power of users,
and it is defined in the first paragraph of Section III. Given
{w(n+1)

k ,S
(n+1)
0 , α

(n)
k }, in step 4 of Algorithm 2, we have

e(w
(n+1)
k ,S

(n+1)
0 ,Γ(n), α

(n)
k )

≤ e(w
(n+1)
k ,S

(n+1)
0 ,Γ(n+1), α

(n)
k ).

(34)

Finally, given {w(n+1)
k ,S

(n+1)
0 ,Γ(n+1)}, the optimal power

splitting ratios are acquired via Proposition 3, it yields that

e(w
(n+1)
k ,S

(n+1)
0 ,Γ(n+1), α

(n)
k )

≤ e(w
(n+1)
k ,S

(n+1)
0 ,Γ(n+1), α

(n+1)
k ).

(35)

According to (32)-(34), we obtain

e(w
(n)
k ,S

(n)
0 ,Γ(n), α

(n)
k ) ≤ e(w

(n+1)
k ,S

(n+1)
0 ,Γ(n+1), α

(n+1)
k ),

(36)
which implies that the solution to problem (9) is non-
decreasing after each iteration of the BCD method. Since the
harvested power of users is inherently bounded by the circuit

architecture and the maximum transmit power of the BS, it is
constrained to a finite value. Consequently, the convergence
of Algorithm 2 is assured.

Then, the computational complexity of Algorithm 2 is
analyzed as follows. Defining I1 and I2 as the iteration number
of Algorithms 1-2, respectively. In step 3, the optimal transmit
beamformer is acquired by solving problem (12), which in-
volves 3K+L+2 constraints and (K+1)M2+1 variables. The
computational complexity of this step is written as O(((K +
1)M2+3K+L+3)((K+1)M2+1)2

√
3K + L+ 2 log( 1

ϵ1
)),

where ϵ1 represents the tolerance coefficient. In step 4, the
optimal IRS phase shifts will be obtained by iteratively solving
convex problem (27), and the computational complexity of
this step is given by O(I1((N + 1)2 + 2K + 2)((N + 1)2 +
1)2

√
2K + 1 log( 1

ϵ2
)), where ϵ2 indicates the corresponding

tolerance coefficient. In step 5, the optimal power splitting
ratio is calculated using (30), with complexity O(K). Combin-
ing all steps, the total computational complexity of Algorithm
2 is given by O(I2(((K+1)M2+3K+L+3)((K+1)M2+
1)2

√
3K + L+ 2 log( 1

ϵ1
)+I1((N+1)2+2K+2)((N+1)2+

1)2
√
2K + 1 log( 1

ϵ2
) +K)).

D. Minimum Harvested Power Maximization Problem with
Non-linear Power Harvesting Model

The preceding subsections analyzed the beamforming op-
timization under the assumption of a linear power harvesting
model. To accommodate non-linear power harvesting char-
acteristics, we now consider the following non-linear power
harvesting model:

ENL
k =

Ψk − Psat∆

1−∆
,∀k ∈ K, (37)

where ENL
k represents the power harvested by k-th user,

∆ = 1
1+exp(ab) , Ψk = Psat

1+exp(−a(PEH,k−b)) , and PEH,k =

(1 − αk)(h
H
k S0hk +

K∑
i=1

|hH
k wi|2 + δ2k). Noted that Psat

represents the maximum harvested power at k-th user, a and
b are parameters related to circuit architecture. As observed,
ENL

k increases monotonically with respect to PEH,k. Therefore,
the minimum harvested power maximization problem in the
non-linear power harvesting scenario is equivalent to

maximize
{wk,αk,S0,Γ}

min
k∈K

PEH,k (38a)

s.t. C1-C6. (38b)

Due to ηkPEH,k = Ek, the minimum harvested power max-
imization problem with non-linear power harvester has the
same structure compared with that of linear power harvester.
Hence, the proposed beamforming and reflecting optimization
method in linear power harvesting scenario can be directly
extended to the scenario with non-linear power harvesters.

