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Abstract  Active intelligent reflecting surfaces (IRS) with phase-
shift and amplifier capabilities have arisen as a solution relied
upon to improve spectral/energy efficiency of wireless systems,
as they outperform conventional passive techniques/without IRS
assistance. In this work, the simultaneous wireless information
and power transfer (SWIPT) downlink is supported by an ac-
tive IRS, where a multi-antenna base station (BS) broadcasts
both information and power to multiple hybrid power-splitting
(PS) users. The target of sum data rate maximization is to study
the constraints of user energy harvesting thresholds and power
transmission limitations of BS and active IRS. To tackle this com-
plicated issue, iterative algorithms are proposed to find the opti-
mal beamforming vector, PS coefficients, and IRS parameters, as
amplification factors and phase shift. A joint optimization frame-
work using alternating optimization, semidefinite relaxation,
and non-convex approximations is used. Finally, simulation ex-
periments are performed to assess that the proposed iterative
algorithms of the active IRS scheme converge fast and achieve
better sum rate results than conventional baseline schemes.

Keywords  intelligent reflecting surface, power splitting, semidef-
inite relaxation, simultaneous wireless information and power
transfer, sum data rate

1. Introduction

Simultaneous wireless information and power transfer
(SWIPT) has emerged as an effective method for powering
energy-constrained devices by enabling concurrent trans-
mission of information and energy over a single wireless
channel [1]–[3]. In the meantime, active intelligent reflect-
ing surfaces (IRS), a recent evolution of conventional passive
IRS, have become crucial enablers for next-generation wire-
less networks, owing to their unique capability to reflect and
amplify signals simultaneously [4]–[6]. Unlike passive IRS,
which lacks amplification capabilities and, therefore, suffers
significant cascaded path loss, active IRS effectively coun-
teracts this limitation, enhancing signal strength during the
reflection phase.
Prior research exploring IRS-assisted SWIPT primarily ad-
dressed passive IRS configurations, focusing on optimizing
the reflecting elements’ phase shifts to maximize energy

harvesting efficiency or enhance data transmission rates [7]–
[14]. For instance, several studies investigated optimizing
energy efficiency and transmit power control in IRS-aided
multiple-input single-output (MISO) SWIPT networks involv-
ing multiple users [7], [8]. Secure SWIPT systems employing
passive IRS have also aimed at maximizing minimum secrecy
rates and overall energy efficiency [11], [12]. Additional-
ly, non-orthogonal multiple access (NOMA) schemes were
employed in combination with passive IRS to further boost
system performance, particularly through optimized power
allocation strategies [13] and improved uplink sum rates for
IoT devices [8].
Despite these advancements, the inability of passive IRS to
amplify reflected signals considerably restricts their effective-
ness, especially under long-distance wireless communication
scenarios [2].
Recently, the introduction of active IRS has significantly mit-
igated these drawbacks by integrating amplification mecha-
nisms directly with the reflecting elements. This enhancement
allows active IRS to effectively overcome path loss, resulting
in improvements in information transmission and energy har-
vesting capabilities. However, research into integrating active
IRS with SWIPT remains relatively unexplored [15], [16].
A pioneering study addressing this integration, described
in [15], demonstrated substantial advantages compared to
passive IRS configurations, including extended wireless en-
ergy transfer range, increased sum harvested energy (SHE),
and enhanced achievable data rates. Furthermore, recent find-
ings indicate that integrating active IRS with NOMA-based
SWIPT systems can further improve overall power efficiency
and the minimum achievable secrecy rates [16]. Therefore,
such an integration is a promising avenue for deploying robust
and efficient sixth-generation (6G) architectures.
In this research, SWIPT-based communication is investigated
between the transceiver of the base station (BS) with smart
antennas and hybrid PS users, with the assistance of an active
IRS. Two types of downlink transmit beamforming from
the base station to multiple receivers may be distinguished
[17], [18]. The first type is unicast transmit beamforming,
where separated individual data streams are sent to multiple
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Tab. 1. Summary of previous research.

