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Abstract To boost the secrecy rate (SR) of the conventional directional modulation (DM) network and overcome the

“double fading” effect of the cascade channels of the passive intelligent reflecting surface (IRS), a novel active IRS-aided

DM system with a power adjustment strategy between transmitter and active IRS is proposed in this study. Then, the

SR is maximized by jointly optimizing the power allocation (PA) factors, transmit beamforming, receive beamforming,

and reflect beamforming at the active IRS, subject to the IRS power constraint. To solve the formulated non-convex

optimization problem, a high-performance scheme of maximizing SR based on successive convex approximation (SCA) and

Schur complement, called Max-SR-SS, is proposed, where the derivative operation is employed to optimize the PA factors,

the generalized Rayleigh-Ritz theorem is adopted to derive the receive beamforming, and the SCA strategy is utilized to

design the transmit beamforming and IRS phase shift matrix. To reduce the high complexity, a low-complexity scheme

of maximizing SR based on equal amplitude reflecting (EAR) and majorization-minimization (MM), called Max-SR-EM,

is developed, where the EAR and MM methods are adopted to derive the amplitude and phase of the IRS phase shift

matrix, respectively. In particular, when the receivers are equipped with single antenna, a scheme of maximizing SR based

on alternating optimization, called Max-SR-AO, is proposed, where the PA factors, transmit beamforming, and reflect

beamforming are derived by the fractional programming and SCA algorithms. The simulation results show that, with the

same power constraint, the SR gains achieved by the proposed schemes outperform those of the fixed PA and passive IRS

schemes.
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1 Introduction

The broadcast nature of wireless communication makes confidential messages vulnerable to eavesdrop-
ping by illegal users, leading to the security issue of confidential message leakage. Directional modulation
(DM), as an advanced and promising physical layer security technology, has attracted the research inter-
est of many researchers [1–5]. DM provides security via directives and is suitable for line-of-sight (LoS)
channels, such as millimeter waves, unmanned aerial vehicles, intelligent transportation, maritime com-
munication, and satellite communication [6]. The main ideas of DM are as follows. In the LoS channels,
DM transmits confidential messages to legitimate users along the desired direction via beamforming and
interferes with illegal user eavesdropping by sending artificial noise (AN) in the undesired direction, hence
enhancing the secure performance of the system [7]. Thus far, the research on DM technology is mainly
focused on the radio frequency frontend (RF) and baseband.

To enhance the secrecy rate (SR) of the DM network with an eavesdropper, in [8], in accordance with the
convex optimization method, a sparse array of DM was synthesized, and the proposed approach achieved
better flexibility in terms of control security performance and power efficiency. A DM network with
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hybrid active and passive eavesdroppers was considered in [9], and a scheme, which used the frequency
division array with assisted AN technique at the transmitter to achieve secure transmission with angle-
range dependence, was proposed. In contrast to the aforementioned single legitimate user networks,
in [10], the authors investigated a multi-legitimate user DM network and designed a security-enhancing
symbol-level precoding vector, which outperformed the benchmark method in terms of both the power
efficiency and security enhancement. Multi-beam DM networks were investigated in [11, 12]. Moreover,
a generalized synthesis method and an AN-aided zero-forcing synthesis method were proposed in [11,12]
to enhance the system performance, respectively. However, the aforementioned works mainly focused on
the scenario where the legitimate user and the eavesdropper have different directions. To ensure secure
transmission of the system when the eavesdropper was in the same direction as the legitimate user, secure
precise wireless transmission DM systems were investigated in [13, 14], which sent confidential messages
to a specific direction and distance to ensure secure wireless transmission.

With the development of wireless communication, the demand for networks increases dramatically
[15, 16]. The use of a large number of active devices will lead to serious energy consumption problems;
fortunately, the emergence of an intelligent reflecting surface (IRS) provides a novel paradigm to overcome
this problem. IRS is a planar array of a large number of electromagnetic elements, each of which is
capable of independently adjusting the amplitude and phase of the incident signal [17–20]. Because of
this capability, the signal strength at the receiver can be significantly enhanced by properly tuning the
reflected signal. Recently, various wireless communication scenarios assisted by IRS have been extensively
investigated, including the multicell communications [15], unmanned aerial vehicle communications [21],
simultaneous wireless information and power transfer (SWIPT) network [22], non-orthogonal multiple
access network [23], and wireless-powered communication network [24].

Given the advantages of the IRS in wireless communication, in recent years, the passive IRS-aided DM
network has also been investigated. With the help of the IRS, the DM can overcome the limitation of
being able to transmit only one confidential bit stream and significantly enhance the SR performance.
In [25], an IRS-aided DM system was considered, and two confidential bit streams were transmitted
from Alice to Bob at the same time. Based on the system model proposed in [25, 26], to enhance the
SR performance, two low-complexity algorithms were proposed to jointly design the transmit and reflect
beamforming vectors of the IRS-aided DM network. An IRS-aided DM network equipped with single
antenna for both legitimate user and eavesdropper was investigated in [27], and the SR closed-form
expression was derived. Moreover, in [28], the authors proposed two beamforming algorithms to enhance
the SR in the DM network aided by IRS and achieved approximately 30% SR gains over no-IRS and
random phase shift IRS schemes. The aforementioned studies showed that the passive IRS can boost the
SR performance of the conventional DM network.

However, the “double fading” effect that accompanies passive IRS is inevitable, which is caused by
the fact that the signal reflected through the IRS needs to pass through the transmitter-to-IRS and
IRS-to-receiver cascade links [29–31]. To overcome this physical limitation, an emerging IRS structure
called active IRS has been proposed. In contrast to the passive IRS, which can only adjust the phase
of the incident signal, the active IRS integrates active reflection-type amplifiers that can simultaneously
tune the amplitude and phase of incident signals. Hence the “double fading” effect of the cascade link
can be effectively attenuated, enabling better performance than the passive IRS [29]. Notably, although
the active IRS can both amplify and reflect incident signals, it is fundamentally different from the full-
duplex amplify-and-forward relay. The active IRS does not require RF chains, has no signal processing
capability, and has lower hardware cost [32]. Moreover, the relay takes two time slots to accomplish the
transmission of one signal, whereas the active IRS only requires one time slot [29].

Similar to the passive IRS, in recent years, many researchers have investigated various wireless com-
munication scenarios with the help of the active IRS [33–37]. For example, to maximize the rate of
the IRS-aided downlink/uplink communication system, the placement of the active IRS was investigated
in [38], which revealed that the system rate was optimal when the active IRS was placed close to the
receiver. An active IRS-aided single input multiple output network was considered in [39], and an al-
ternating optimization (AO) approach was proposed to obtain the IRS reflection coefficient matrix and
received beamforming, which achieved better performance compared with the passive IRS-aided network
with the same power budget. An active IRS-aided SWIPT network was proposed in [40], an alternating
iteration method was employed to maximize the weighted sum rate, and the high-performance gain was
achieved. In a single input single output system, in [41], the authors provided a theoretical and numeri-
cal comparison of the performance between passive and active IRSs with the same power budget, which
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showed that the active IRS performed better than the passive IRS when the power budget is not very
low and the number of IRS elements is not very large. The aforementioned studies presented the benefits
of the active IRS for wireless network performance gains.

Motivated by the aforementioned discussions, to further enhance the SR performance of the passive
IRS-aided DM system, an active IRS-aided DM network with an eavesdropper is investigated in this
paper. Given that the confidential message beamforming and AN powers of the base station (BS) and
active IRS power are subject to the total power constraint of the system, to investigate the impact of the
power allocation (PA) among them and beamforming optimization on the system performance, we focus
on maximizing the SR by jointly optimizing the PA factors, transmit beamforming, receive beamforming,
and reflect beamforming at the active IRS. The main contributions of this paper are summarized as
follows.

(1) To enhance the SR performance of the conventional DM system, a novel DM network with the
introduction of the active IRS is proposed in this paper. In particular, a PA strategy is proposed to adjust
the power fraction between BS and active IRS to further harvest the rate performance gain achieved by
active IRS, which does not exist in a passive IRS-aided network. Then, an active IRS-aided DM system
with PA is presented. Finally, we formulate the SR maximization problem by jointly optimizing the PA
factors, transmit beamforming, receive beamforming, and IRS phase shift matrix for the active IRS-aided
secure DM system in the presence of an eavesdropper, subject to the IRS power constraint. By optimizing
the PA between BS and IRS as well as beamforming, the SR of the system is significantly boosted.

(2) To address the formulated non-convex maximum SR optimization problem in which the five vari-
ables are coupled with each other, a high-performance AO scheme, called maximizing SR based on suc-
cessive convex approximation (SCA) and Schur complement (Max-SR-SS), is proposed. In this scheme,
the derivative operation is employed to calculate the optimal PA factor of the confidential message and
the PA factor of power allocated to the BS. The corresponding transmit and receive beamforming are
derived by the SCA method and generalized Rayleigh-Ritz theorem, respectively, and the IRS phase shift
matrix is calculated by the SCA and Schur complement methods. Moreover, a low-complexity scheme,
called maximizing SR based on equal amplitude reflecting (EAR) and majorization-minimization (MM)
(Max-SR-EM), is proposed to address the formulated problem, where the EAR and MM strategies are
adopted to obtain the amplitude and phase of the IRS phase shift matrix, respectively.

(3) In particular, when the receivers are equipped with single antenna, the optimization problem can
be simplified without receive beamforming. To solve the problem, a scheme of maximizing SR based
on alternating optimization (Max-SR-AO) is proposed, where the PA factors, transmit beamforming,
and IRS phase shift matrix are designed by the fractional programming (FP) and SCA algorithms. The
simulation results show that, with the same total power, the SRs harvested by the three proposed schemes
are higher than those of the benchmark schemes. In addition, when the number of phase shift elements
tends to be large, the gap in terms of the SR between Max-SR-SS and Max-SR-EM schemes is trivial.