IV. ROBUST BEAMFORMING AND POWER SPLITTING
OPTIMIZATION WITH IMPERFECT CSI

The previous section investigates the problem of maximiz-
ing the minimum harvested power under the assumption of
perfect CSI. In this section, we extend the analysis to a more
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practical scenario where the CSI is imperfect. To this end, we
define Ĥk = [diag(hH

r,k)G;hH
d,k], which can be decomposed

into the estimated CSI and an estimation error term as

Ĥk = Ĥest,k +∆Ĥk,∀k ∈ K, (39)

where Ĥest,k denotes the estimated CSI, and ∆Ĥk represents
the unknown estimation error. Following the approach in [62],
we adopt a statistical model for the CSI error8, given by

Vec(∆Ĥk) ∼ CN (0,Σk),

Σk ∈ C(N+1)M×(N+1)M ⪰ 0,∀k ∈ K.
(40)

In contrast to the optimization problem formulated under
perfect CSI (See Eq. (10)), the constraints that require modi-
fication in the presence of imperfect CSI are the minimum
SINR constraint C2 and the power harvesting constraint
(10b). Specifically, these are reformulated to account for the
probabilistic nature of the CSI uncertainty:

Pr{SINRk − γmin,k ≥ 0} ≥ 1− ρI,k,∀k ∈ K, (41)

and
Pr{Ek − e ≥ 0} ≥ 1− ρE,k,∀k ∈ K, (42)

where ρI,k ∈ [0, 1] and ρE,k ∈ [0, 1] represents the tolerable
outage probability of SINR constraint and power harvesting
constraints, respectively.

Lemma 3: (Bernstein-Type Inequality) Suppose f(x) =
xHUx+ 2Re(uHx) + u, where U ∈ Cn×n ⪰ 0, u ∈ Cn×1,
x ∈ Cn×1 ∼ CN (0, I), and u ∈ R. Then, for any ρ ∈ [0, 1],
we have

Pr{f(x) ≥ 0} ≥ 1− ρ (43a)

⇒


Tr(U)−

√
2 ln(1/ρ)a+ ln(ρ)b+ u ≥ 0∥∥∥∥ Vec(U)√

2u

∥∥∥∥
2

≤ a

bI+U ⪰ 0, b ≥ 0

(43b)

where a and b are slack variables.
Based on Lemma 3, the probabilistic constraints (41)–(42)

can be equivalently transformed into deterministic forms.
Specifically, the probabilistic SINR constraint (41) is trans-
formed into:

Tr(UI,k)−
√

2 ln(1/ρI,k)xI,k + ln(ρI,k)yI,k + uI,k ≥ 0,∥∥∥∥ Vec(UI,k)√
2uI,k

∥∥∥∥
2

≤ xI,k,

yI,kI+UI,k ⪰ 0, yI,k ≥ 0,
(44)

where xI,k and yI,k are slack variables associated with the
SINR constraint. Likewise, the power harvesting constraint

8In general, channel error models can be categorized into two types, namely
the bounded CSI error model and the statistical CSI error model. In this
paper, we adopt the statistical CSI error model to characterize the channels
between the BS and users, as the bounded CSI error model tends to be
overly conservative. Moreover, the statistical CSI error model provides a more
realistic representation of practical channel estimation errors, whereas the
bounded CSI error model is typically employed to account for quantization-
induced errors.

(42) can be equivalently expressed as
Tr(UE,k)−

√
2 ln(1/ρE,k)xE,k + ln(ρE,k)yE,k + uE,k ≥ 0,∥∥∥∥ Vec(UE,k)√

2uE,k

∥∥∥∥
2

≤ xE,k,

yE,kI+UE,k ⪰ 0, yE,k ≥ 0,
(45)

where xE,k and yE,k denote the slack variables correspond
to the power harvesting constraint. Moreover, we define

Waux,k = Wk

γmin,k
−

K∑
i=1,i̸=k

Wi − S0, Wtot = S0 +
K∑
i=1

Wi,

UI,k = ϵ2u(W
T
aux,k ⊗ V̂), uI,k = ϵuVec(V̂HĤest,kW

H
aux,k),

uI,k = Tr(Waux,kĤ
H
est,kV̂Ĥest,k) − δ2k − ζ2

k

αk
, UE,k =

ϵ2u(W
T
tot ⊗ V̂), uE,k = ϵuVec(V̂HĤest,kW

H
tot), uE,k =

Tr(WtotĤ
H
est,kV̂Ĥest,k) + δ2k − e

ηk(1−αk)
, Vec(∆Ĥk) = ϵuik

with ik ∼ CN (0, I(N+1)M ). By replacing constraint C2 and
constraint (12) in the original optimization problem with
their deterministic counterparts (44) and (45), respectively,
we construct an alternating optimization framework to ob-
tain a stationary solution to the minimum harvested power
maximization problem under imperfect CSI. This framework
proceeds by alternately solving the following three subprob-
lems:

maximize
{Wk,S0,
xI,k,yI,k,

xE,k,yE,k,e}

e (46a)

s.t. Tr

(
A(ϕl)