Ref. Mode Users IRS type Goals Methods Main results

[15] Unicast Individual ID, EH Active Maximum SHE(SR)
of EH(ID) users

AO, SDR, SCA,
Gaussian random

Better SHE(SR)
than w/o IRS

[19] Broadcast Only ID users Passive Minimum transfer
power

AO, SDR, Gaussian
random

Lower transfer
power than w/o IRS

[20] Unicast Co-located ID, EH Active Balance SR and SHE AO, SCA,
price-based

Better results than
w/o IRS

[21] Unicast Co-located ID, EH Active Minimum transfer
power

AO, SDR, rank-1
approximation

Lower transfer
power than passive

IRS

[22] Unicast Individual
multi-antenna ID, EH Passive Maximum minimum

individual SR
AO, covariance

matrices
Perfect/imperfect

CSI, better w/o IRS

[23] Unicast Co-located ID, EH Active
STAR-RIS Maximize EE AO, SDR, FP,

reinforced learning
Higher EE than

baselines

Proposed Broadcast
(multicast) Co-located ID, EH Active Maximize sum rate SDR, AO, Taylor,

SCA, rank-1 appr.
Higher SR than
passive, w/o IRS

receivers. Otherwise, in this paper, we consider the other
variety of multicast beamforming, where the base station with
N antennas transmits common information s(t) to multiple
receivers.
In the work described in [10], only the subproblem in which
the optimization of BS and hybrid user parameters is solved
with fixed active IRS parameters was considered. Meanwhile,
in this work, we optimize both transceivers and active IRS
parameters of the overall SWIPT system, comparing the
results to baselines of passive IRS assistance and a setup
without IRS.
Unlike in the case of phase-shift passive IRS with unchanged
signal power, both power amplification and phase change
are exploited in the active IRS. Then, spectral and energy
efficiency in SWIPT communication is expectedly improved
with active IRS.
We present our model and the related papers in Tab. 1. The
major novelty of this work is indicated as:
• The proposed SWIPT system is a combination of broad-

cast transmission, i.e. the same information is transferred
to all users with power-splitting scheme, and active IRS
assistance. Almost all other SWIPT-related works consid-
ered the unicast transmission, i.e. each user received an
individual information stream.
• In the presented broadcast PS-SWIPT scheme, the sum rate

target and active IRS assistance are considered, while the
related broadcast IRS-aided system studied minimization
of transmission power, with/without passive IRS.
• The general transformation techniques relying on semidef-

inite relaxation (SDR) and alternating optimization (AO)
were utilized widely in the prior studies. However, we have
contributed the mathematical manipulation and the efficient
solution approach with Taylor and rank-1 approximations
for the SDR method.

Here, we tackle the highly important issues of overcoming
double fading and IoT sustainability in 6G and IoT networks.

Double fading is a phenomenon where passive IRS suffers
from severe path loss (product of BS-to-IRS and IRS-to-User
paths). By addressing this with active IRS (with the amplifi-
cation feature), we address a primary bottleneck preventing
practical deployment of IRS. Additionally, SWIPT is critical
for extending the lifespan of energy-constrained IoT devices
without replacing their batteries. Ensuring a minimum har-
vested energy threshold Ek while maximizing data rates is
a must for achieving sustainability in IoT.

To summarize, the main contributions of this work are out-
lined below.

• The goal of sum data rate maximization (SRM) (i.e., spec-
tral efficiency) is studied, with the required parameters
related to energy harvesting threshold, BS power limita-
tion, and power budget of the active surface amplifier taken
into consideration. The transceiver and active IRS param-
eters of BS smart beamformer and user power-splitting
coefficients, the IRS phase change and amplification fac-
tors are jointly designed in the complicated non-convex
SRM issue.
• We simplify the SRM problem by using the mathematical

transformer and the alternating optimization (AO) tech-
nique. Then, the semidefinite relaxation (SDR) method
with rank-one approximation is combined with successive
convex approximation (SCA) for designing the iterative
algorithm solution.
• Finally, numerical experiments are performed to analyze

iteration convergence and performance compared to passive
IRS and to a scenario without IRS baseline schemes.
Furthermore, impacts of some system parameters are also
taken into consideration.

The structure of this paper is as follows. The communica-
tion system and the SRM issue are described in Section 2.
The proposed iterative algorithm for solving the SRM is-
sue is presented in Section 3. Finally, numerical results and
conclusions are shown in Sections 4 and 5, respectively.
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In this paper, lowercase letters denote scalars, bold lower-
case letters denote vectors, and bold uppercase letters denote
matrices. In addition, |x | is the absolute value of a complex
scalar while ∥x ∥ is the Euclidean norm of a complex vector
x. Furthemore, a diagonal matrix diag (x) is generated by a
diagonal vector x. The maximum eigenvalue and correspond-
ing eigenvector of a matrixX are represented by λ1 (X) and
v1, respectively. Cm×n is indicated as them× n complex
matrix space. Lastly, CN

(
µ, σ2

)
is the distribution of a cir-

cularly symmetric complex Gaussian random variable with
mean µ and variance σ2.