The remainder of this paper is organized as follows. Section 2 describes the system model of the active
IRS-aided DM network and formulates the maximum SR problem. Section 3 introduces the proposed
Max-SR-SS and Max-SR-EM schemes. Section 4 presents the proposed Max-SR-AO scheme. Sections 5
and 6 provide the numerical simulation results and conclusions, respectively.

Notations. In this work, the scalars, vectors, and matrices are marked in lowercase, boldface lowercase,
and uppercase letters, respectively. The symbols (·)T, (·)∗, (·)H, ∂(·), Tr(·), rank(·), (·)†, λmax(·), ℜ{·},
diag{·}, and blkdiag{·} refer to the transpose, conjugate, conjugate transpose, partial derivative, trace,
rank, pseudo-inverse, maximum eigenvalue, real part, diagonal, and block diagonal matrix operations,
respectively. The sign | · | stands for the absolute value of the scalar or the determinant of the matrix.
The notations IQ and CP×Q mean the identity matrix of Q × Q and complex-valued matrix space of
P × Q, respectively. The symbol CN (0, I) denotes the circularly symmetric complex Gaussian random
vector with mean 0 and covariance I.

2 System model

As illustrated in Figure 1, we investigate an active IRS-assisted secure DM network, where the BS (Alice)
sends a confidential message to the legitimate user (Bob) with the assistance of active IRS, while sending
AN to the eavesdropper (Eve) to reduce the risk of confidential information being intercepted by Eve.
There are N , Nb, and Ne antennas at Alice, Bob, and Eve, respectively. There are M reflection elements
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Figure 1 (Color online) System diagram of the active IRS-assisted DM network.

on the active IRS with tunable amplitude and phase. In this paper, it is assumed that the active IRS
reflects signal only once and there exists the line-of-sight channels. Moreover, all channel state information
is assumed to be available owing to the channel estimation1).

The transmit signal at Alice is expressed as

s =
√
βlPvx+

√
(1− β)lPTANz, (1)

where P stands for the total power; β ∈ (0, 1] and (1− β) refer to the PA parameters of the confidential
message and AN; l ∈ (0, 1) means the PA factor of the total power allocated to the BS; v ∈ C

N×1 and x
refer to the beamforming vector and confidential message intent to Bob, and they satisfy vHv = 1 and
E[|x|2] = 1, respectively; TAN ∈ CN×N and z ∈ CN×1 represent the projection matrix and vector of AN,
and they meet Tr(TANT

H
AN) = 1 and z ∼ CN (0, IN ), respectively.

Given the existence of path loss, the received signal at Bob is formulated as

yb = uH
b (

√
gabH

H
ab +

√
gaibH

H
ibΨHai)s+

√
gibu

H
bH

H
ibΨnr + nb

=
√
βlPuH

b (
√
gabH

H
ab +

√
gaibH

H
ibΨHai)vx+

√
(1− β)lPuH

b (
√
gabH

H
ab

+
√
gaibH

H
ibΨHai)TANz +

√
gibu

H
bH

H
ibΨnr + nb, (2)

where ub ∈ CNb×1 refers to the receive beamforming. gab and gib stand for the path loss parameters
of Alice-to-Bob and IRS-to-Bob channels, respectively. gaib = gaigib means the equivalent path loss
parameter of Alice-to-IRS and IRS-to-Bob channels. Ψ = diag{ψ1, . . . , ψm, . . . , ψM} ∈ CM×M and
ψ = [ψ1, . . . , ψm, . . . , ψM ]T ∈ CM×1 refer to the reflection coefficient matrix and vector of the active IRS,
ψm = αmejφm . αm and φm are the amplitude and phase of them-th reflecting element, respectively. nr ∼
CN (0, σ2

rIM ) and nb ∼ CN (0, σ2
b) mean the complex additive white Gaussian noise (AWGN) at IRS and

Bob, respectively. HH
ab = hbah

H
ab ∈ CNb×N , HH

ib = hbih
H
ib ∈ CNb×M , and Hai = hiah

H
ai ∈ CM×N denote

the Alice-to-Bob, IRS-to-Bob, and Alice-to-IRS channels, respectively. It is assumed that htr = h(θtr) for

simplicity, and the normalized steering vector is h(θ)
∆
= 1√

N
[ej2πΦθ(1), . . . , ej2πΦθ(n), . . . , ej2πΦθ(N)]T, where

Φθ(n) = −(n − N+1
2 )d cos θ

λ , n = 1, 2, . . . , N, θ represents the direction angle of the signal departure or
arrival, n stands for the antenna index, d indicates the distance between adjacent transmitting antennas,
and λ refers to the wavelength.

Similarly, the received signal at Eve is cast as

ye = u
H
e (

√
gaeH

H
ae +

√
gaieH

H
ieΨHai)s+

√
gieu

H
e H

H
ieΨnr + ne

=
√
βlPuH

e (
√
gaeH

H
ae +

√
gaieH

H
ieΨHai)vx +

√
(1− β)lPuH

e (
√
gaeH

H
ae

+
√
gaieH

H
ieΨHai)TANz +

√
gieu

H
e H

H
ieΨnr + ne, (3)

where ue ∈ CNe×1 denotes the receive beamforming. gae and gie stand for the path loss parameters of
Alice-to-Eve and IRS-to-Eve channels, respectively. gaie = gaigie means the equivalent path loss parameter
of Alice-to-IRS and IRS-to-Eve channels. ne represents the AWGN at Eve that satisfies the distribution

1) The results in this paper can serve as a performance benchmark in the presence of imperfect channel state information.
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ne ∼ CN (0, σ2
e ). H

H
ae = heah

H
ae ∈ C

Ne×N and HH
ie = heih

H
ie ∈ C

1×M refer to the Alice-to-Eve and
IRS-to-Eve channels, respectively.

It is assumed that AN is transmitted to Eve for jamming eavesdropping only and does not impact Bob,
based on the criterion of null-space projection, and TAN should meet

HaiTAN = 0M×N , H
H
abTAN = 0Nb×N . (4)

LetHCM = [Hai;H
H
ab](M+Nb)×N denote an equivalent virtual channel matrix of the confidential message.

Then, TAN can be designed as

TAN = IN −HH
CM[HCMH

H
CM]†HCM. (5)

At this point, Eqs. (2) and (3) can be rewritten as

yb =
√
βlPuH

b

(√
gabH

H
ab +

√
gaibH

H
ibΨHai

)
vx+

√
gibu

H
bH

H
ibΨnr + nb (6)

and

ye =
√
βlPuH

e (
√
gaeH

H
ae +

√
gaieH

H
ieΨHai)vx (7)

+
√
(1 − β)lPgaeu

H
e H

H
aeTANz +

√
gieu

H
e H

H
ieΨnr + ne,

respectively.
Based on (6) and (7), the achievable rates at Bob and Eve are given by

Rb = log2

(
1 +

βlP |uH
b

(√
gabH

H
ab +

√
gaibH

H
ibΨHai

)
v|2

σ2
r‖
√
gibuH

bH
H
ibΨ‖2 + σ2

b

)
(8)

and

Re = log2 (1 + γ) , (9)

respectively, where

γ =
βlP |uH

e

(√
gaeH

H
ae +

√
gaieH

H
ieΨHai

)
v|2

(1− β)lPgae‖uH
e H

H
aeTAN‖2 + σ2

r‖
√
gieuH

eH
H
ieΨ‖2 + σ2

e

.

Due to the fact that Alice and Bob cannot capture Eve’s received beamforming ue in general, an upper
bound of (9) can be obtained by

Re 6 log2(1 + Tr((1 − β)lPgaeH
H
aeTANT

H
ANHae

+ σ2
rgieH

H
ieΨΨHHie + σ2

eINe
)−1(βlP (

√
gaeH

H
ae

+
√
gaieH

H
ieΨHai)vv

H(
√
gaeH

H
ae +

√
gaieH

H
ieΨHai)

H))

∆
= R̃e. (10)

The detailed derivation is available in Appendix A.
At this point, the lower bound of SR for the system is expressed as

Rs = max{0, Rb − R̃e}. (11)

Moreover, the transmitted power at active IRS can be formulated as follows:

Pr = Tr
(
Ψ(gaiβlPHaivv

HHH
ai + σ2

rIM )ΨH
)
. (12)

In this paper, we maximize the SR by jointly deriving the PA factors β and l, transmit beamforming
v, receive beamforming ub, and active IRS phase shift matrix Ψ. The overall optimization problem is
formulated as follows:

max
β,l,v,ub,Ψ

Rs (13a)
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s.t. vHv = 1, uH
bub = 1, (13b)

0 < β 6 1, 0 < l < 1, (13c)

|Ψ(m,m)| 6 ψmax,m = 1, . . . ,M, (13d)

Pr 6 (1 − l)P, (13e)

where ψmax means the amplification gain threshold of the active IRS elements, and (1− l)P refers to the
maximum transmit power of the active IRS. It is obvious that this optimization problem has a non-convex
objective function and constraints, and the optimization variables are highly coupled with each other,
which makes it a challenge to address it directly in general. Hence, the alternating iteration strategy is
taken into account for solving this optimization problem in what follows.

3 Proposed Max-SR-SS and Max-SR-EM schemes

In this section, to streamline the solution of the problem, we aim at maximizing SR and decompose the
problem (13) into five subproblems. In what follows, the parameters β, l, v, ub, and Ψ are sequentially
optimized by fixing the other variables.

