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Ambient backscatter communication (AmBC) is one of the candidate solutions for the 6G green internet of things (IoT) network.
However, the uncontrollability of the radio frequency (RF) environment is one of the main obstacles hindering the popularization
of AmBC. The intelligent reflective surface (IRS) can improve the radio frequency environment by adjusting the phase and
amplitude of the incident signal, which provides the possibility for the widespread deployment of AmBC. Currently, there is no
discussion about the joint optimization of AmBC and IRS. In this paper, we introduce a novel IRS and AmBC joint design
method. The purpose of this method is to jointly design the beamforming vector, the IRS phase shift, and the reflection
coefficient of AmBC to minimize the AP’s transmit power while ensuring the quality of service of the AmBC system and the
primary communication system. Due to the nonconvexity of the problem, the time complexity of solving the problem through
exhaustive search will be very high. Therefore, we propose a joint design method based on an iterative beamforming vector, IRS
phase shift, and reflection coefficient to minimize the AP’s transmit power. This method can effectively reduce the transmission
power of the access point (AP), and the simulation results prove the effectiveness of the method.

1. Introduction

With the rapid development of mobile communication tech-
nology, the internet of things (IoT) has been greatly devel-
oped and popularized. In particular, B5G/6G further
promotes the application range of IoT, such as smart home,
smart manufacturing, and smart cities [1, 2]. However, due
to the increase in diversified requirements for the application
scenarios of the IoT, diversified requirements are also put
forward for the needs of the IoT devices. If the IoT device
[3, 4] actively generates signals for wireless communication,
it will consume a lot of energy, which will undoubtedly
reduce the standby time of the device. Increasing the battery
capacity will increase the standby time of the device, but this
will undoubtedly increase the size and cost of the device.
Especially for IoT devices such as wearable devices, they are
very sensitive to device size and standby time. The battery
capacity and size of IoT devices are the restrictive factors
for their widespread popularity. Therefore, low-energy IoT

device transmission solutions are an important research
direction to realize the potential of the IoT [3–7].

Radio frequency (RF) energy harvesting technology can
obtain energy from external radio frequency sources and is
one of the important research directions of low-energy con-
sumption IoT device transmission solutions. RF energy har-
vesting technology has been widely used in low-power IoT
devices. Wireless IoT devices can use RF energy harvesting
technology to collect energy to maintain their normal opera-
tions. In this way, the wireless device can run for a long time
without any manual intervention, thereby reducing the oper-
ation and maintenance costs of the device. Therefore, RF
energy harvesting is particularly suitable for power-
constrained wireless networks. There are three main types
of RF energy harvesting schemes, including the synchronous
wireless information and power transmission network
(SWIPT), wireless power communication network (WPCN),
and wireless power transmission (WPT) [8]. (1) The SWIPT
scheme allows the transmitter to send information and

Hindawi
Wireless Communications and Mobile Computing
Volume 2021, Article ID 9912265, 10 pages
https://doi.org/10.1155/2021/9912265

https://orcid.org/0000-0002-4026-2262
https://orcid.org/0000-0002-8700-3401
https://orcid.org/0000-0002-2523-1329
https://orcid.org/0000-0002-2312-6111
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/9912265


energy at the same time, and the user can choose to decode
the information or collect energy. (2) The WPCN scheme
allows user equipment to collect energy from RF energy sig-
nals and then actively send data. (3) TheWPT scheme allows
the power transmitter to transmit energy to the user equip-
ment. Although these solutions have their application value
in wireless networks, there are still some limitations. First,
these solutions require a dedicated RF source to send RF
energy or information to users. Secondly, active RF data
transmission requires a complicated circuit design and con-
sumes a lot of power.