(
S0 +

K∑
k=1

Wk

))
≥ bmin,l,∀l ∈ L,

(46b)
S0 ⪰ 0,Wk ⪰ 0,∀k ∈ K, (46c)

Tr(S0) +

K∑
k=1

Tr(Wk) ≤ Pmax,B , (46d)

(44)-(45), (46e)

maximize
{V̂,xI,k,yI,k,
xE,k,yE,k,e}

e (47a)

s.t. V̂n,n = 1,∀n ∈ {N , N + 1}, (47b)
(44)-(45), (47c)

and

maximize
{αk,e}

e (48a)

s.t.
Tr(UI,k)−

√
2 ln(1/ρI,k)xI,k + ln(ρI,k)yI,k

+ uI,k ≥ 0,∀k ∈ K,
(48b)

Tr(UE,k)−
√

2 ln(1/ρE,k)xE,k + ln(ρE,k)yE,k

+ uE,k ≥ 0,∀k ∈ K
(48c)

0 ≤ αk ≤ 1,∀k ∈ K. (48d)

Based on optimization theory, problems (46)–(48) can be
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verified to be convex. Hence, standard convex solvers such
as MOSEK can be employed to efficiently solve these sub-
problems in an alternating manner. The complete procedure
is summarized in Algorithm 3, which outlines the proposed
robust beamforming and power splitting strategy for the mini-
mum harvested power maximization problem under imperfect
CSI.

Algorithm 3: Robust beamforming and power splitting
strategy for handling the minimum harvested power
maximization problem under imperfect CSI

1 Set the iteration factor n = 1, outage probability
thresholds {ρI,k, ρE,k}, and channel uncertainty
factor ϵu. Initialize {V̂(0), α

(0)
k }.

2 Repeat:
3 Given {V̂(n−1), α

(n−1)
k }, calculate optimal

{W(n)
k ,S

(n)
0 } by solving (46);

4 Given {W(n)
k ,S

(n)
0 , α

(n−1)
k }, acquire the optimal

V̂(n) and auxiliary variables {xI,k, xE,k, yI,k, yE,k}
by solving (47) through penalty function-based
method;

5 Given {W(n)
k ,S

(n)
0 , V̂(n)} and auxiliary variables

{xI,k, xE,k, yI,k, yE,k}, compute {α(n)
k } by solving

(48);
6 Update iteration factor n = n+ 1;
7 Until convergence.
8 Output: optimal solution (W∗

k,S
∗
0, V̂

∗, α∗
k).

Finally, we analyze the convergence and computational
complexity of Algorithm 3. According to the principle of the
alternating optimization method, the objective value in each
iteration satisfies the following inequality chain:

e(W
(n)
k ,S

(n)
0 , V̂(n), α

(n)
k )

(ϑ1)

≤ e(W
(n+1)
k ,S

(n+1)
0 , V̂(n), α

(n)
k )

(ϑ2)

≤ e(W
(n+1)
k ,S

(n+1)
0 , V̂(n+1), α

(n)
k )

(ϑ3)

≤ e(W
(n+1)
k ,S

(n+1)
0 , V̂(n+1), α

(n+1)
k ),

(49)
where (ϑ1), (ϑ2), and (ϑ3) hold due to the optimal update
of the transmit beamforming, IRS reflect matrix, and power
splitting ratios in steps 3–5 of Algorithm 3. Accordingly,
the objective value of the minimum harvested power max-
imization problem under imperfect CSI is non-decreasing
across iterations. Furthermore, since the harvested power is
inherently upper-bounded by a finite value, convergence to
a stationary point is guaranteed after a finite number of
iterations.

Defining I3 as the iteration number of Algorithm 3, and
ϵ3, ϵ4, and ϵ5 as the accuracy tolerances for solving prob-
lems (46), (47), and (48), respectively. In Step 3, the op-
timal transmit beamforming is obtained by solving prob-
lem (46), which involves (K + 1)M2 + 4K + 1 variables
and L + 9K + 2 constraints, resulting in a computational
complexity of O(((K + 1)M2 + 13K + L + 3)((K +
1)M2 + 4K + 1)2

√
L+ 9K + 2 log(1/ϵ3)). In Step 4, the

optimal phase shift matrix is computed by solving problem

(47), which includes (N + 1)2 + 4K + 1 variables and
8K +N + 1 constraints. The associated complexity is given
by O(((N + 1)2 + 12K + N + 2)((N + 1)2 + 4K +
1)2