3.1 Optimization of the PA factor β

In this subsection, the transmit beamforming v, receive beamforming ub, and IRS phase shift matrix Ψ

are given for the sake of simplicity. We re-arrange the IRS power constraint (13e) as

βlTr
(
Ψ(gaiPHaivv

HHH
ai)Ψ

H
)
+Tr(σ2

rΨΨH) 6 (1− l)P. (14)

For the sake of simplicity, let Ab = P |uH
b (

√
gabH

H
ab+

√
gaibH

H
ibΨHai)v|2, Bb = σ2

r‖
√
gibu

H
bH

H
ibΨ‖2+σ2

b.
Then, Eq. (8) can be degenerated to

Rb = log2

(βlAb +Bb

Bb

)
. (15)

Let us define

A = P (
√
gaeH

H
ae +

√
gaieH

H
ieΨHai)vv

H(
√
gaeH

H
ae +

√
gaieH

H
ieΨHai)

H, (16)

B = σ2
rgieH

H
ieΨΨHHie + σ2

eINe
, (17)

and based on

(1 − β)lPgaeH
H
aeTANT

H
ANHae = (1 − β)l PgaeH

H
aeTANT

H
ANhea︸ ︷︷ ︸

q

hH
ae, (18)

Eq. (10) can be reformulated as

R̃e = log2(1 + Tr[(B + (1− β)lqhH
ae)

−1(βlA)]). (19)

Due to the presence of inverse operation, the Sherman-Morrison theorem is taken into account for the
simplification, i.e.,

(Z + xyT)−1 = Z−1 − Z−1xyTZ−1

yTZ−1x+ 1
. (20)

Then, we have

(B + (1− β)lqhH
ae)

−1 = B−1 − (1 − β)lB−1qhH
aeB

−1

(1 − β)lhH
aeB

−1q + 1
, (21)

and Eq. (19) becomes

R̃e = log2

(
1 + βlTr[B−1A]− β(1 − β)l2Tr[B−1qhH

aeB
−1A]

(1 − β)lhH
aeB

−1q + 1

)
. (22)
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Let Ae = Tr[B−1A], Be = Tr[B−1qhH
aeB

−1A], and Ce = h
H
aeB

−1q. Then, Eq. (10) can be reformulated
as

R̃e = log2

(
(1− β)lCe + 1 + β(1− β)l2(AeCe −Be) + βlAe

(1− β)lCe + 1

)
. (23)

In what follows, we handle the optimization of the PA parameters β and l successively.
Define E1 = l2(AeCe − Be), E2 = l2(AeCe − Be) − lCe + lAe, E3 = lCe + 1, and E4 = lCe. Given l,

in accordance with (13), (15), and (23), the optimization problem with respect to β can be simplified as
follows:

max
β

f1(β) =
β2A1 − βB1 − C1

β2D1 − βF1 − C1
(24a)

s.t. βK1 6 L1, 0 < β 6 1, (24b)

where A1 = lAbE4, B1 = lAbE3 − BbE4, C1 = BbE3, D1 = E1Bb, K1 = lTr(Ψ(gaiPHaivv
HHH

ai)Ψ
H),

F1 = E2Bb, and L1 = (1 − l)P − Tr(σ2
rΨΨH).

Then, Eq. (24) can be recast as

max
β

f1(β) =
β2A1 − βB1 − C1

β2D1 − βF1 − C1
(25a)

s.t. 0 < β 6 βmax, (25b)

where βmax ∆
= min{ L1

K1
, 1}. Given that the denominator β2D1 − βF1 − C1 6= 0, we can obtain that the

objective function of problem (25) is continuous and differentiable in the interval (0, βmax]. Then, taking
its partial derivative and making it equal to 0 yield

∂f1(β)

∂β
=

1

(β2D1 − βF1 − C1)2
[
β2(B1D1 −A1F1) + 2β(C1D1 −A1C1) + (B1C1 − C1F1)

]
= 0, (26)

which can be simplified as

β2(B1D1 −A1F1) + 2β(C1D1 −A1C1) + (B1C1 − C1F1) = 0. (27)

3.1.1 When B1D1 −A1F1 6= 0

Eq. (27) is a quadratic. Let

∆β = 4(C1D1 −A1C1)
2 − 4(B1D1 − A1F1)(B1C1 − C1F1). (28)

If ∆β > 0, based on the formula for the roots of a quadratic function, we can get its roots as

β1 =
−2(C1D1 −A1C1) +

√
∆β

2(B1D1 −A1F1)
, (29)

β2 =
−2(C1D1 −A1C1)−

√
∆β

2(B1D1 −A1F1)
. (30)

3.1.2 When B1D1 −A1F1 = 0

Eq. (27) can be degraded to

2β(C1D1 −A1C1) + (B1C1 − C1F1) = 0, (31)

which yields

β3 = − B1 − F1

2(D1 −A1)
. (32)

Next, we judge whether these candidate solutions of β are in the interval (0, βmax]. Finally, the optimal
value of β can be obtained by comparing the values of f1(β) at endpoints and candidate solutions. The
detailed procedure for deriving the PA factor β is shown in Algorithm 1.
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Algorithm 1 Algorithm for optimizing β.

1: If B1D1 − A1F1 6= 0 and ∆β > 0, the four different scenarios are considered as follows:

(1) If β1, β2 ∈ (0, βmax], then compare the values of f1(0), f1(β1), f1(β2), and f1(β
max);

(2) If β1 ∈ (0, βmax] and β2 /∈ (0, βmax], then compare the values of f1(0), f1(β1), and f1(β
max);

(3) If β1 /∈ (0, βmax] and β2 ∈ (0, βmax], then compare the values of f1(0), f1(β2), and f1(β
max);

(4) If β1, β2 /∈ (0, βmax], then compare the values of f1(0) and f1(β
max);

2: If B1D1 − A1F1 6= 0 and ∆β < 0, the optimal PA parameter has been shown in aforementioned (4);

3: If B1D1 − A1F1 = 0, the two different scenarios are taken into account as follows:

(1) If β3 ∈ (0, βmax], then compare the values of f1(0), f1(β3), and f1(β
max);

(2) If β3 /∈ (0, βmax], then compare the values of f1(0) and f1(β
max);

4: Output the optimal PA factor βopt.

3.2 Optimization of the PA factor l

Fixed v, ub, and Ψ, given that the optimal β has been found in Subsection 3.1, we shift our focus to
solving l. Let E5 = β(1 − β)(AeCe − Be), E6 = (1 − β)Ce + βAe, and E7 = (1 − β)Ce. In accordance
with (15) and (23), by neglecting the constant terms, the optimization problem with respect to l can be
simplified as follows:

max
l

f2(l) =
l2A2 + lB2 + C2

l2D2 + lF2 + C2
(33a)

s.t. lK2 6 L2, 0 < l < 1, (33b)

where A2 = βAbE7, B2 = βAb + E7Bb, C2 = Bb, D2 = E5Bb, K2 = βTr(Ψ(gaiPHaivv
HHH

ai)Ψ
H) + P,

F2 = E6Bb, and L2 = P − Tr(σ2
rΨΨH). Further simplification yields

max
l

f2(l) =
l2A2 + lB2 + C2

l2D2 + lF2 + C2
(34a)

s.t. 0 < l 6 lmax, (34b)

where lmax ∆
= min

{
L2

K2
, 1
}
. Because the denominator l2D2+lF2+C2 6= 0, we can obtain that the objective

function of problem (34) is continuous and differentiable in the interval (0, lmax]. Then, taking its partial
derivative and making it equal to 0 yield

∂f2(l)

∂l
=

1

(l2D2 + lF2 + C2)2
[
l2(A2F2 −B2D2) + 2l(A2C2 − C2D2) + (B2C2 − C2F2)

]
= 0, (35)

which yields

l2(A2F2 −B2D2) + 2l(A2C2 − C2D2) + (B2C2 − C2F2) = 0. (36)

3.2.1 When A2F2 −B2D2 6= 0

Eq. (36) is quadratic. Let

∆l = 4(A2C2 − C2D2)
2 − 4(A2F2 −B2D2)(B2C2 − C2F2). (37)

If ∆l > 0, based on the formula for the roots of a quadratic function, we can get its roots as

l1 =
−2(A2C2 − C2D2) +

√
∆l

2(A2C2 − C2D2)
, (38)

l2 =
−2(A2C2 − C2D2)−

√
∆l

2(A2C2 − C2D2)
. (39)
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3.2.2 When A2F2 −B2D2 = 0

Eq. (36) can be recast as

2l(A2C2 − C2D2) + (B2C2 − C2F2) = 0. (40)

We have

l3 = − B2 − F2

2(A2 −D2)
. (41)

Next, an analysis similar to solving for β needs to be performed, and we ignore the procedure for the
sake of avoiding repetition.

3.3 Optimization of the transmit beamforming vector v

Given β, l, ub, and Ψ, we reformulate the IRS power constraint (13e) as follows:

Pr = vH(gaiβlPH
H
aiΨ

HΨHai)v +Tr(σ2
rΨΨH)

6 (1− l)P. (42)

With ignoring the constant term, Eq. (13) can be re-arranged as the optimization problem with respect
to v as follows:

max
v

vHCv

vHDv
(43a)

s.t. vHv = 1, (42), (43b)

where

C = βlP
(√
gabH

H
ab +

√
gaibH

H
ibΨHai

)H
ubu

H
b

(√
gabH

H
ab

+
√
gaibH

H
ibΨHai

)
/
(
σ2
r‖
√
gibu

H
bH

H
ibΨ‖2 + σ2

b

)
+ IN , (44)

D = βlP
(√
gaeH

H
ae +

√
gaieH

H
ieΨHai

)H [
(1− β)lPgaeH

H
aeTANT

H
ANHae

+ σ2
rgieH

H
ieΨΨHHie + σ2

eINe

]−1(√
gaeH

H
ae +

√
gaieH

H
ieΨHai

)
+ IN . (45)

Given that the objective function value in (43a) is insensitive to the scaling of v, we relax the equation
constraint to vHv 6 1 [25]. Then, in accordance with the first order Taylor approximation, we have

|y|2
z

> − ȳ
∗ȳ

z̄2
z +

2ℜ{ȳ∗y}
z̄

. (46)

Then, the problem (43a) can be recast as

max
v

− v̄HCv̄

(v̄HDv̄)2
vHDv +

2ℜ{v̄HCv}
v̄HDv̄

(47a)

s.t. vHv 6 1, (42), (47b)

where v̄ stands for the given vector. This is a convex optimization problem that can be tackled directly
with CVX toolbox [42].