As a green communication technology, ambient back-
scatter communication (AmBC) can effectively solve the
above-mentioned limitations of traditional radio frequency
energy harvesting technology [8, 9]. In the AmBC system,
backscatter devices can communicate by using broadcast sig-
nals from RF sources such as cellular base stations, FM
towers, and TV towers. In the AmBC system, the backscatter
transmitter can modulate the data to the surrounding ambi-
ent signal and reflect it to the backscatter receiver. Therefore,
AmBC does not need a dedicated frequency spectrum for
data transmission. Therefore, AmBC has advantages that
other communication methods do not have. First, AmBC
does not require a dedicated spectrum for data transmission,
which improves spectrum utilization. Secondly, since AmBC
does not require a dedicated RF source, maintenance costs
and deployment costs are reduced. These advantages can
make AmBC widely used in many practical applications.
AmBC has huge application potential in future low-energy
scenarios, but it still faces many challenges. The quality of
service (QoS) of AmBC is affected by factors such as the loca-
tion of the RF, the type of RF, and the RF environment.
Therefore, AmBC must be designed specifically for specific
RF sources. In addition, to use ambient signals from licensed
sources, the AmBC protocol must ensure that it does not
interfere with the QoS of licensed users.

Intelligent reflective surfaces (IRSs) [10–12] can realize
an intelligent and reconfigurable radio propagation environ-
ment for the B5G/6G wireless communication system [13–
20]. The IRS is a plane containing a large number of low-
cost passive reflective elements, each of which can indepen-
dently change the phase and/or amplitude of the incident sig-
nal. The IRS can improve the required channel conditions,
thereby achieving a substantial increase in wireless commu-
nication capacity and reliability. Intelligent reflective surfaces
(IRSs) also have various practical advantages in implementa-
tion. First, compared with traditional active antenna arrays,
IRS can only passively reflect impact signals without generat-
ing radio frequency resonance. Second, IRS does not have
any noise amplification and self-interference. Third, due to
the simple structure of the IRS, it can be easily deployed in
any desired location. Finally, IRS has good compatibility
and compatibility and can be integrated into existing com-
munication systems.

There are many studies on AmBC or IRS [3–11], but
there are no articles on the joint optimization design of
AmBC and IRS. For example, [9] evaluated the performance
of the environmental backscattering system but did not con-
sider the role of IRS. Reference [10] used the IRS to enhance

the active communication system to achieve the goal of min-
imum transmission power. Reference [11] combined IRS
beamforming and reflection design to enhance Bistatic Back-
scatter Networks. IRS is a means to optimize the performance
of AmBC, so it is necessary to study the joint optimization
design of IRS and AmBC. Therefore, in this article, we have
conducted a joint optimization design for IRS and AmBC
to ensure the quality of service of active communication
and AmBC while minimizing the transmission power. The
innovations of this paper are as follows:

(1) We considered an IRS-assisted spectrum sharing sys-
tem, where AmBC rides on the primary communica-
tion system. The receivers in the two systems are the
same receiver and can demodulate the signals of the
two systems. We call this receiver a cooperative
receiver (CR). Specifically, after the CR demodulates
the signal of the primary communication system,
the signal of the AmBC is then demodulated based
on the demodulated signal

(2) Under the condition that both the main communica-
tion system and AmBC are constrained by the quality
of service, we have studied the issue of the minimum
transmit power of the access point (AP) based on IRS
assistance. This problem is nonconvex, so convex
optimization methods cannot be used directly to
solve this problem. At the same time, to solve this
problem through exhaustive search methods, the
time complexity will be very high. Therefore, we pro-
pose an iterative optimization method to optimize
the minimum transmit power of the AP. Through
joint beamforming and IRS phase shift design, the
proposed iterative optimization method can effec-
tively reduce the minimum transmit power of the AP

The rest of this paper is organized as follows. Section 2
introduces system model and problem formulation. Section
3 presents the optimization algorithm based on an alternate
iteration. Section 4 presents numerical results and Section 5
concludes the paper.

Notations: scalars are represented by italic letters, vectors
are represented by bold lowercase letters, and matrices are
represented by bold uppercase letters. jxj represents the mod-
ulus of the complex number. kxk represents the Euclidean
norm of the complex-valued vector x. diag ðxÞ represents a
diagonal matrix, and each diagonal item is a corresponding
item in x. trðXÞ represents the trace of the square matrix X.
X ≽ 0 means X is a positive semidefinite matrix.