2. System Model Description

We study a SWIPT downlink transmission network as present-
ed in Fig. 1. In that, a base station provided withM antennas
transmits data and power to numerous hybrid PS users. The
common precoding beamforming vectorw ∈ CM×1 is ex-
ploited at the BS and utilized for all users. The communication
signal sent by the BS is indicated as x = ws with the intend-
ed symbol s under the presumption of a zero-mean and unit
variance random variable. Thus, the transmission power of
the BS is calculated as ∥w∥2 ¬ PTx with the limited power
capacity PTx.
Each PS-based hybrid user employs a power-splitting structure
to simultaneously perform information decoding and energy
harvesting. To improve the quality of communication, an
active IRS intervention including N components is deployed.
The BS-IRS link is represented by G ∈ CN×M while the
BS-user and IRS-user links are tk ∈ CM×1 and hk ∈ CN×1,
∀k ∈ K = {1, . . . ,K}, respectively.
Similar to [40], at the n-th element of the active IRS, bn ­ 0
represents the amplification coefficient and ϕn ∈ [0, 2π) rep-
resents the phase-shift coefficient, ∀n ∈ N = {1, . . . , N}.
As a result, the amplification impactΨ = diag (b1, . . . , bN )
and the phase-shift impact R = diag

(
ejϕ1 , . . . , ejϕN

)
ex-

press the amplification and reflection of the active IRS.
Accordingly, the k-th hybrid user’s arriving signal, including
the direct and reflecting signals, is represented as:

φk =
(
tHk + h

H
k ΨRG

)
ws+ hHk ΨRzI + nk, ∀k ∈ K . (1)

Here, the intelligent surface with amplifying capability gen-
erates a noise zI ∼ CN

(
0N , σ2zIN

)
[15], [24], [25] and

the k-th hybrid user’s antenna has the additive noise nk ∼
CN

(
0, σ2k

)
. The k-th PS-based hybrid user splits the received

signal into two streams using a power-splitting coefficient
θk ∈ (0, 1), where one stream, with a power ratio of θk is uti-
lized for information decoding, and the other, with a power
ratio of (1− θk) is used for energy harvesting [21], [26].
Although theoretical studies often model power splitting as
a lossless operation, practical implementations using Wilkin-
son power dividers or varactor-based circuits introduce non-
negligible insertion losses, such as heat on resistance ele-
ments [27], [28]. The power splitter is usually designed for
a fixed impedance (e.g., 50 Ω). However, impedance mismatch
incurs a loss in the harvested energy when the input impedance

of the energy harvesting circuit (rectifier) changes dynami-
cally with the input power level (i.e. is non-linear) [29]–[31].
Consequently, the ID signal part is represented as φIDk =√
θk φk + vk under a processing noise vk ∼ CN

(
0, δ2k

)
.

The EH signal part is represented as φEHk =
√
1− θk φk.

For those reasons as [9], [40] the information rate of the k-th
hybrid PS user is formulated as:

Ωk = log2

1 + ∣∣(tHk + hHk ΨRG)w∣∣2
σ2z∥hHk ΨR∥

2 + σ2k +
δ2
k
θk

 , ∀k ∈ K , (2)

and the received energy with the presumption of completed
efficiency conversion is given by:

Υk = (1− θk)
(∣∣(tHk + hHk ΨRG)w∣∣2 + σ2z∥∥hHk ΨR∥∥2) , ∀k .

(3)

3. Joint Active IRS and Transceivers
Design

Here, the sum rate maximization problem for active IRS-
aided SWIPT system is introduced and an efficient iteration
solution algorithm is proposed. The target is to optimize
spectral efficiency by jointly designing the parameters of
transceivers and active IRS.
Unlike in [9], [40], here, the BS beamformer, the hybrid
users PS coefficients, and the active IRS’s amplification and
phase-shifting coefficients are degined jointly using a novel
spectral efficiency maximization problem (P1) which can be
formulated as:

maximize
{w,θk,ϕn,bn}

K∑
k=1

log2

1 + ∣∣(tHk + hHk ΨRG)w∣∣2
σ2z
∥∥hHk ΨR∥∥2 + σ2k + δ2kθk


(4a)

subject to: (4b)

(1− θk)