3.4 Optimization of the receive beamforming vector ub

Fixed β, l, v, and Ψ, the optimization problem with respect to ub can be re-arranged as

max
ub

uH
bA1ub

uH
bA2ub

(48a)

s.t. uH
bub = 1, (48b)

where

A1 = βlP
(√
gabH

H
ab +

√
gaibH

H
ibΨHai

)
vvH

(√
gabH

H
ab +

√
gaibH

H
ibΨHai

)H
, (49)

A2 = σ2
rgibH

H
ibΨΨHHib + σ2

bIN . (50)

In accordance with the generalized Rayleigh-Ritz theorem, the optimal ub is given by the eigenvector
corresponding to the largest eigenvalue of A−1

2 A1.
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3.5 Optimization of the IRS phase shift matrix Ψ

In Subsections 3.1–3.4, the PA factors β and l, transmit beamforming v, and receive beamforming ub

have been optimized. In this section, we turn our focus to the optimization of the IRS phase shift matrix
Ψ. In what follows, two strategies for optimizing Ψ by fixing the variables β, l, v, and ub will be
proposed.

3.5.1 Max-SR-SS algorithm

First, we transform the power constraint (13e) into a constraint on Ψ. Based on the fact that diag{p}q =
diag{q}p for ∀p, q ∈ CM×1, Eq. (13e) can be re-arranged as follows:

Pr = Tr
(
Ψ(gaiβlPHaivv

HHH
ai + σ2

rIM )ΨH
)

= ψT(gaiβlPdiag{vHHH
ai}diag{Haiv}+ σ2

rIM )ψ∗

6 (1− l)P. (51)

Given that the inverse operation in (10), it is difficult to tackle the optimization problem (13) directly.

Hence, to transform R̃e in (10) into a tractable form, let

H1 = σ2
rgiediag{hie}diag{hH

ie}, (52a)

H2 = (1 − β)lPgaeH
H
aeTANT

H
ANHae + σ2

eINe
, (52b)

H3 =
√
βlPgaieH

H
iediag{Haiv}, (52c)

e =
√
βlPgaeH

H
aev. (52d)

Then, we introduce a slack variable t, which meets

t > (H3ψ + e)H(ψHH1ψheih
H
ei +H2)

−1(H3ψ + e). (53)

In accordance with the nature of Schur complement, we can obtain

S(ψ, t) =

[
ψHH1ψheih

H
ei +H2 H3ψ + e

ψHHH
3 + eH t

]
� 0. (54)

According to the first-order Taylor approximation of ψHH1ψ at feasible point ψ̄, we have ψHH1ψ >

2ℜ{ψHH1ψ̄} − ψ̄HH1ψ̄. Then, Eq. (54) can be rewritten as

S(ψ, t) �
[
(2ℜ{ψHH1ψ̄} − ψ̄HH1ψ̄)heih

H
ei +H2 H3ψ + e

ψHHH
3 + eH t

]
� 0. (55)

At this point, the optimization problem with respect to Ψ can be recast as

max
ψ,t

Rb − log2(1 + t), (56a)

s.t. |ψ(m)| 6 ψmax, (51), (55). (56b)

The objective function of the problem (56) is the difference of two logarithmic functions and is non-
convex. To address this problem, let aH =

√
βlPgaibu

H
bH

H
ibdiag{Haiv}, b1 =

√
βlPgabu

H
bH

H
abv, and

C1 = σr
√
gibdiag{uH

bH
H
ib}. Then, we have

Rb = log2

(
1 +

|aHψ + b1|2
‖C1ψ‖2 + σ2

b

)

= log2(ψ
H(aaH +CH

1 C1︸ ︷︷ ︸
E

)ψ + 2ℜ{b∗1aHψ}+ |b1|2 + σ2
b)− log2(1 + ‖C1ψ‖2/σ2

b)− log2(σ
2
b). (57)

Based on the first-order Taylor approximation of ψHEψ, i.e., ψHEψ > 2ℜ{ψHEψ̄} − ψ̄HEψ̄ and the
result in [43], for a fixed point ē1,

− ln(1 + e1) > −ln(1 + ē1)−
1 + e1
1 + ē1

+ 1, (58)
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after neglecting the constant entries, Eq. (56) can be recast as

max
ψ,t

ln(2ℜ{ψHEψ̄} − ψ̄HEψ̄ + 2ℜ{b∗1aHψ}+ |b1|2 + σ2
b)

− ‖C1ψ‖2
σ2
b

/
(
1 + ‖C1ψ̄‖2/σ2

b

)
− t

1 + t̄
(59a)

s.t. |ψ(m)| 6 ψmax, (51), (55), (59b)

where t̄ stands for the value obtained at the previous iteration of t. It is noted that the problem (59) is
convex, which can be derived directly with the convex optimizing toolbox.

3.5.2 Max-SR-EM algorithm

In Subsection 3.5.1, a Max-SR-SS algorithm has been proposed to optimize the IRS phase shift matrix
Ψ, which has a high computational complexity. To reduce the complexity, a Max-SR-EM algorithm with
lower complexity is proposed in this section. Given that Ψ consists of amplitude and phase, we will
derive Ψ by solving for them separately in the following.

First, the derivation of the amplitude is taken into account. For the sake of derivation, we assume
that |Ψ(m,m)| 6 ψmax in (13) always holds and the amplitude of each IRS phase shift elements is the
same, noted as |Ψ(m,m)| = αm = α, and Θ = diag{ejφ1, . . . , ejφm , . . . , ejφM } ∈ CM×M . Then, we have
Ψ = αΘ. Based on the IRS power constraint (13e) and the fact that it is optimal when taking the
equivalent value, i.e.,

Tr
(
αΘ(gaiβlPHaivv

HHH
ai + σ2

rIM )αΘH
)
= (1− l)P, (60)

we yield the amplitude:

α =

√
(1− l)P

Tr
(
Θ(gaiβlPHaivvHH

H
ai + σ2

rIM )ΘH
)

=

√
(1− l)P

Tr
(
gaiβlPHaivvHH

H
ai + σ2

rIM
) . (61)

In the following, we focus on finding the phase matrix Θ. Let

θ = [ejφ1 , . . . , ejφm , . . . , ejφM ]T, φ = [θ; 1], (62a)

He1 = blkdiag
{
α2H1, 0

}
, He2 = [αH3 e], (62b)

hH
b = [α

√
βlPgaibu

H
bH

H
ibdiag{Haiv}

√
βlPgabu

H
bHabv], (62c)

Hb = blkdiag
{
ασrdiag{

√
gibu

H
bH

H
ib}, 0

}
. (62d)

Then, Eqs. (8) and (10) can be rewritten as

Rb = log2

(
1 +

|hH
bφ|2

‖Hbφ‖2 + σ2
b

)
(63)

and

R̃e = log2

(
1 + Tr

[
He2φφ

HHH
e2

φHHe1φheih
H
ei +H2

])
, (64)

respectively.
Next, we perform a transformation of Rb. By (63) and the fact that for fixed points ē2 and ē3,

ln

(
1 +

|e2|2
e3

)
> ln

(
1 +

|ē2|2
ē3

)
− |ē2|2

ē3
+

2ℜ{ē2e2}
ē3

− |ē2|2
ē3(ē3 + |ē2|2)

(
e3 + |e2|2

)
, (65)

one obtains

Rb · ln2 = ln

(
1 +

|hH
bφ|2

‖Hbφ‖2 + σ2
b

)
= ln

(
1 +

|hH
b φ̄|2
τ

)
− |hH

b φ̄|2
τ

+
2ℜ{φHhbh

H
b φ̄}

τ
+G, (66)
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where τ = ‖Hbφ̄‖2 + σ2
b, and

G = −φH




|hH
b φ̄|2

τ(τ + ‖Hbφ̄‖2)
(HH

b Hb + hbh
H
b )

︸ ︷︷ ︸
M̃


φ

H. (67)

With the MM algorithm in [44], i.e.,

−xHY x > −xHZx− 2ℜ{xH(Y −Z)x} − xH(Z − Y )x, (68)

where Z = λmax(Y )I, Eq. (67) can be recast as

− φHM̃φ > −φHλmax(M̃ )IM+1φ− 2ℜ{φH(M̃ − λmax(M̃)IM+1)φ̄} − φ̄H(λmax(M̃)IM+1 − M̃ )φ̄.
(69)

Next, we transform R̃e in (10) into a form that is tractable to solving. Based on the fact that for
∀X ∈ CX×Y and Y ∈ CY×X , one has

|IX +XY | = |IY + Y X|. (70)

Then, we have

log2

(
1 + Tr

[ He2φφ
HHH

e2

φHHe1φheih
H
ei +H2

])
· ln2

= ln|1 + φHHH
e2(φ

HHe1φheih
H
ei +H2)

−1He2φ|
= ln|INe

+ (φHHe1φheih
H
ei +H2)

−1He2φφ
HHH

e2|
= ln|φHHe1φheih

H
ei +H2 +He2φφ

HHH
e2| − ln|φHHe1φheih

H
ei +H2|

= ln|φHHe1φheih
H
ei +H2 +He2φφ

HHH
e2| − ln(|φHHe1φheih

H
eiH

−1
2 + INe

|H2|)
= ln|φHHe1φheih

H
ei +H2 +He2φφ

HHH
e2︸ ︷︷ ︸

J

| − ln(1 + φHHe1φh
H
eiH

−1
2 hei︸ ︷︷ ︸

η

)− ln|H2|. (71)