√
8K +N + 1 log(1/ϵ4)). In Step 5, the optimal power

splitting ratios are obtained by solving problem (48), which
involves K+1 variables and 4K constraints, with complexity
O(2(5K + 1)(K + 1)2

√
K log(1/ϵ5)). Hence, the overall

computational complexity of Algorithm 3 is expressed as
O(I3(((K + 1)M2 + 13K + L + 3)((K + 1)M2 + 4K +
1)2

√
L+ 9K + 2 log(1/ϵ3)+((N+1)2+12K+N+2)((N+

1)2 + 4K + 1)2
√
8K +N + 1 log(1/ϵ4) + 2(5K + 1)(K +

1)2
√
K log(1/ϵ5))).

V. NUMERICAL RESULTS

To evaluate the performance of the proposed joint transmit
and reflect beamforming method, we compare it with the
following benchmark schemes:

• IRS with random phase: The IRS phase shift is randomly
generated following a uniform distribution over [0, 2π],
and remains fixed during the optimization. The remaining
steps of the proposed algorithm, including the transmit
beamforming and power splitting design, are retained and
optimized based on the fixed IRS phase shift.

• Without IRS: In this baseline, the IRS is removed from
the system. The BS performs radar sensing, information
transmission, and power transfer solely via direct links to
users/targets. The optimization involves only the transmit
beamforming and power splitting ratios, based on a
simplified version of the proposed algorithm.

• Without radar sensing [58]: The BS conducts downlink
information and power transfer with IRS assistance. The
transmit and reflect beamformers, along with the power
splitting ratios, are jointly optimized to maximize the
minimum harvested power across all users.

• Sum harvested power maximization (SHPM)-based
method [21]: This scheme maximizes the total power
harvested by all users, subject to the SINR requirements
for information transmission and the beamforming gain
constraints for radar sensing.

• SDR-based Method: The transmit beamforming and
power splitting ratios are optimized using the proposed
method. The phase shifts of the IRS are determined
by solving problem (24) while relaxing the rank-one
constraint9.

In simulation experiments, we consider a scenario including
multiple users and L = 2 sensing targets. The location of
BS and IRS are set as [0,0,4] and [10,1,2], respectively.
Users are randomly distributed within a square region of side
length 5, centered at the horizontal coordinate [12.5, -2.5],
with all users located on the z = 0 plane. In addition, the
target sensing directions are set as −π

3 and π
3 , respectively.

The indoor propagation environment is modeled following the
3GPP TR 36.814 specifications [63]. The path loss is given
by 10−(89.5+16.9 log10(d))/10, where d represents the distance

9Due to the rank-one constraint is ignored in problem (24), the benchmark
method 5 will provide an upper bound for original phase shift optimization
subproblem (24).
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between the transmitter and receiver. Besides, the transmit-
receive antenna gain is set as 20 dBi. Furthermore, the small-
scale fading is characterized by the Rician distribution with
Rician factor being 3 [29]. Besides, we set the other simulation
parameters as follows: the distance between two adjacent
antennas at BS is set as d = λ

2 , the linerar energy coversion
efficiency is ηk = 0.8 [64], [65], the additive Gaussian noise
power are set as δ2k = 10−9 W and ζ2k = 10−11 W, the penalty
and tolerance factors of Algorithm 1 are set as ν = 10−11

and ι = 10−3, respectively, the channel uncertainty factor is
ϵu = 10−5, the parameters associated with non-linear power
harvesting model are Psat = 0.024 W, a = 150, and b = 0.014
[48], [66].
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Fig. 3: Minimum beampattern gain versus minimum harvested power
among all users.

In Fig. 3, we show the minimum beampattern gain bmin,l
against the minimum harvested power among all users, where
the minimum SINR requirement of users is set as γmin,k = 8
dB, the maximum transmit power of BS is Pmax,B = 50 W
[27], and the number of BS antennas, IRS reflection elements
and users are set as M = 8, N = 30 and K = 4, respectively.
Among the schemes considered, excluding the benchmark
method ignoring the radar sensing, the minimum harvested
power achieved by the other schemes decreases as the min-
imum beampattern gain increases. This trend arises because
the BS requires more power allocation for radar sensing when
bmin,l is large, consequently reducing the available energy for
power and information transmissions. Furthermore, we also
find that the proposed method can realize significantly higher
minimum harvested power of users compared with IRS with
random phase scheme and Without IRS scheme, especially
when the minimum beampattern gain bmin,l is small. That is
due to the fact that the optimal IRS configuration can improve
the composite channel gain between BS and users, and it
will further lead to the increase of minimum power harvested
by users. Another observation is that the proposed method
outperforms SHPM-based method. This can be attributed to
the fact that in SHPM-based method, the power harvested by
the worst-case user is sacrificed to maximize the total power

harvested by all users.
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Fig. 4: SINR threshold versus minimum harvested power among all
users.