( ∣∣(tHk + hHk ΨRG)w∣∣2
+σ2z

∥∥hHk ΨR∥∥2
)
­ Ek,∀k (4c)

∥w∥2 ¬ PTx (4d)

∥ΨRGw∥2 + σ2z∥ΨR∥
2 ¬ PI (4e)

1 ­ θk ­ 0, ∀k ∈ K (4f)
ϕn ∈ [0, 2π) , ∀n ∈ N . (4g)

The target formulated in (4a) is the maximization of the to-
tal information rate of hybrid users. We consider a system
suitable for energy-constrained applications, such as sensor
networks, where only the base station possesses a reliable
power supply. The receivers must therefore sustain their oper-
ations by replenishing energy via the signals received from
the active IRS-assisted base station. In the constraint (4b),
the amount of harvested energy is larger than the minimum
required EH threshold, Ek which provides enough power for
basic operations, similar to [13], [32], [33]. Constraints (4d)
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Fig. 1. Illustration of SWIPT communication with an active IRS intercession and PS hybrid users.

and (4e) introduce the maximum powers of the BS, PTx, and
the active IRS, PI.

In this paper, we consider that the amplifier units of active
IRS elements share a common power source, as in [4], [21],
[25], [34]. Thus, the amplification power of all active IRS
elements is limited by the total power constraint, as illustrated
in constraint (4e). Otherwise, in the other model of active
IRS, each active IRS reflecting element is equipped with
its own power source and independently controlled power.
Therefore, the maximum amplification factor of each element
is limited by its individual amplification power budget. This
is a challenging problem we will aim to consider in our future
research.

Formulas (4f) and (4g) present the intervals of PS coeffi-
cients at the hybrid users and the phase shifts at the active IRS
components, respectively. The idea relied upon to solve the
spectral efficiency maximization problem consists in com-
bining alternating optimization, SCA iteration, and SDR
with rank-one relaxation. We first separate the coupled vari-
ables {w, θk, ϕn, bn} into two sets of transceiver parameters
{w, θk} and active IRS parameters {ϕn, bn}, then the SDR
method is applied to solve subproblems.

3.1. Solving the Transceiver Parameters Sub-problem

As stated in (4a), the total sum rate function is very compli-
cated due to the couple of transceiver parameters of beam-
forming vector, PS factors {w, θk} and the SINR ratios inside
K∑
k=1
log2 (·) function. Thus, we simplify the objective func-

tion by inserting the auxiliary variables {uk, vk} as formulas
(5a), (5b), and (5c) where two problems have the same maxi-
mum value (please see the proof in Appendix A). Then, we

transform into the equivalent problem (P2) as:

max.{w,θk,
uk,vk

} K∑
k=1

log2

(
1 +

uk
vk + σ2k

)
(5a)

s.t.:
∣∣(tHk + hHk ΨRG)w∣∣2 ­ uk,∀k ∈ K (5b)

σ2z
∥∥hHk ΨR∥∥2 + δ2kθk ¬ vk,∀k ∈ K (5c)( ∣∣(tHk + hHk ΨRG)w∣∣2
+σ2z

∥∥hHk ΨR∥∥2
)
­ Ek
(1− θk)

,∀k ∈ K

(5d)

∥w∥2 ¬ PTx (5e)

∥ΨRGw∥2 + σ2z∥ΨR∥
2 ¬ PI (5f)

1 ­ θk ­ 0, ∀k ∈ K. (5g)

For constraint (5b), we then convert the energy harvesting
constraints as:∣∣(tHk + hHk ΨRG)w∣∣2 = Tr (TkwwH) , (6)

where

Tk =
(
tHk + h

H
k ΨRG

)H (
tHk + h

H
k ΨRG

)
.

For constraint (5c), the function exhibits convexity with
respect to {θk, vk}.
For constraints (5d), we express as follows:

Tr
(
TkwwH

)
+ σ2z

∥∥hHk ΨR∥∥2 ­ Ek
(1− θk)

. (7)

For constraint (5e), Tr
(
wwH

)
¬ PTx and constraint (5f),

we denoteH = (ΨRG)H (ΨRG) and formulate:

Tr
(
(ΨRG)H (ΨRG)wwH

)
+ σ2z∥ΨR∥2 ¬ PI . (8)
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For the objective function, we analyze:

log2

(
1 +

uk
vk + σ2k

)
= log2

(
vk + uk + σ

2
k

)
− log2

(
vk + σ

2
k

)
.