To simplify the first term of (71), based on

ln|X| 6 ln|X̄|+Tr[X̄−1(X − X̄)], (72)

we have

−ln|J | > −ln|J̄ | − Tr[J̄−1(J − J̄)]
= −ln|J̄ |+Tr[J̄−1J̄ ]− φHHe1φTr[J̄

−1heih
H
ei]− Tr[J̄−1H2]− φHHH

e2J̄
−1He2φ

= −ln|J̄ |+Tr[J̄−1J̄ ]− Tr[J̄−1H2]− φH(He1Tr[J̄
−1heih

H
ei] +H

H
e2J̄

−1He2︸ ︷︷ ︸
K

)φ, (73)

where J̄ means the solution obtained at the previous iteration of J . By utilizing (68), one has

− φHKφ > −φHλmax(K)IM+1φ− 2ℜ{φH(K − λmax(K)IM+1)φ̄} − φ̄H(λmax(K)IM+1 −K)φ̄. (74)

To make the second term of (71) tractable, according to (58), we can obtain

−ln(1 + η) >− ln(1 + η̄)− 1 + φHHe1φh
H
eiH

−1
2 hei

1 + η̄
+ 1, (75)

where η̄ is the solution obtained at the previous iteration. Based on the first-order Taylor series expansion,
we have

φHHe1φh
H
eiH

−1
2 hei

1 + η̄
>2ℜ

{
φHHe1(h

H
eiH

−1
2 hei)

1 + η̄
φ̄

}
− φ̄HHe1(h

H
eiH

−1
2 hei)

1 + η̄
φ̄. (76)
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At this point, combined with (66), (69), (74), and (76), after neglecting the constant term, the opti-
mization problem with respect to φ can be recast as

max
φ

2ℜ{φHg} (77a)

s.t. |φ(m)| = 1,m = 1, . . . ,M, φ(M + 1) = 1, (77b)

where g =
[hbh

H
b

τ − (M̃ −λmax(M̃)IM+1)− (K −λmax(K)IM+1)+
He1(h

H
eiH

−1
2 hei)

1+η̄

]
φ̄. Then, the optimal

solution of θ can be obtain directly by

θopt = φopt(1 :M) = ejarg(g(1:M)). (78)

3.6 Overall scheme and complexity analysis

Up to now, we have completed the derivation of the PA factors β and l, transmit beamforming v, receive
beamforming ub, and IRS phase shift matrix Ψ. To make the process clearer, we summarize the entire
proposed schemes’ ideas below.

The iterative idea of the proposed Max-SR-SS scheme is as follows: (1) the PA factors β and l, transmit
beamforming v, receive beamforming ub, and IRS phase shift matrixΨ are initialized to feasible solutions;
(2) given l, v, ub, and Ψ, based on Algorithm 1, update β; (3) fixed β, v, ub, and Ψ, solve (34) to update
l; (4) given β, l, ub, and Ψ, solve (47) to obtain v; (5) fixed β, l, v, and Ψ, solve (48a) to yield ub; (6)
given β, l, v, and ub, solve (59) to yield ψ, and Ψ = diag{ψ}. The five variables are updated alternately

until the termination condition is realized, i.e., |R(k)
s − R

(k−1)
s | 6 ǫ, where k and ǫ refer to the iteration

number and convergence accuracy, respectively.
The overall procedure of the proposed Max-SR-EM scheme is listed below: (1) the PA factors β and

l, transmit beamforming v, receive beamforming ub, and IRS phase shift matrix Ψ are initialized to
feasible solutions; (2) given l, v, ub, and Ψ, β is computed by Algorithm 1; (3) fixed β, v, ub, and Ψ, l
is updated by (34); (4) given β, l, ub, and Ψ, v is updated by (47); (5) fixed β, l, v, and Ψ, ub is derived
via the generalized Rayleigh-Ritz theorem; (6) given β, l, v, and ub, solve (61) to obtain α, solve (78) to
find θ, and Ψ = αdiag{θ}. The iteration is repeated until the termination condition is met.

Because the obtained solutions in Max-SR-SS and Max-SR-EM schemes are sub-optimal, and the

objective value sequence {Rs(β
(k), l(k),v(k),u

(k)
b ,Ψ(k))} obtained in each iteration of the alternate opti-

mization method is non-decreasing.

Moreover, Rs(β
(k), l(k),v(k),u

(k)
b ,Ψ(k)) has a finite upper bound since the limited power constraint.

Therefore, the convergence of the proposed two schemes can be guaranteed.
Next, we calculate the computational complexity of the two proposed schemes.
(1) For the Max-SR-SS scheme, the overall computational complexity is CSS = O{LSS[(

√
5(NeM

3 +
NeM

2) +N3M2 +NM)1/ξ+ (Nb +Ne)M
2 +N3

b ]} float-point operations (FLOPs), where LSS refers to
the maximum number of alternating iterations, and ξ stands for the given accuracy of CVX.

(2) For the Max-SR-EM scheme, the whole computational complexity is CEM = O{LEM[(N3M2 +
NM)1/ξ+(Nb+2Ne)M

2+NeM+N3
b ]} FLOPs, where LFS represents the maximum number of alternating

iterations.
It is not difficult to find that the computational complexity of the two proposed schemes can be listed

in decreasing order as CSS > CEM.

4 Proposed Max-SR-AO scheme

In this section, we consider a special situation of problem (13), i.e., both Bob and Eve are equipped with
single antenna. At this point, the channels Hab, Hae, Hib, and Hie are degenerated to hab ∈ CN×1,
hae ∈ CN×1, hib ∈ CM×1, hie ∈ CM×1, respectively, and the receive beamforming is not done. Then, the
receive signal (6) and (7) can be respectively degenerated to

yb =
√
βlP

(√
gabh

H
ab +

√
gaibh

H
ibΨHai

)
vx+

√
gibh

H
ibΨnr + nb, (79)

ye =
√
βlP

(√
gaeh

H
ae +

√
gaieh

H
ieΨHai

)
vx

+
√
(1− β)lP

√
gaeh

H
aeTANz +

√
gieh

H
ieΨnr + ne. (80)
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Correspondingly, the achievable rates at Bob and Eve are respectively given by

Rb = log2

(
1 +

βlP |
(√
gabh

H
ab +

√
gaibh

H
ibΨHai

)
v|2

σ2
r‖
√
gibhH

ibΨ‖2 + σ2
b

)
, (81)

Re = log2

(
1 +

βlP |
(√
gaeh

H
ae +

√
gaieh

H
ieΨHai

)
v|2

(1− β)lP‖√gaehH
aeTAN‖2 + σ2

r‖
√
giehH

ieΨ‖2 + σ2
e

)
.

In the absence of receive beamforming, the optimization problem (13) can be recast as

max
β,l,v,Ψ

Rs = Rb −Re (82a)

s.t. vHv = 1, Pr 6 (1− l)P, (82b)

0 < β 6 1, 0 < l < 1, (82c)

|Ψ(m,m)| 6 ψmax,m = 1, . . . ,M. (82d)

In what follows, the alternating iteration strategy is taken into account for solving the variables β, l, v,
and Ψ.

4.1 Optimization of the PA factor β

In this subsection, the beamforming vector v and IRS phase shift matrix Ψ are given for the sake of
simplicity. Let Db = P |(√gabhH

ab +
√
gaibh

H
ibΨHai)v|2, De = P |(√gaehH

ae +
√
gaieh

H
ieΨHai)v|2, Eb =

σ2
r‖
√
gibh

H
ibΨ‖2 + σ2

b, Ee = σ2
r‖
√
gieh

H
ieΨ‖2 + σ2

e , and Fe = P‖√gaehH
aeTAN‖2. Then, Eqs. (81) and (82a)

can be transformed into

Rb = log2

(
βlDb + Eb

Eb

)
(83)

and

Re = log2

(
βlDe + (1− β)lFe + Ee

(1− β)lFe + Ee

)
, (84)

respectively. The objective function of the optimization problem (82) can be degenerated as

Rs = Rb −Re

= log2

(
(βlDb + Eb)[(1− β)lFe + Ee]

βlDe + (1 − β)lFe + Ee

)
− log2Eb

= log2
β(1− β)l2DbFe + βlDbEe + (1 − β)lEbFe + EbEe

βlDe + (1 − β)lFe + Ee
− log2Eb. (85)

In what follows, we handle the optimization of the PA parameters β and l successively.
Given l, in accordance with (82) and (85), the optimization problem with respect to β can be simplified

as follows:

max
β

1

β(lDe − lFe) + lFe + Ee

(
− β2l2DbFe

+ β
(
l2DbFe + lDbEe − lEbFe

)
+ lEbFe + EbEe

)
(86a)

s.t. (27), 0 < β 6 1, (86b)

which can be re-arrange as

max
β

−β2A3 + βB3 + C3

βD3 +K3
(87a)

s.t. βF3 6 G3, 0 < β 6 1, (87b)
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where A3 = l2DbFe, B3 = l2DbFe+ lDbEe− lEbFe, C3 = lEbFe+EbEe, D3 = lDe− lFe, K3 = lFe+Ee,
F3 = lTr(Ψ(gaiPHaivv

HHH
ai)Ψ

H), and G3 = (1− l)P − Tr(σ2
rΨΨH). It can be found that this problem

is non-convex. Notice that this is an FP problem, and the denominator of (87a) is βD3 +K3 = βlDe +
(1 − β)lFe + Ee > 0. To transform (87) into a convex optimization problem, based on the Dinkelbach’s
transform in [45], we introduce an auxiliary parameter τ1 and recast the problem (87) as follows:

max
β,τ1

−β2A3 + βB3 + C3 − τ1(βD3 +K3) (88a)

s.t. βF3 6 G3, 0 < β 6 1. (88b)

The optimal solution can be obtained by taking the root of −β2A3 + βB3 + C3 − τ1(βD3 +K3) = 0. At
this point, the optimization problem (88) is convex, and we can address it by the CVX toolbox directly.