2. System Model and Problem Formulation

2.1. System Setup. The intelligent reflective surface- (IRS-)
enhanced spectrum sharing system includes a primary com-
munication system and a secondary communication system,
as shown in Figure 1. The primary communication system is
a MISO downlink communication system, which consists of
a receiver and an access point (AP) with M antennas. The
secondary communication system is an AmBC system,
which consists of a receiver and a backscatter device (BD).
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The backscatter device in the secondary system is a passive
device, and its information transmission depends on the AP
signal. We assume that the receiver in the primary communi-
cation system and the receiver in the secondary communica-
tion system are the same receiver. In other words, the receiver
receives and demodulates the signal from the backscatter
transmitter and the signal from the BS, simultaneously. For
ease of expression, we denote the receiver as the cooperative
receiver (CR). To improve QoS, an IRS with N passive reflec-
tive elements is used to help this spectrum sharing system
communicate. The IRS equipped with an intelligent control-
ler can be based on the signal propagation environment, and
each reflective element can dynamically adjust the amplitude
and phase shift of the incident signal.

2.2. IRS Model. IRS is a very promising green communication
technology, which can reconfigure the wireless propagation
environment through software. The IRS can modify the wire-
less channel between the transmitter and the receiver
through a highly controllable reflection unit. This paved the
way for the realization of a controllable wireless environ-
ment. Since IRS has no RF link, it has the advantages of low
cost and low-energy consumption. Because the beam of the
IRS is controllable, there is no need for complex interference
management between IRSs. Assuming that the IRS is a
frequency-selective surface, it allows certain RF signals to
pass, absorb, or reflect certain signals. That is to say, IRS
can reflect RF signals in a specific frequency band but cannot
reflect RF signals in other frequency bands.

The IRS consists of N reflect elements, and each element
n ∈ f1, 2,⋯,Ng can reflect the incident signal with a com-
plex reflection coefficient. The complex reflection coefficient
of the nth reflection element can be expressed as βne

jθn ,
where βnϵ½0, 1�, ∀n ∈ f1, 2,⋯,Ng is the amplitude gain and
θnϵ½0, 2πÞ, ∀n ∈ f1, 2,⋯,Ng is the phase shift. Although in
theory, the amplitude gain can be adjusted within the interval
[0,1]. But adjusting amplitude gain and phase shift at the
same time will greatly increase the complexity of the system.
Therefore, without loss of generality, we take the upper
bound of the interval [0,1] as the amplitude gain of all reflec-
tion elements, i.e., βn = 1, ∀n ∈ f1, 2,⋯,Ng. Then, the reflec-

tion coefficient matrix can be written as
Θ = diag ðejθ1 , ejθ2 ,⋯ejθN Þ.
2.3. Backscatter Model. Since both IRS and BD can reflect sig-
nals, the signal will be reflected multiple times between IRS
and BD, which greatly complicates the problem. We assume
that the PT transmits a continuous wave signal with carrier
frequency f c and bandwidth B to communicate with the
PR. In order to avoid the above-mentioned problems, BD
adopts the following modulation method. First, BD uses a
method similar to FSK modulation to shift the signal fre-
quency f c to frequency f c + Δf c (only performs frequency
shift; this process does not carry BD data) and then modu-
lates the data that BD needs to send at frequency f c + Δf c,
where Δf c represents the frequency shift of the carrier fre-
quency after BD modulation. Assume that the IRS can only
reflect the signals with a specific frequency and bandwidth.
Based on the difference in channel conditions, we assume
that the IRS allows the reflection of the RF signal with carrier
frequency f c and bandwidth B but cannot reflect the RF sig-
nal with carrier frequency f c + Δf c and bandwidth B. There-
fore, to ensure that the signal sent by the PT and the signal
reflected by the BD do not overlap in frequency, Δf needs
to meet the constraint condition Δf ≥ B. Although the above
process occupies additional spectrum resources, it can effec-
tively solve the problem of multiple reflections between IRS
and BD.