(9)

By exploiting SDR method, we transform the beamforming
vector to the matrix variables w by the useful transformation
W = wwH , w ̸= 0 whereW ⪰ 0, rank (W ) = 1 [35].

max.{W,θk,
uk,vk

} K∑
k=1

[
log2

(
vk + uk + σ2k

)
− log2

(
vk + σ2k

)]
(10a)

s.t.:uk − Tr

( (
tHk + h

H
k ΨRG

)H(
tHk + h

H
k ΨRG

)
W

)
¬ 0,∀k ∈ K

(10b)

σ2z
∥∥hHk ΨR∥∥2 + δ2kθk − vk ¬ 0,∀k ∈ K (10c)

Ek
(1− θk)

−
(
Tr (TkW) + σ2z

∥∥hHk ΨR∥∥2) ¬ 0,∀k ∈ K
(10d)

Tr (W)− PTx ¬ 0 (10e)

Tr
(
(ΨRG)H (ΨRG)W

)
+ σ2z∥ΨR∥

2 − PI ¬ 0
(10f)

1 ­ θk ­ 0, ∀k ∈ K (10g)
uk ­ 0, vk ­ 0, ∀k ∈ K (10h)
W ⪰ 0 (10i)
rank (W ) = 1. (10j)

Since W is positive semidefinite matrix (10i), the rank-
one constraint (10j) is equivalently expressed as Tr (W)−
λ1 (W) ¬ 0, where λ1 is maximum eigenvalue ofW. Then
via the exact penalty function method [37], we move the novel
condition into the objective to formulate the penalty function
with a large enough penalty parameter κ as:

max.{
W,θk,
uk,vk

} K∑
k=1

[
log2

(
vk + uk + σ

2
k

)
− log2

(
vk + σ

2
k

)]
− κ
(
Tr (W)− λ1 (W)

)
We use Taylor approximation for the concave function:

log2
(
vk + σ

2
k

)
¬

 log2
(
v
(l)
k + σ

2
k

)
+

1

ln 2·
(
v
(l)
k
+σ2
k

) (vk − v(l)k )
 . (11)

Moreover, the convex function λ1 (W) has a subgradient
q1qH1 with the unit-norm eigenvector q1 corresponding the
maximum eigenvalue λ1 [38]:

λ1 (W) ­ λ1
(
W(l))+q(l)H1 (

W −W(l))q(l)1 = q(l)H1 Wq(l)1 .
(12)

Then, at the fixed point{
v
(l)
k ,W

(l), λ1
(
W(l)) ,q(l)1 }

the convex optimization subproblem is rewritten as follows:

max.{W,θk,
uk,vk

} K∑
k=1


log2

(
vk + uk + σ2k

)
− log2

(
v
(l)
k + σ

2
k

)
+

1
ln 2·
(
v
(l)
k
+σ2
k

) (vk − v(l)k )



−κ
(
Tr (W)− q(l)H1 Wq(l)1

) (13a)

s.t.: (10b), …, (10i). (13b)

Therefore, this convex optimization problem may be solved
by the Matlab CVX tool [36]. Then, the optimal solution of
this convex optimization problem is used to update the fixed
point {

v
(l)
k ,W

(l), λ1
(
W(l)) ,q(l)1 }

and the procedure is repeated until satisfying the convergent
conditions. To find a point for the initialization, we solve the
problem as:

maximize
{W,θk}

0 (14a)

subject to: (10d), (10e), (10f), (10g), (10i). (14b)

The optimal solution of the problem is assigned for{
W(0), θ(0)k

}
, then

{
v
(0)
k

}
is obtained as

v
(0)
k = σ

2
z

∥∥hHk ΨR∥∥2 + δ2k
θ
(0)
k

, ∀k ∈ K .

Algorithm 1 The proposed algorithm with the SDR-based
approach to optimize the spectral efficiency of problem (5).