4.2 Optimization of the PA factor l

Fixed β, v, and Ψ, we transfer the focus to solving for l. In accordance with (82) and (85), by neglecting
the constant terms, the optimization problem with respect to l can be simplified as follows:

max
l

l2β(1− β)DbFe + l(βDbEe + (1− β)EbFe) + EbEe

l(βDe + (1− β)Fe) + Ee
(89a)

s.t. (27), 0 < l < 1, (89b)

which yields

max
l

l2A4 + lB4 + C4

lD4 +K4
(90a)

s.t. lF4 6 G4, 0 < l < 1, (90b)

where A4 = β(1 − β)DbFe, B4 = βDbEe + (1 − β)EbFe, C4 = EbEe, D4 = βDe + (1 − β)Fe, K4 = Ee,
F4 = βTr

(
Ψ(gaiPHaivv

HHH
ai)Ψ

H
)
+P, and G4 = P −Tr(σ2

rΨΨH). It is noticed that lD4+K4 > 0, and
this is a non-convex fractional optimization problem. In accordance with the FP method, we introduce
an auxiliary parameter τ2 and recast the problem (90) as

max
l,τ2

l2A4 + lB4 + C4 − τ2(lD4 +K4) (91a)

s.t. lF4 6 G4, 0 < l < 1. (91b)

The optimal solution to this problem is the root of l2A4 + lB4 + C4 − τ2(lD4 + K4) = 0. However,
the problem (91) is still non-convex and requires further transformation. With the first-order Taylor
approximation of l2A4 at feasible point l̄, i.e., l2A4 > 2l̄A4l − l̄2A4, Eq. (91) can be converted to

max
l,τ2

2l̄A4l − l̄2A4 + lB4 + C4 − τ2(lD4 +K4) (92a)

s.t. lF4 6 G4, 0 < l < 1, (92b)

which is a convex optimization problem and can be addressed directly by the convex optimizing toolbox.

4.3 Optimization of the beamforming vector v

Given β, l, and Ψ with ignoring the constant term, Eq. (82) can be reformulated as the optimization
problem with respect to v as follows:

max
v

vHF1v

vHF2v
(93a)

s.t. vHv = 1, (42), (93b)

where

F1 = βlP
(√
gabh

H
ab +

√
gaibh

H
ibΨHai

)H (√
gabh

H
ab +

√
gaibh

H
ibΨHai

)
+
(
σ2
r‖
√
gibh

H
ibΨ‖2 + σ2

b

)
IN , (94)
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F2 = βlP
(√
gaeh

H
ae +

√
gaieh

H
ieΨHai

)H (√
gaeh

H
ae +

√
gaieh

H
ieΨHai

)
+
(
(1 − β)lP‖√gaehH

aeTAN‖2

+ σ2
r‖
√
gieh

H
ieΨ‖2 + σ2

e

)
IN . (95)

Based on (46) and relaxed the constraint vHv = 1 to vHv 6 1, the problem (93a) can be recast as

max
v

− v̄HF1v̄

(v̄HF2v̄)2
vHF2v +

2ℜ{v̄HF1v}
v̄HF2v̄

(96a)

s.t. vHv 6 1, (42). (96b)

It can be found that this is a convex optimization problem that can be tackled directly with a convex
optimizing toolbox.

4.4 Optimization of the IRS phase shift matrix Ψ

In this subsection, we turn our target to optimize Ψ with given β, l, and v. For the sake of derivation, let
ψ̃ = [ψ; 1]∗(M+1)×1, hjj = [

√
gaijdiag{hH

ij}Haiv;
√
gajh

H
ajv](M+1)×1, Hjj = [

√
gijdiag{hH

ij};0H](M+1)×M ,
j =b, e.

Then, the achievable rates (81) and (82a) can be rewritten as

Rb = log2

(
1 +

βlP |ψ̃Hhbb|2
σ2
r‖ψ̃HHbb‖2 + σ2

b

)
(97)

and

Re = log2

(
1 +

βlP |ψ̃Hhee|2
σ2
r‖ψ̃HHee‖2 + (1− β)lP‖√gaehH

aeTAN‖2 + σ2
e

)

= log2

(
1 +

βlP |ψ̃Hhee|2 + σ2
r‖ψ̃HHee‖2

(1− β)lP‖√gaehH
aeTAN‖2 + σ2

e

)
− log2

(
1 +

σ2
r‖ψ̃HHee‖2

(1− β)lP‖√gaehH
aeTAN‖2 + σ2

e

)
, (98)

respectively.
Moreover, the power constraint (13e) can be re-arranged as

Pr = Tr
(
Ψ(gaiβlPHaivv

HHH
ai + σ2

rIM )ΨH
)

= ψ̃Hblkdiag
{
gaiβlPdiag{vHHH

ai}diag{Haiv} + σ2
rIM , 0

}
ψ̃

6 (1− l)P. (99)

At this point, the optimization problem with respect to Ψ is

max
ψ̃

log2

(
1 +

βlP |ψ̃Hhbb|2
σ2
r‖ψ̃HHbb‖2 + σ2

b

)
+ log2

(
1 +

σ2
r‖ψ̃HHee‖2

(1− β)lP‖√gaehH
aeTAN‖2 + σ2

e

)

− log2

(
1 +

βlP |ψ̃Hhee|2 + σ2
r‖ψ̃HHee‖2

(1 − β)lP‖√gaehH
aeTAN‖2 + σ2

e

)
(100a)

s.t. |ψ̃(m)| 6 ψmax, ψ̃(m+ 1) = 1, (99). (100b)

This problem is non-convex and the further transformation is required. According to (65) and (58), by
omitting the constant term, the optimization problem (100) can be degenerated to

max
ψ̃

2ℜ{āaH}
b̄

− |ā|2(b+ |a|2)
b̄(b̄ + |ā|2) +

2ℜ{c̄Hc}
d̄

− |c̄|2(d+ |c|2)
d̄(d̄+ |c̄|2) − 1 + e

1 + ē

s.t. (100b), (101)

where a =
√
βlP ψ̃Hhbb, b = σ2

r‖ψ̃HHbb‖2+σ2
b, c = (

√
σ2
r ψ̃

HHee)
H, d = (1−β)lP‖√gaehH

aeTAN‖2+σ2
e ,

e = (βlP |ψ̃Hhee|2 + σ2
r‖ψ̃HHee‖2)/d, ā, b̄, c̄, d̄, and ē mean the solutions obtained at the previous

iteration. Then, the problem (101) degenerates towards the following problem:

min
ψ̃

ψ̃HWψ̃ − 2ℜ{ψ̃Hu}, (102a)
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s.t. (100b), (102b)

where

W =
|ā|2

b̄(b̄+ |ā|2) (βlPhbbh
H
bb + σ2

rHbbH
H
bb) +

|c̄|2
d̄(d̄+ |c̄|2)

· σ2
rHeeH

H
ee +

1

1 + ē

βlPheeh
H
ee + σ2

rHeeH
H
ee

d
, (103)

u = βlPhbbh
H
bbψ̃t/b̄+ σ2

rHeeH
H
eeψ̃t/d̄, (104)

and ψ̃t stands for the solution obtained at the previous iteration. It is noted that the problem (102a) is
convex, which can be derived directly with the CVX toolbox.

4.5 Overall scheme and complexity analysis

So far, we have completed the derivation of the PA factors β and l, beamforming vector v, and IRS
phase shift matrix Ψ. To make the procedure of this scheme clearer, we summarize the whole proposed
Max-SR-AO algorithm below. (1) Initialize β, l, v, and Ψ(0) to feasible solutions; (2) fixed l, v, and Ψ,
solve (88) to update β; (3) given β, v, and Ψ, solve (92) to update l; (4) fixed β, l, and Ψ, optimize (96)

to update v; (5) given β, l, and v, solve (102a) to update ψ̃, and Ψ = diag{ψ̃(1 : M)}∗. Optimize the
four variables alternately until the termination condition is satisfied.

In this scheme, the objective value sequence {Rs(β
(k), l(k),v(k),Ψ(k))} obtained in each iteration of the

alternate optimization strategy is non-decreasing, and Rs(β
(k), l(k),v(k),Ψ(k)) has a finite upper bound

since the limited power constraint. Therefore, the convergence of the proposed Max-SR-AO scheme can
be guaranteed.

The computational complexity of the overall Max-SR-AO algorithm is CAO = O{LAO[M
2In(1/ξ) +

Lv(N
3 +NM2) +LΨ(2

√
2(M +1)3 +N(M +1)2)]} FLOPs, where LAO means the maximum number of

alternating iterations, and Lv and LΨ mean the iterative numbers of the subproblems (96) and (102a).

5 Simulation results

To verify the performance of the three proposed maximum SR schemes, we perform the simulation
comparison in this section. Unless otherwise noted, the parameters of the simulation are listed as follows:
P = 30 dBm, N = 8, M = 64, Nb = Ne = 4, dai = 110 m, dab = dae = 120 m, θai = 11π/36, θab = π/3,
θae = 5π/12, and σ2

b = σ2
e = σ2

r = −40 dBm. The path loss model is modeled as g = λ2/(4πdtr)
2, where

λ and dtr are the wavelength and reference distance, respectively. For the sake of convenience, we set
(λ/(4π))2 = 10−2. The convergence accuracy is ǫ = 10−3.

To evaluate the performance of the proposed schemes, the semi-definite relaxation (SDR) scheme (no
AN) reported in [34], passive IRS scheme (i.e., GAI algorithm) reported in [25], passive IRS scheme
reported in [27], passive IRS scheme (i.e., Algorithm 1) reported in [28], and several benchmark schemes
are applied for comparison at the same power. These benchmark schemes are listed as follows.

(1) Benchmark scheme I: Setting the PA factor l = 0.6, we only optimize the remaining variables
alternatively.

(2) Benchmark scheme II: Fixing the PA factor β = 0.5, we only have to alternately optimize the
remaining variables.