In the process of ambient backscatter communication, we
need to consider the power consumption constraints of the
BD circuit; that is, the ambient signal energy received by the
BD must meet the circuit power consumption constraints to
activate the BD circuit for backscatter communication.
Assuming that the minimum received signal power to main-
tain the normal operation of the BD circuit is Pmin. When
the BD is semipassive, the BD needs other power sources to
supply power. In this case, all received signals are used for
reflection communication. When BD is passive, the energy
of the input signal must be greater than Pmin. In this case, part
of the received signal is used to power the BD circuit, and the
other part is used for scatter communication. Since the passive
BD has no power supply battery, its volume and cost have
advantages compared with the semipassive BD. Therefore, in
the following analysis, we mainly consider passive BD.

2.4. Transmission Model. We assume that the channel is flat
fading and does not change during the coherence time. Then,
we denote the channels of AP-IRS, BS-CR, AP-BD, AP-CR,
IRS-CR, IRS-BD, and BD-CR as Hai ∈ℂN×M ,hHac ∈ℂ1×M , hHab
∈ℂ1×M , hHci ∈ℂ

1×N , hHbi ∈ℂ
1×N , and hbc ∈ℂ1×1. We assume

that CR is assigned a linear beamforming vector, which can
be denoted as w ∈ℂM×1. Then, the signal transmitted by
AP is given as follows:

xap =ws, ð1Þ

where s is the signal that the main communication system
needs to send and Eðjsj2Þ = 1. In this paper, we assume that
IRS allows reflecting the RF signal with carrier frequency f c

IRS

AP CR

BD

Figure 1: IRS-enhanced spectrum sharing system.
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but cannot reflect the RF signal with carrier frequency f c +
Δf c. Then, the signal received by the DB is mainly composed
of two parts: one part is from AP and the other part is
reflected by IRS. The signal received by BD can be expressed
as

yb = hHbiΘHai + hHab
� �

ws: ð2Þ

Since no signal processing is performed in the BD, there
is no noise term at (2), which is consistent with the backscat-
ter literature. Since BD is a passive device, it needs to collect
energy to power its circuit operation. Therefore, the signal
received by the BD will be divided into two parts, which are
used for circuit operation and signal reflection. Denote the
reflection efficiency as α, then the α needs to satisfy the fol-
lowing constraint:

0 < α≪ 1: ð3Þ

Let c denote the signal of BD, then the signal reflected by
BD is given by

xb =
ffiffiffi
α

p
ybce j2πΔft: ð4Þ

The remaining part is used to support the normal opera-
tion of the BD circuit. The power of the signal input for
energy harvesting can be expressed as

Pb = 1 − αð Þη ybk k2, ð5Þ

where η denotes the energy conversion efficiency of BD.
Assume that the minimum power required to support the
operation of the BD circuit is Pmin, then the following con-
straints should be satisfied:

1 − αð Þη ybk k2 ≫ Pmin: ð6Þ

Denote the received signal of CR as ycðnÞ, which is
mainly composed of the signal from AP, IRS, and BD. Then,
ycðnÞ is given by

yc = hHciΘHai + hHac
� �

ws tð Þ + hbcxb + n, ð7Þ

where n ∈ CNð0, σ2Þ denotes the Gaussian noise. Then, the
received signal plus noise ratio (SNR) of demodulated sðnÞ
at the CR is given by

γs =
hHciΘHai + hHac
� �

w
��� ���2

σ2 : ð8Þ

We assume that the primary communication system has
a minimum SINR requirement and denote it as γpth. Then, the
QoS constraints of the primary communication system are
given by

γs ≫ γpth: ð9Þ

After the CR successfully demodulates sðnÞ, the CR can
decode the received signal cðnÞ by performing successful
interference cancellation (SIC). Then, the instantaneous
received SNR of demodulated cðnÞ at the CR is given by