Fig. 4 plots the SINR threshold against the minimum
harvested power among all users, where Pmax,B = 50 W,
M = 8, N = 30, K = 4, and the minimum beampattern
gain for radar sensing is set as bmin,l = 13 dBi. As observed,
the minimum harvested power of users achieved by all the
schemes decreases with the increase of SINR threshold. Ac-
cording to (5), the SINR of k-th user increases with its power
splitting ratio αk. Therefore, each user has to split a larger
ratio of received signals to decode information when the SINR
threshold is large. It will further reduce received signal ratios
to harvest power at users. Furthermore, the proposed method
achieves a significantly higher minimum harvested power
among all users compared to IRS with random phase scheme,
Without IRS scheme, and SHPM-based method. Meanwhile,
this figure further demonstrates that the proposed approach
employing a nonlinear power harvesting model yields lower
harvested power relative to its linear counterpart. This discrep-
ancy primarily stems from diminished rectification efficiency
caused by nonlinear impedance characteristics at low input
power levels, which exacerbates impedance mismatches and
compromises energy conversion efficiency [67].

Fig. 5 reveals the relationship between the maximum
transmit power of BS and the minimum harvested power
among all users, where γmin,k = 8 dB, bmin,l = 10 dBi,
M = 8, N = 30, and K = 4. As observed, the minimum
power harvested among all users tends to increase with the
maximum transmit power of the BS. However, it’s important
to note that the power harvested by users cannot indefinitely
increase with the maximum transmit power of the BS due to
limitations imposed by the rectifying circuit. Furthermore, an
interesting observation is that the performance gap between
the proposed method and the Without radar sensing scheme
widens inversely with the maximum transmit power of the BS.
This phenomenon occurs because when Pmax,B is large, the
BS has sufficient power to simultaneously conduct radar sens-
ing, information, and power transmissions. Consequently, the
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Fig. 5: Maximum transmit power of BS versus minimum harvested
power among all users.

impact of radar sensing on the performance of information and
power transmissions becomes negligible. Moreover, compared
to the IRS with random phase scheme and the Without IRS
scheme, the performance gain achieved by proposed method
wides with the increase of maximum transmit power of BS.
This observation highlights the importance of optimizing the
IRS reflection parameters to enhance power transfer efficiency,
particularly in scenarios when the maximum transmit power
of AP is large enough. In addition, Figs. 3–5 illustrate that
the proposed method under perfect CSI achieves slightly
higher minimum harvested power across all users compared
to the case with imperfect CSI. This observation confirms that
channel estimation errors adversely affect the power transfer
performance of the considered system.
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Fig. 6: Number of reflection elements versus minimum harvested
power among all users.

Fig. 6 illustrates the relationship between the number of
reflecting elements and the minimum harvested power across

all users, where Pmax,B = 50 W, γmin,k = 8 dB, bmin,l = 10
dBi, M = 8, and K = 4. The results demonstrate that the
proposed method achieves a significantly higher minimum
harvested power compared to both the IRS with random
phase scheme and Without IRS scheme. Notably, the per-
formance gap widens as the number of reflecting elements
increases. Interestingly, the IRS with random phase scheme
occasionally yields worse performance than the Without IRS
scheme, when the number of reflection elements equals to 70.
This is mainly due to the misalignment of reflected signals
caused by improperly configured phase shifts, which can lead
to destructive interference and degraded energy harvesting
performance. These observations further highlight the impor-
tance of optimizing the IRS phase shifts to fully exploit the
potential of IRS-assisted integrated sensing, communication,
and powering systems.
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Fig. 7: Beampattern gain achieved by the proposed method.

Fig. 7 depicts the beampattern gain achieved by the pro-
posed method, where Pmax,B = 50 W, γmin,k = 8 dB,
M = 8, N = 30, and K = 4. As observed from this
figure, the beampattern gains towards target angles realized
by our proposed method are larger than bmin,l, and it verifies
that the proposed method can satisfy the multi-target sensing
requirements. In addition, we find that the achievable sensing
accuracy will be improved with the increase of M . Because
the additional antennas installed at the BS will offer extra
degrees of freedom to design the refined sensing beamforming.
Moreover, it is also observed that the sensing performance
is enhanced with the increase of bmin,l. Because a larger
bmin,l will impose the BS to design beamforming strategy
for enhancing the sensing beampattern gains towards target
directions.