1: Initialization: Starting fixed phase shifts {ϕn}, active
IRS element power, {bn}, largest iteration number, I1

2: For l = 1 to I1 do
3: Solving problem (14) to achieve the initial feasible

SCA point
4: Solving problem (13) with SDR-based method to

achieve {W∗, θ∗k, v∗k,q∗1} with fixed {bn, ϕn}
5: Update

{
v
(l)
k ,q

(l)
1

}
← {v∗k,q∗1}

6: If accuracy is obtained then
7: Break
8: End If
9: End For

10: Output: Optimal solution {w, θk} ← {w∗, θ∗k},

optimal value
K∑
k=1
log2

(
1 + |(t

H
k +h

H
k ΨRG)w|2

σ2z∥hHk ΨR∥
2
+σ2
k
+
δ2
k
θk

)

3.2. Solving Subproblem of Active IRS Parameters

Next, we find the amplification factors and the phase shifts
at the active IRS when the beamforming vector and the PS
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factor are fixed. We consider (P3) as follows:

max.
{bn,ϕn}

0 (15a)

s.t.:
∣∣(tHk + hHk ΨRG)w∣∣2 ­ uk, ∀k ∈ K (15b)

σ2z
∥∥hHk ΨR∥∥2 + δ2kθk ¬ vk, ∀k ∈ K (15c)( ∣∣(tHk + hHk ΨRG)w∣∣2
+σ2z

∥∥hHk ΨR∥∥2
)
­ Ek
(1− θk)

,∀k ∈ K

(15d)

∥ΨRGw∥2 + σ2z∥ΨR∥
2 ¬ PI. (15e)

For constraint (15b), we denote

f =
[
b1e
jϕ1 , b2e

jϕ2 , · · · , bNejϕN
]H ∈ CN×1

and thus derive

hHk ΨRGw = f
Hdiag

(
hHk
)
Gw .

we rewrite as:∣∣(tHk + hHk ΨRG)w∣∣2 = ∣∣fHdiag (hHk )Gw + tHk w∣∣2 .
(16)

With xk = diag
(
hHk
)
Gw, yk = tHk w, we formulate:∣∣fHxk + yk∣∣2 = (fHxk + yk) (fHxk + yk)H

= fHxkxHk f + ykx
H
k f + f

HxkyHk + y
H
k yk

= [f , 1]H
[
xkxHk xky

H
k

ykxHk 0

][
f

1

]
+ yHk yk ,

(17)

where

A1 =

[
xkxHk xky

H
k

ykxHk 0

]
.

We assign F = f̃ f̃H , f̃ = [f ; 1], Then, constraint (15b) is
rewritten as:

Tr (A1F) + yHk yk ­ uk, ∀k.

For constraint (15c), first we transform as:∥∥hHk ΨR∥∥2 = ∥∥fHdiag (hHk )∥∥2 = ∥diag (hk) f∥2
= fHdiag

(
hHk
)
diag (hk) f = fHHkf

= f̃HH̃k f̃ = Tr
(
H̃kF

) (18)

where:
Hk = diag

(
hHk
)
diag (hk) ,

H̃k = [Hk,0N×1;01×N , 0] .

Then, constraint (15c) is converted as:

σ2zTr
(
H̃kF

)
+
δ2k
θk
¬ vk, ∀k ∈ K . (19)

For constraint (15d), from equation (18) we derive the equiv-
alent form as:

Tr (A1F)+ yHk yk+σ
2
zTr
(
H̃kF

)
­ Ek
(1− θk)

, ∀k ∈ K . (20)

For constraint (15e), we transform the first term on the left
side as:

∥ΨRGw∥2 =
∥∥fHdiag (Gw)∥∥2
= fHdiag (Gw) (diag (Gw))Hf

= fHḠf

= f̃HG̃f̃ = Tr
(
G̃F
) , (21)

where:
Ḡ = diag (Gw) (diag (Gw))H ,

G̃ =
[
Ḡ,0N×1;01×N , 0

]
.

Moreover, the second term is expressed as:

∥ΨR∥2 = ∥f∥2 =
∥∥f̃∥∥2 − 1 = f̃H f̃ − 1 = Tr (F)− 1 . (22)

Similar to (12), the rank-one condition is approximated by:

λ1 (F) ­ λ1
(
F(i)
)
+ e(i)H1

(
F− F(i)

)
e(i)1 = e

(i)H
1 Fe(i)1 .

(23)
The final problem is expressed as:

min.
{F}

(
Tr (F)− e(i)H1 Fe(i)1

)
(24a)

s.t.:Tr (A1F) + yHk yk ­ uk, ∀k ∈ K (24b)

σ2zTr
(
H̃kF

)
+
δ2k
θk
¬ vk, ∀k ∈ K (24c)Tr (A1F) + yHk yk

+σ2zTr
(
H̃kF

)  ­ Ek
(1− θk)

, ∀k ∈ K (24d)

Tr
(
G̃F

)
+ σ2z (Tr (F)− 1) ¬ PI. (24e)

To start at an initial feasible point, we solve the SDP problem
to obtain e(0)1 as follows:

minimize
{F}

0 (25a)

subject to (24b), (24c), (24d), (24e). (25b)

Then, the initial values for variablesF(0) and e(0)1 are obtained
by the optimal solution. After that, the detailed solution is
presented as Algorithm 2.
Finally, the proposed iterative algorithm is illustrated via
flowchart form in Fig. 2 and the detailed steps in Algorithm
3.