γc =
α hHbiΘHai + hHab
� �

hbcw
��� ���2

σ2
: ð10Þ

We assume that AmBC has the minimum SNR require-
ment γath. To ensure the QoS of AmBC, the following condi-
tions must be met:

γc ≫ γath: ð11Þ

2.5. Problem Formulation. We study the issue of minimum
transmit power under the condition that CR and BD meet
their SNR requirements. Therefore, we need to jointly opti-
mize the beamforming vector of AP, the phase shift of IRS,
and the backscatter coefficient of BD to minimize transmit
power of AP. Then, the corresponding optimization problem
can be written as

P1ð Þ: max
Θ,α:w

wk k2, ð12aÞ

s:t: 1 − αð Þη ybk k2 ≫ Pmin, ð12bÞ

hHciΘHai + hHac
� �

w
��� ���2

σ2
≫ γpth,

ð12cÞ

α hHbiΘHai + hHab
� �

hbcw
��� ���2

σ2
≫ γath,

ð12dÞ

0≪ α≪ 1, ð12eÞ

0 ≤ θn ≪ 2π, ∀n = 1, 2,⋯,N: ð12fÞ
Obviously, (P1) is a nonconvex problem. There is no

optimal solution to this problem. Next, we will analyze and
simplify this problem so that it can be solved effectively.

3. Optimization Algorithm Based on
Alternate Iteration

It can be seen that the problem (P1) is affected by multiple
variables, which makes the problem difficult to solve. We
use alternating optimization to solve problem (P1), which
iteratively optimizes one variable while holding the others
constant. In this section, we will introduce in detail how to
solve problem (P1).

3.1. Transmit Beamforming Vector Optimization. When the
phase of the IRS Θ and the reflection efficiency of the BD α
are fixed, the vectors hHciΘHai + hHac, hHbiΘHai + hHab, and ðhHbi
ΘHai + hHabÞhbc are fixed. Define gac = hHciΘHai + hHac, gab =
hHbiΘHai + hHab, and gbc = ðhHbiΘHai + hHabÞhbc, then problem
(P1) can be expressed as
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P2ð Þ: min
w

wk k2, ð13aÞ

s:t: 1 − αð Þη gabwj j2 ≫ Pmin, ð13bÞ
gac wj j2
σ2

≫ γpth, ð13cÞ

α gbcwj j2
σ2

≫ γath: ð13dÞ

By observing (P2), we noticed that kwk2 = trðwwHÞ,
jgac wj2 = trðwwHgHacgac Þ, and jgab wj2 = trðwwHgH

abgab Þ.
Define X =wwH , Gac = gH

acgac, Gab = gHabgab, and Gbc = gHbc
gbc. Then, problem (P2) can be equivalently written as

P3ð Þ: min
X

tr Xð Þ, ð14aÞ

s:t:tr XGabð Þ 1 − αð Þη≫ Pmin, ð14bÞ
tr XGacð Þ≫ γpthσ

2, ð14cÞ
tr XGbcð Þ≫ γathσ

2, ð14dÞ
X ≽ 0, ð14eÞ

rank Xð Þ = 1, ð14fÞ
where problem (14a) is linear in X, then constraints
(14b)–(14d) are linear inequalities in X. X ≽ 0 means that
the matrix X is a symmetric positive semidefinite matrix,
and the set of symmetric positive semidefinite matrices is
convex. Note that the rank constraint in (14d) is the only
nonconvex constraint. Therefore, we can use the SDR
method to relax this constraint. Then, problem (P3) can be
rewritten as