(3) Benchmark scheme III: Both the PA factors β and l are fixed at 0.5, i.e., β = l = 0.5, and only the
residual variables need to be optimized alternately.

(4) No-IRS scheme: Set all the active IRS-related channel vectors and matrices to zero vectors and
zero matrices; then, we only have to optimize the remaining variables.

5.1 Bob and Eve equipped with multiple antennas

First, we show the convergence of both the proposed AO schemes in Figure 2, where the number M =
16, 64, 256 of IRS phase shift elements. Figure 2 shows that the SRs of both proposed schemes increase
rapidly with the number of iterations and finally converge to a certain value after a finite number of
iterations. The convergence speed of the proposed Max-SR-SS scheme is slightly faster than that of the
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Figure 2 (Color online) Convergence of the proposed

schemes.

Figure 3 (Color online) SR versus the number M of IRS el-

ements.

proposed Max-SR-EM scheme. In addition, the SRs of both proposed schemes increase with the increase
in M , and the SR of the proposed Max-SR-SS scheme is slightly better than that of the proposed Max-
SR-EM scheme, regardless of the value of M . Combined with the previous analysis of the computational
complexity of both proposed schemes, it can be found that the low-complexity of the Max-SR-EM scheme
is achieved at the price of some performance loss. As a result, the proposed Max-SR-EM scheme strikes
a good balance between computational complexity and SR performance.

Figure 3 plots the curves of the SR versus the number M of active IRS phase shift elements. Figure 3
shows that the SRs of both the proposed and benchmark schemes gradually increase with the increase in
M , and exhibit a decreasing order in terms of SR performance, as follows: proposed Max-SR-SS, proposed
Max-SR-EM, benchmark scheme I, benchmark scheme II, benchmark scheme III, passive IRS [25], and
no-IRS scheme. The SR difference between the two proposed schemes is trivial with the increase in M ,
and they make significant SR performance enhancements over the five benchmark schemes at the same
total power budget. For example, whenM = 64, the SR performance enhancements achieved by both the
proposed schemes over the benchmark scheme I, benchmark scheme II, benchmark scheme III, passive
IRS [25], and no-IRS scheme are above 3%, 4%, 11%, 40%, and 47%, respectively. These further explain
the motivation for investigating the active IRS, PA, and beamforming algorithms.

Figure 4 depicts the curves of the SR versus the total power P ranging from 10 to 35 dBm. From
Figure 4, we learn that the SRs of the two proposed schemes and five benchmark schemes increase
with the increase in P , and the ordering of their achieved SRs is similar to that shown in Figure 3.
The difference in SR performance between the proposed Max-SR-SS scheme and benchmark scheme I is
slightly less than that between the proposed Max-SR-SS scheme and benchmark scheme II, which means
that optimizing the confidential message PA factor β has a more significant performance enhancement
for the system compared to optimizing the base station PA factor l in this paper. Compared with the
benchmark schemes of no-IRS and passive IRS [25], the SRs achieved by both proposed schemes and the
remaining benchmark schemes are remarkable, with the latter being more than one times higher than the
former because active IRS elements equipped with power amplifiers enable more SR performance gain.
Moreover, the gap between the SRs of the two proposed schemes is trivial when P 6 20 dBm.

Figure 5 illustrates the curves of the SR versus the noise ratio η ranging from 1 to 3.5, where η = σ2
r/σ

2
b

and σ2
b remains constant, i.e., the increase in η is equivalent to that of the noise power at the active IRS.

Figure 5 shows that, apart from the no-IRS scheme, the SRs of the two proposed schemes and benchmark
schemes I–III decrease gradually with the increase in η. This is because the active IRS helps to transmit
the confidential information to Bob and reflects the noise generated at the IRS to him. When η increases,
the noise received by Bob also increases, which leads to a decrease in the SR performance for all schemes
apart from the no-IRS scheme. Taking the Max-SR-SS scheme as an example, the SR at η = 2 and η = 3
are above 8% and 13% lower than those at η = 1, respectively.
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Figure 4 (Color online) SR versus the total power P . Figure 5 (Color online) SR versus the noise ratio η.

Figure 6 (Color online) Convergence of the proposed Max-

SR-AO scheme.

Figure 7 (Color online) SR versus the number M of IRS el-

ements for the proposed scheme and benchmark schemes.

5.2 Bob and Eve equipped with single antenna

Figure 6 shows the SR versus the number of iterations of the proposed Max-SR-AO scheme. Figure 6
shows that, regardless of the value of the number M of IRS phase shift elements, the proposed Max-SR-
AO scheme takes approximately four iterations to converge to the SR ceiling. Moreover, as M gradually
increases, the SR of the proposed Max-SR-AO scheme increases accordingly.

Figure 7 plots the SR versus the number M of the IRS phase shift elements. Similar to the scenario
where both Bob and Eve are equipped with multiple antennas, the SR of the proposedMax-SR-AO scheme
is slightly better than those of the fixed PA schemes (i.e., benchmark schemes I–III and SDR [34]) and
significantly better than those of the passive IRS [27, 28] schemes because the optimization of the PA
factors enables the optimal distribution between power sources. The active IRS with a power amplifier
achieves a higher SR performance gain than the passive IRS with only phase tuning. Moreover, the gap
between the SRs of the proposed Max-SR-AO and SDR [34] decreases as M increases gradually.

To investigate the impact of Bob’s location on SR performance, with fixed positions of Alice, the IRS,
and Eve, we assume that Bob moves only along the straight line Lab (i.e., the line connecting Alice and
Bob) for simplicity of analysis. At this point, Bob’s location only depends on the distance dab of the
Alice-to-Bob link. As dab increases, Bob first moves closer to the IRS, reaches a peak, and then moves
away from it. The detailed diagram of Bob’s movement is shown in Figure 8.

Figure 9 presents the curves of the SR versus the distance dab, where M = 128. Figure 9 shows that,
as Bob moves away from Alice along Lab and closer to the IRS, the SR of the no-IRS scheme gradually
decreases with the increase in dab. For the proposed Max-SR-AO scheme, when Bob first moves between
Alice and IRS and then away from them, the energy received from Alice decreases, and the SRs gradually
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Figure 8 (Color online) Diagram of Bob’s movement. Figure 9 (Color online) SR versus the distance between Alice

and Bob dab.

decrease with the increase in dab. Then, as Bob moves away from Alice and closer to the IRS, the energy
received from the IRS gradually increases, and the SRs gradually increase and reach a peak when Bob
is at the bottom of the IRS. Finally, with Bob moving away from Alice and the IRS, the energy received
from Alice and the IRS gradually decreases, and the SRs gradually decrease. Moreover, there are similar
SR performance tendencies for the SDR [34] and the passive IRS [27, 28] schemes. After the peak, the
gap between the SRs gained by the proposed and passive IRS schemes increases gradually with dab.

6 Conclusion

In this study, we investigated active IRS-aided DM networks and focused on adjusting the PA between
IRS and Alice to improve SR performance. To the best of our knowledge, such a PA has not been
investigated in the optimization of the PA factors, transmit beamforming, and receive beamforming,
and IRS phase shift matrix in the active IRS-aided DM network. To address the formulated problem,
two alternating iteration schemes, namely, Max-SR-SS and Max-SR-EM, were proposed. The Max-SR-
SS scheme employed the derivative operation, SCA, and generalized Rayleigh-Ritz methods to find the
optimal PA factors, transmit beamforming, and receive beamforming, and IRS phase shift matrix. While
the Max-SR-EM scheme with a low-complexity derived the closed-form expression of the IRS phase
shift matrix based on the criteria of EAR and MM. Moreover, a special case of receivers equipped with
single antenna was considered, and the Max-SR-AO scheme was proposed to address the problem. The
simulation results showed that the SR of the DM network was dramatically enhanced with the help of
the active IRS, and the three proposed schemes have made an obvious SR enhancement over the fixed
PA and passive IRS schemes.

Acknowledgements This work was supported in part by National Key Research and Development Program of China (Grant

No. 2023YFF0612900), National Natural Science Foundation of China (Grant No. U22A2002), Hainan Province Science and

Technology Special Fund (Grant No. ZDYF2024GXJS292), Scientific Research Fund Project of Hainan University (Grant No.

KYQD(ZR)-21008), and Collaborative Innovation Center of Information Technology, Hainan University (Grant No. XTCX2022XX-

C07).

References

1 Daly M P, Daly E L, Bernhard J T. Demonstration of directional modulation using a phased array. IEEE Trans Antenn
Propag, 2010, 58: 1545–1550

2 Wan S, Shu F, Lu J, et al. Power allocation strategy of maximizing secrecy rate for secure directional modulation networks.
IEEE Access, 2018, 6: 38794–38801

3 Shi B H, Jiang X Y, Chen N, et al. Fast ambiguous DOA elimination method of DOA measurement for hybrid massive
MIMO receiver. Sci China Inf Sci, 2022, 65: 159302

4 Zhang H, Xiao Y, Xiao Y, et al. Impact of imperfect angle estimation on spatial and directional modulation. IEEE Access,
2020, 8: 7081–7092

5 Dong R, Shi B, Zhan X, et al. Performance analysis of massive hybrid directional modulation with mixed phase shifters.
IEEE Trans Veh Technol, 2022, 71: 5604–5608

6 Shu F, Shen T, Xu L, et al. Directional modulation: a physical-layer security solution to B5G and future wireless networks.
IEEE Netw, 2020, 34: 210–216

7 Cheng Q, Wang S, Fusco V, et al. Physical-layer security for frequency diverse array-based directional modulation in
fluctuating two-ray fading channels. IEEE Trans Wireless Commun, 2021, 20: 4190–4204

https://doi.org/10.1109/TAP.2010.2044357
https://doi.org/10.1109/ACCESS.2018.2815779
https://doi.org/10.1007/s11432-021-3314-4
https://doi.org/10.1109/ACCESS.2019.2960286
https://doi.org/10.1109/TVT.2022.3152807
https://doi.org/10.1109/MNET.001.1900258
https://doi.org/10.1109/TWC.2021.3056521