4. Numerical Experiments
In this part of the paper, the numerical experiments of the
iterative algorithm designed for solving the transceiver and
active IRS subproblems and the total system problem are
presented to evaluate the effect of the proposed method.
For setting system parameters similar to [10], [39], the hy-
brid user number is assigned K = 3, the noise powers
of the active IRS and the PS hybrid users are σ2I = −40
dBm, σ2k = −50 dBm, and δ2k = −40 dBm, ∀k ∈ K. The
distance-dependent pathloss for every link is expressed as
PL = [−30− 10β log10 (d)] dB, where is the path loss at
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Algorithm 2 The iterative algorithm with the SDR-based
approach to achieve optimal amplification and phase shifts
coefficients.

Initialization: Fixed {w, θk, uk, vk}, setting iteration
number, I2

2: Finding initial values for variables F(0) and e(0)1 by
solving the initial problem (25)
For l = 1 to I2 do

4: Solving tractable convex problem (24) with
SDR-based method to achieve F∗ and e∗1
Update

{
F(i), e(i)1

}
← {F∗, e∗1}

6: If accuracy is obtained then
Break

8: End If
End For

10: Decompose: F(i) = f̃ (i)f̃ (i)H

Derive f (i) =
[
f̃ (i)
]
1 :N
/ f̃
(i)
N+1 and phase-shift coef-

ficients ϕ(i)n = − arg
(
f
(i)
n

)
,∀n ∈ N , amplification

coefficients b(i)n =
∣∣∣f (i)n ∣∣∣ ,∀n ∈ N

12: Output: optimal solution {bn, ϕn} ←
{
b
(i)
n , ϕ

(i)
n

}
Begin

Sum data rate maxi-
mization problem (P1)

Solve (P2) with SDR-
based method and rank-one

approximation, update
transceiver parameters

Relative accuracy
or maximum

iteration number?

Solve (P3) with SDR-
based method and rank-one

approximation, update
active IRS parameters

End

No

Yes

Fig. 2. Particle swarm optimization flow chart.

the reference distance –30 dB, d denotes the link range, and
β indicates the pathloss factor. The factor β is allotted 2.2 for
the links of BS-active IRS and active IRS-users, and 3.8 for
the links of BS-users.
We apply the Rician fading formula for the small-scale model
with the Rician coefficientKR = 3 dB. The BS location is
placed at (0 m, 0 m) and the active IRS is placed at (3 m, 2.5
m). Moreover, the hybrid user locations are uniformly placed
at the circle which has the centre point (6 m, 0 m) and the
radius 0.5 m.
We apply the Rician fading formula for the small-scale model
with the Rician coefficient ofKR = 3 dB. The BS is placed

Algorithm 3 The final iterative algorithm for optimizing the
transceivers and active IRS parameters.

Initialization: Starting initial phase-shift coefficients{
ϕ
(0)
n

}
, active amplification coefficients,

{
b
(0)
n

}
, largest

number of iterations, I3
Finding initial values for variables F(0) and e(0)1 by
solving the initial problem (25)

3: For p = 1 to I3 do
Solving problem (5) via SDR-based approach to
achieve

{
w(p), θ(p)k

}
under the given active IRS

parameters
Solving problem (15) via SDR-based approach to
achieve

{
b
(p)
n , ϕ

(p)
n

}
under the given transceiver

parameters
6: If accuracy is obtained then

Break
End If

9: End For
Output: optimal solution
{w, θk, bn, ϕn} ←

{
w(p), θ(p)k , b

(p)
n , ϕ

(p)
n

}
,

and optimal value
K∑
k=1
log2

(
1 + |(t

H
k +h

H
k ΨRG)w|2

σ2z∥hHk ΨR∥
2
+σ2
k
+
δ2
k
θk

)

at (0 m, 0 m) and the active IRS is placed at (3 m, 2.5 m).
Moreover, the hybrid user locations are uniformly placed
along a circle with a center point of (6 m, 0 m) and a radius
of 0.5 m.