P4ð Þ: min
X

tr Xð Þ, ð15aÞ

s:t:tr XGabð Þ 1 − αð Þη≫ Pmin, ð15bÞ
tr XGacð Þ≫ γpthσ

2, ð15cÞ
tr XGbcð Þ≫ γathσ

2, ð15dÞ
X ≽ 0: ð15eÞ

Obviously, problem (P4) is a standard convex semidefi-
nite program (SDP), which can be optimized by a convex
optimization solver such as CVX. Generally, the rank of the
solution of problem (P4) is generally not equal to 1, which
means that the optimal value of (P4) is the lower bound to
satisfy (P3). Therefore, the solution of problem (P4) needs
to be further processed to satisfy the constraint of problem
(P3). First, we eigenvalue decomposition of X as X =UΣ
UH , where U is a unitary matrix and Σ is a diagonal matrix.
Then, a suboptimal solution of problem (P3) can be
expressed as w =UΣ1/2e, where e is uniformly distributed
on the unit sphere. w may not satisfy the constraints of
(15b)–(15d). However, all constraints can be satisfied by sim-
ply scaling w to find a feasible weight vector.

3.2. IRS Phase Shift Optimization. Since the objective func-
tion (14a) in the problem (P1) depends only on w, the opti-
mization of Θ can take the form of a feasibility problem.
When w and α are given, problem (P1) can be expressed as

P5ð Þ: findΘ, ð16aÞ

s:t: 1 − αð Þη gabwj j2 ≫ Pmin, ð16bÞ

gac wj j2
σ2

≫ γpth, ð16cÞ

α gbcwj j2
σ2

≫ γath, ð16dÞ

0 ≤ θn ≪ 2π, ∀n = 1, 2,⋯,N: ð16fÞ
Let v = ½v1, v2,⋯, vN �, where vn = ejθn , ∀n = 1, 2,⋯,N .

Then, the constraints in (16f) are equivalent to jvnj = 1, ∀n
= 1, 2,⋯,N . In problem (P5), the variables related to Θ are
gab, gac, and gbc, so we need to change the forms of gab, gac
, and gbc to get the ideal expressions. By observing gab = hHbi
ΘHai + hHab and gac = hHciΘHai + hHac, gab and gac can be

rewritten as gab = �hHbi �Θ�Hai and gac = �hHci �Θ�Hai, respectively,

where �hHbi = ½hHbi 1�, �hHci = ½hHci 1�, �Θ = diag ðejθ1 , ejθ2 ,⋯ejθN , 1Þ,
and �Hai = ½Hai h

H
ab�. Similarly, gbc = ðhHbiΘHai + hHabÞhbc can

be rewritten as gbc = �hHci �Θ�Haihbc. Substituting gab = �hHbi �Θ�Hai
into (16b), we can get

1 − αð Þη �hHbi �Θ�Haiw
��� ���2 ≫ Pmin: ð17Þ

Let Φab = diag ð�hHbiÞ�Haiw and �v = ½v 1�, then j�hHbi �Θ�Haiwj
2
in

(17) can expressed as j�hHbi �Θ�Haiwj
2
= j�vΦabj2. Based on the

following, the fact
thatj�vΦabj2 = trð�vΦabΦ

H
ab�vHÞ = trð�vH�vΦabΦ

H
abÞ, we have V

= �vH�v and Rab =ΦabΦ
H
ab.Then, (17) can be rewritten as

tr VRabð Þ 1 − αð Þη≫ Pmin: ð18Þ

Substituting gac = �hHci �Θ�Hai into (18), we can get

�hHci �Θ�Hai w
��� ���2 ≫ γpth σ

2: ð19Þ

LetΦac = diag ð�hHci Þ�Haiw andΦbc =Φabhbc, then j�hHci �Θ�Hai wj
2

in (19) can be expressed as j�hHci �Θ�Hai wj
2
= j�vΦacj2. Based on

the following the fact thatj�vΦabj2 = trð�vH�vΦacΦ
H
acÞ, we can

have Rac =ΦacΦ
H
ac. Then, (19) can be rewritten as

tr VRacð Þ≫ γpth σ
2: ð20Þ
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According to j�vΦbcj2 = trð�vH�vΦbcΦ
H
bcÞ and V = �vH�v,