Fig. 8 unveils the relationship between the number of users
and the minimum harvested power among all users, where
Pmax,B = 60 W, γmin,k = 8 dB, bmin,l = 10 dBi, M = 20,
and N = 30. As shown in the figure, the minimum harvested
power across all users decreases as the number of users in-
creases. This trend can be attributed to the limited capability of
the BS to simultaneously satisfy the growing requirements of
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Fig. 8: Number of users versus minimum harvest power by
users/runtime of proposed algorithm.

information transmission and power harvesting imposed by an
increasing number of users. Meanwhile, it is observed that the
runtime of the proposed algorithm increases with the number
of users, primarily due to the growing problem dimensionality
and iterative optimization overhead. These observations sug-
gest promising opportunities for designing more efficient and
scalable algorithms with reduced computational complexity,
which can facilitate real-time implementation in large-scale
IRS-assisted sensing, communication and powering systems10.
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Fig. 9: Energy conversion efficiency versus minimum harvested
power among all users.

Fig. 9 illustrates the relationship between the linear en-
ergy conversion efficiency and the minimum harvested power
across all users, where Pmax,B = 50 W, γmin,k = 8 dB,
bmin,l = 10 dBi, M = 8, N = 30, and K = 4. It can be ob-

10It is worth noting that all simulations are coducted in MATLAB 2012
R2012a of MACBOOK Air. Besides, MOSEK is called to solve the formu-
lated optimization problems.

served that, apart from the proposed method employing a non-
linear power harvesting model, the minimum harvested power
achieved by all the other schemes increases linearly with
the energy conversion efficiency. Furthermore, the minimum
harvested power typically ranges from 1 mW to 10 mW, which
is sufficient to sustain a broad range of low-power IoT applica-
tions. Specifically, when the harvested power falls within 1-3
mW (corresponding to an energy conversion efficiency below
0.3), it is adequate to support ultra-low-power tasks such as
ambient sensing (e.g., temperature and humidity monitoring)
and intermittent radio frequency identification (RFID)-based
communications [68]. As the harvested power increases to
3-6 mW (with energy conversion efficiency ranging from
0.3 to 0.7), more advanced functionalities become feasible,
including wireless metering and bluetooth low energy (BLE)-
based beacon broadcasting [69]. When the harvested power
further rises to 6-8 mW (with energy conversion efficiency
exceeding 0.7), the system is capable of supporting more
frequent and energy-intensive operations, such as real-time
equipment monitoring and periodic data transmission [70].
These findings demonstrate the potential of IRS-assisted sens-
ing, communication, and powering systems to enable sustain-
able operation of distributed low-power IoT devices through
efficient wireless energy transfer.

VI. CONCLUSION

This article studied the optimal transmission and reflection
method for IRS-enhanced integrated sensing, communication,
and powering systems. We formulated a minimum harvested
power maximization problem considering the target sensing
and information transmission requirements. To address such
a strictly non-convex problem, the BCD algorithm, SDR
technique and penalty function-based method were adopted
to iteratively optimize the transmit beamformer at the BS,
reflect matrix of the IRS, and power splitting ratios of users.
Moreover, we further proposed the robust beamforming and
power splitting method for considered systems under imper-
fect CSI. Numerical results verified that our proposed method
highly outperforms several existing benchmarks with regard
to minimum harvested power among all users.

Additionally, this article opens avenues for exploration in
several compelling research directions. Firstly, it is interesting
to extend this work to the multiple-cell scenario, where
inter-cell interference poses significant challenges. In such
scenario, coordinate beamforming and scalable optimization
will be essential to ensure reliable target sensing, information
communication, and power transfer. Secondly, this work can
be extended to scenarios with imperfect angle information,
which would require the incorporation of angular uncertainty
models and the application of stochastic constraint-based
optimization techniques. Thirdly, the utilization of active IRS
holds promise in mitigating the significant path attenuation
associated with SWIPT. Finally, the accuracy of radar sensing
is often compromised by environmental clutters. Therefore,
investigating transmission and reflection optimization strate-
gies focused on sensing accuracy for IRS-enhanced integrated
sensing, communication, and powering systems in cluttered
environments emerges as an essential research endeavor.
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