Dong R E, et al. Sci China Inf Sci December 2025, Vol. 68, Iss. 12, 222301:21

8 Hong T, Shi X P, Liang X S. Synthesis of sparse linear array for directional modulation via convex optimization. IEEE
Trans Antenn Propag, 2018, 66: 3959–3972

9 Qiu B, Wang L, Yang X, et al. Security enhancement of directional modulation scheme against hybrid eavesdroppers. In:
Proceedings of the XXXIVth General Assembly and Scientific Symposium of the International Union of Radio Science (URSI
GASS), 2021. 1–4

10 Kalantari A, Soltanalian M, Maleki S, et al. Directional modulation via symbol-level precoding: a way to enhance security.
IEEE J Sel Top Signal Process, 2016, 10: 1478–1493

11 Hafez M, Arslan H. On directional modulation: an analysis of transmission scheme with multiple directions. In: Proceedings
of IEEE International Conference Communication Workshop (ICCW), 2015. 459–463

12 Xie T, Zhu J, Li Y. Artificial-noise-aided zero-forcing synthesis approach for secure multi-beam directional modulation. IEEE
Commun Lett, 2018, 22: 276–279

13 Wu H, Tao X, Han Z, et al. Secure transmission in MISOME wiretap channel with multiple assisting jammers: maximum
secrecy rate and optimal power allocation. IEEE Trans Commun, 2017, 65: 775–789

14 Shen T, Zhang S, Chen R, et al. Two practical random-subcarrier-selection methods for secure precise wireless transmissions.
IEEE Trans Veh Technol, 2019, 68: 9018–9028

15 Pan C, Ren H, Wang K, et al. Multicell MIMO communications relying on intelligent reflecting surfaces. IEEE Trans
Wireless Commun, 2020, 19: 5218–5233

16 Wei K, Li J, Ma C, et al. Gradient sparsification for efficient wireless federated learning with differential privacy. Sci China
Inf Sci, 2024, 67: 142303

17 Wu Q, Zhang R. Intelligent reflecting surface enhanced wireless network via joint active and passive beamforming. IEEE
Trans Wireless Commun, 2019, 18: 5394–5409

18 Yu X, Xu D, Sun Y, et al. Robust and secure wireless communications via intelligent reflecting surfaces. IEEE J Sel Areas
Commun, 2020, 38: 2637–2652

19 Liu Y, Mu X, Liu X, et al. Reconfigurable intelligent surface-aided multi-user networks: interplay between NOMA and RIS.
IEEE Wireless Commun, 2022, 29: 169–176

20 Pan C, Zhou G, Zhi K, et al. An overview of signal processing techniques for RIS/IRS-aided wireless systems. IEEE J Sel
Top Signal Process, 2022, 16: 883–917

21 Pang X, Zhao N, Tang J, et al. IRS-assisted secure UAV transmission via joint trajectory and beamforming design. IEEE
Trans Commun, 2022, 70: 1140–1152

22 Wu Q, Zhang R. Joint active and passive beamforming optimization for intelligent reflecting surface assisted SWIPT under
QoS constraints. IEEE J Sel Areas Commun, 2020, 38: 1735–1748

23 Fang F, Xu Y, Pham Q V, et al. Energy-efficient design of IRS-NOMA networks. IEEE Trans Veh Technol, 2020, 69:
14088–14092

24 Hua M, Wu Q. Joint dynamic passive beamforming and resource allocation for IRS-aided full-duplex WPCN. IEEE Trans
Wireless Commun, 2022, 21: 4829–4843

25 Shu F, Teng Y, Li J, et al. Enhanced secrecy rate maximization for directional modulation networks via IRS. IEEE Trans
Commun, 2021, 69: 8388–8401

26 Dong R, Jiang S, Hua X, et al. Low-complexity joint phase adjustment and receive beamforming for directional modulation
networks via IRS. IEEE Open J Commun Soc, 2022, 3: 1234–1243

27 Lai L L, Hu J S, Chen Y J, et al. Directional modulation-enabled secure transmission with intelligent reflecting surface. In:
Proceedings of IEEE 3rd International Conference on Information Communication and Signal Processing (ICICSP), 2020.
450–453

28 Lin Y, Shi B, Shu F, et al. Enhanced secure wireless transmission using IRS-aided directional modulation. IEEE Trans Veh
Technol, 2023, 72: 16794–16798

29 Zhang Z, Dai L, Chen X, et al. Active RIS vs. passive RIS: which will prevail in 6G? IEEE Trans Commun, 2023, 71:
1707–1725

30 Liu K, Zhang Z, Dai L, et al. Active reconfigurable intelligent surface: fully-connected or sub-connected? IEEE Commun
Lett, 2022, 26: 167–171

31 Lin Y, Shu F, Dong R, et al. Enhanced-rate iterative beamformers for active IRS-assisted wireless communications. IEEE
Wireless Commun Lett, 2023, 12: 1538–1542

32 Dong L, Li Y, Cheng W, et al. Robust and secure transmission over active reconfigurable intelligent surface aided multi-user
system. IEEE Trans Veh Technol, 2023, 72: 11515–11531

33 Zhu Q, Li M, Liu R, et al. Joint beamforming designs for active reconfigurable intelligent surface: a sub-connected array
architecture. IEEE Trans Commun, 2022, 70: 7628–7643

34 Dong L, Wang H M, Bai J. Active reconfigurable intelligent surface aided secure transmission. IEEE Trans Veh Technol,
2022, 71: 2181–2186

35 Yang F, Guo W, Dai J. Artificial noise aided secure transmission for active RIS-aided NOMA networks. IEEE Access, 2023,
11: 78111–78118

36 Zhou J L, Zhang Y, Hu X Y, et al. Secure communication in RIS-assisted MIMO systems: active RIS or passive RIS? In:
Proceedings of International Conference on Wireless Communications and Signal Processing (WCSP), 2023. 803–808

37 Peng Z J, Liu X Y, Liu X, et al. Performance analysis of active RIS-aided multi-pair full-duplex communications with spatial
correlation and imperfect CSI. Sci China Inf Sci, 2023, 66: 192304

38 You C, Zhang R. Wireless communication aided by intelligent reflecting surface: active or passive? IEEE Wireless Commun
Lett, 2021, 10: 2659–2663

39 Long R, Liang Y C, Pei Y, et al. Active reconfigurable intelligent surface-aided wireless communications. IEEE Trans
Wireless Commun, 2021, 20: 4962–4975

40 Ren H, Chen Z, Hu G, et al. Transmission design for active RIS-aided simultaneous wireless information and power transfer.
IEEE Wireless Commun Lett, 2023, 12: 600–604

41 Zhi K, Pan C, Ren H, et al. Active RIS versus passive RIS: which is superior with the same power budget? IEEE Commun
Lett, 2022, 26: 1150–1154

42 Grant M, Boyd S. CVX: matlab software for disciplined convex programming. 2012. https://cvxr.com/cvx/
43 Nasir A A, Tuan H D, Duong T Q, et al. Secrecy rate beamforming for multicell networks with information and energy

harvesting. IEEE Trans Signal Process, 2017, 65: 677–689
44 Sun Y, Babu P, Palomar D P. Majorization-minimization algorithms in signal processing, communications, and machine

learning. IEEE Trans Signal Process, 2017, 65: 794–816
45 Dinkelbach W. On nonlinear fractional programming. Manage Sci, 1967, 13: 492–498

https://doi.org/10.1109/TAP.2018.2835641
https://doi.org/10.1109/JSTSP.2016.2600521
https://doi.org/10.1109/LCOMM.2017.2772228
https://doi.org/10.1109/TCOMM.2016.2636288
https://doi.org/10.1109/TVT.2019.2931751
https://doi.org/10.1109/TWC.2020.2990766
https://doi.org/10.1007/s11432-023-3918-9
https://doi.org/10.1109/TWC.2019.2936025
https://doi.org/10.1109/JSAC.2020.3007043
https://doi.org/10.1109/MWC.102.2100363
https://doi.org/10.1109/JSTSP.2022.3195671
https://doi.org/10.1109/TCOMM.2021.3136563
https://doi.org/10.1109/JSAC.2020.3000807
https://doi.org/10.1109/TVT.2020.3024005
https://doi.org/10.1109/TWC.2021.3133491
https://doi.org/10.1109/TCOMM.2021.3110598
https://doi.org/10.1109/OJCOMS.2022.3195050
https://doi.org/10.1109/TVT.2023.3292289
https://doi.org/10.1109/TCOMM.2022.3231893
https://doi.org/10.1109/LCOMM.2021.3119696
https://doi.org/10.1109/LWC.2023.3281821
https://doi.org/10.1109/TVT.2023.3262959
https://doi.org/10.1109/TCOMM.2022.3212749
https://doi.org/10.1109/TVT.2021.3135498
https://doi.org/10.1109/ACCESS.2023.3298774
https://doi.org/10.1007/s11432-023-3799-6
https://doi.org/10.1109/LWC.2021.3111044
https://doi.org/10.1109/TWC.2021.3064024
https://doi.org/10.1109/LWC.2023.3235330
https://doi.org/10.1109/LCOMM.2022.3159525
https://doi.org/10.1109/TSP.2016.2621719
https://doi.org/10.1109/TSP.2016.2601299
https://doi.org/10.1287/mnsc.13.7.492


Dong R E, et al. Sci China Inf Sci December 2025, Vol. 68, Iss. 12, 222301:22

Appendix A
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Defining w̃ = w

‖w‖
, we have w = w̃‖w‖. Then, Eq. (A1) can be rewritten as
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(̟) is due to the fact that rank((Q
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2 ) = rank((Q
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2 ) = 1.
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