(16d) can be rewritten as

tr VRabð Þ hbcj j2α≫ γathσ
2: ð21Þ

Then, problem (P5) can be expressed as

P6ð Þ: findV, ð22aÞ

s:t:tr VRabð Þ 1 − αð Þη≫ Pmin, ð22bÞ
tr Vð Racð Þ≫ γpth σ

2, ð22cÞ

tr VRabð Þ hbcj j2α≫ γathσ
2, ð22dÞ

V ≽ 0, ð22eÞ
vnj j = 1, ∀n = 1, 2,⋯,N , ð22fÞ

rank Vð Þ = 1: ð22gÞ
To obtain an explicit solution of feasible V, we can con-

vert problem (P6) into an optimization problem based on
constraints (22b)–(22f). Then, we introduce the slack vari-
able μ to represent the difference between the achievable cir-
cuit constraint value and its requirement, then the
optimization problem is as follows:

P7ð Þ: max
V

μ, ð23aÞ

s:t: tr VRabð Þ 1 − αð Þη≫ Pmin + μ, ð23bÞ
tr VRacð Þ≫ γpth σ

2, ð23cÞ

tr VRabð Þ hbcj j2α≫ γathσ
2, ð23dÞ

V ≽ 0, ð23eÞ
vnj j = 1, ∀n = 1, 2,⋯,N , ð23fÞ

rank Vð Þ = 1: ð23gÞ
By relaxing the rank constraint, i.e., rank ðVÞ = 1, the

problem can be transformed into a convex optimization
problem, which can be easily solved using CVX. Then, we
perform Gaussian randomization on the solution obtained
by solving the CVX to obtain a rank-one solution. The pro-
cess of Gaussian randomization is as follows. First, perform
eigenvalue decomposition on V to get V =UΣUH , where U
= ½e1, e2,⋯, eN+1� is a unitary matrix and Σ = diag ðλ1, λ1,
⋯, λN+1Þ is a diagonal matrix. Then, let �v = ejargðUΣ1/2rÞ, where
r ∈ CNð0, 1Þ. For the independently generated Gaussian ran-
dom vector r, the target value �v is approximately the maxi-
mum one of problem (P7) among all r. Then, we can get
the IRS phase shift v = ej½�v/�v½N+1��ð1:NÞ, where ½�v/�v½N + 1��ð1
: NÞ represents a vector containing the first N elements of �v
/�v½N + 1�.
3.3. Reflection Coefficient Optimization. Next, we will discuss
the optimization method of reflection coefficient. The feasi-
bility problem can be written as

P8ð Þ: find α, ð24aÞ

s:t: 1 − αð Þη gabwj j2 ≫ Pmin, ð24bÞ

gac wj j2
α gbcj j2 + σ2

≫ γpth, ð24cÞ

α gbcwj j2
σ2

≫ γath, ð24dÞ

0≪ α≪ 1: ð24eÞ
Based on (24b)–(24e), we can get the value range of α.

The value range of α can be expressed as follows:

σ2γath
gbcwj j2 ≪ α≪min 1 − Pmin

η gabwj j2 ,
gac wj j2
γpth gbcj j2

−
σ2

gbcj j2
 !

:

ð25Þ

Obviously, the value of α is determined by w and Θ.
Therefore, if the optimal values of w and Θ cannot be deter-
mined, we cannot obtain the optimal value of α in a limited
time.

However, by observing Algorithms 1 and 2, we can draw
the following conclusions: for given α and Θ, we can find the
optimal w of problem (P2) according to Algorithm 1; for
given α and w, we can find the optimal Θ of problem (P5)
according to Algorithm 2. Therefore, for a given α, we can
alternately use Algorithms 1 and 2 to solve the local optimal
solution of problem (P1). To facilitate practical implementa-
tion, we consider that the backscattering coefficient can only
adopt a limited number of discrete values. Let L indicate the
number of backscattering coefficient levels. For simplicity, we
assume that such discrete backscattering coefficients are
obtained by uniformly quantizing the interval ð0, 1�. Thus,
the set of discrete backscattering coefficients is given by