Figure 3 expresses the iteration results of the SDR-based iter-
ative procedure completed using Algorithm 2 under several
fixed phase shifts and amplification coefficients of the active
intelligent surface. The subproblem (13) provides the target re-
sult which rises and goes to the fixed value with lower five rep-
etitions. In addition, the result of

(
Tr (W)− z(l)H1 Wz(l)1

)
is approximate zero with the high value penalty coefficient
κ. Consequently, SDR-based formula of rank-1 condition is
satisfied, then the BS beamforming solution is obtained via
decomposition technique.
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Fig. 3. Convergent behavior of proposed iterative Algorithm 1.
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Figure 4 expresses the iteration results of the proposed alter-
nating optimization Algorithm 3 under some BS transmission
power values. As seen in Fig. 3, the sum data rate increases
gradually after each iteration until convergence is achieved.
Then, we set the largest iteration of AO iteration number is
I3 = 50 and the relative accuracy is ∆ = 10−2 for terminat-
ing loop.

Figure 5 presents the maximum sum data rate via BS trans-
mission power for three schemes, including the proposed
active IRS, passive IRS, and a solution without IRS, when
the number of BS antennas isM = 5, number of IRS com-
ponents is N = 10, active IRS power is PI = 5 dBW, and
the required energy harvesting threshold is Ek = −25 dBm.

We observe that the support of active IRS provides the highest
total sum rate in comparison with a scenario with passive
IRS and a solution without IRS schemes. For instance, when
PTx = 12 dBW, the proposed active IRS scheme achieves
32.23 bps/Hz, while the passive IRS and the solution without
IRS obtain 31.21 bps/Hz and 28.24 bps/Hz, respectively.
Furthermore, the increase of maximum BS power provides
a higher total sum rate.
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Fig. 6. Maximum sum data rate versus required energy harvesting
value.

Figure 6 presents the maximum sum data rate via the required
EH value, Ek in three schemes, including the proposed active
IRS, passive IRS, and a scheme without IRS, when the number
of BS antennas isM = 8, number of IRS components isN =
10, active IRS power isPI = 1 dBW, and maximum BS power
is PTx = 10 dBW.
It can be observed that the sum data rate of PS hybrid users
goes down with the increase of the required EH threshold.
The reason is that when the EH threshold is higher, PS hybrid
users have to split more energy for EH circuits, and then
keep less energy for decoding data. In addition, the result
of the considered active IRS scheme is also higher than that
of the passive IRS and the scheme without IRS when both
amplification and phase-shift coefficients are optimized.

5. Conclusions

In this study, the total data rate optimization for SWIPT with
PS hybrid users and an active IRS aid is investigated via
an SDR-based approach, rank-one approximations, and AO
method. The SDR-based iterative algorithm shows fast conver-
gence with a few iterations. Under the impact of amplification
characteristics, the sum rate result of the active IRS-assisted
scheme is better than that of the passive IRS-assisted SWIPT
with only phase shifts and the solution scheme without IRS.
Moreover, the sum rate results are higher with an increase in
the number of BS antennas, number of IRS components or
BS transmission power. In conclusion, future research should
focus on rendering the system more robust under the influence
of imperfect channel-side information of the active IRS.
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Appendix A: Proof that problems (4) and
(5) have the same maximum value

We denote the objective functions of problems (4) and (5) as
f4 (w, θk) and f5 (w, θk, uk, vk), respectively.
We assume that the maximum values of problems (4) and
(5) are P ∗(4) at {w∗, θ∗k} and P ∗(5) at {w̃∗, θ̃∗k, ũ∗k, ṽ∗k}, respec-
tively. We have:

P ∗(5) = f5
(
w̃∗, θ̃∗k, ũ

∗
k, ṽ
∗
k

)
¬ f4

(
w̃∗, θ̃∗k

)
¬ f4 (w∗, θ∗k) = P ∗(4)

(26)

due to (5a), (5b), and (5c). Conversely, we have:

P ∗(4) = f4 (w
∗, θ∗k) = f5

(
w∗, θ∗k, u

†
k, v
†
k

)
¬ f5

(
w̃∗, θ̃∗k, ũ

∗
k, ṽ
∗
k

)
= P ∗(5)

(27)

where
u†k =

∣∣(tHk + hHk ΨRG)w∗∣∣2
and

v†k = σ
2
z

∥∥hHk ΨR∥∥2 + δ2k
θ∗k
, ∀k ∈ K

Therefore, we conclude P ∗(4) = P
∗
(5).
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