F = Δα, 2Δα,⋯, 1f g, ð26Þ

where Δα = 1/L. Let αl = lΔα, l = 1, 2, 3, ::, L. Then, we can
solve the local optimal values Θl and wl for each αl of prob-
lem (P1). LetW = ½kw1k2, kw2k2,⋯, kwLk2�. Then, the opti-
mal solution of problem (P1) can be given by

w∗,Θ∗, α∗ð Þ = arg min Wð Þ: ð27Þ

Then, take the Θl, wl, and αi that minimize kwlk2 as the
solution to problem (P1). Algorithm 3 gives a detailed
description of the alternate optimization algorithm, where ε
is a threshold for the increment of the objective value until
convergence.

4. Simulation Results

In this section, we will evaluate the performance of the algo-
rithm. To effectively evaluate the proposed algorithm, we
consider the settings shown in Figure 2. The default locations
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of the AP, IRS, CR, and BD are ð0, 0Þ, ð50, 10Þ, ð50, 0Þ, and
ðd, 0Þ, with all coordinates in meters hereafter.

The default number of IRS elements is N = 100, while the
AP has 8 antennas. We assume that all channels are indepen-
dent Rayleigh fading, and the path loss index is set to 2.2 and
the reference distance is 1m. For all channels, the path loss at
1 meter (m) is set to 30 dB. For ease of analysis, we assume
that each channel coefficient is uniformly randomly gener-
ated from ½0, 2πÞ. Since there is occlusion between AP and
CR (BD), we assume that the penetration loss is 10 dB. At
the same time, we assume that the antenna gain of AP, BD,
and CR are all 0 dBi and the antenna gain of each reflective

1:Initialize: random IRS phase shifts Θ; random backscatter coefficients α;
2:Optimize problem (P4) by CVX and get X.
3:Get U and Σ, where X =UΣUH

4Get w =UΣ1/2e, where e is uniformly distributed on the unit sphere.
5:Scaling w so as to satisfy constraints (14b)–(14d).

Algorithm 1: Transmit beamforming vector optimization.

1:Initialize: backscatter coefficients α generated in Algorithm 1, transmit beamforming vector w generated in Algorithm 1; number of
Gaussian randomization G
2:Relax the constraint (23d), then optimize problem (P7) by CVX and get V.
3:Perform eigenvalue decomposition V =UΣUH

4:fori = 1 to G do
5:Get a rank-one solution of (P7): �vi = ejargðUΣ1/2rÞend for
6:Obtain the target value of problem (P7), where �v =max μð�viÞ
7:Obtain the target value of problem (P5), where v = ej½�v/�v½N+1��ð1:NÞ

Algorithm 2: IRS phase shift optimization.

1:Initialize: number of backscattering coefficient levels L, number of Gaussian randomization G, and threshold ε.
2:forl = 1 to L do
3:random IRS phase shifts Θi
4:While the change of the objective function (12a) is higher than the threshold εdo
5:Optimize problem (P4) by CVX and get X.
6:Get U and Σ, where X =UΣUH

7:Get wl =UΣ1/2e, where e is uniformly distributed. On the unit sphere.
8:Scaling wl so as to satisfy constraints (14b)–(14d).
9:Relax the constraint (23d), then optimize problem (P7) by CVX and get V.
10:Perform eigenvalue decomposition V =UΣUH

11:fori = 1 to G do
12:Get a rank-one solution of (P7), �vi = ejargðUΣ1/2rÞ:
end for
13:Obtain the target value of problem (P7), where �vl = arg max μð�viÞ.
14:Obtain the target value of problem (P5), where vl = ej½�vl/vl ½N+1��ð1:NÞ.
15:Set Θl = diag ðvlÞ for the next iteration.
16: end while
17:ðw∗,Θ∗, α∗Þ = arg min ðkwlk2Þ.
18:end for
19:Return: optimized beamforming vector w∗, optimized phase shift vector Θ∗, optimized reflection coefficient α∗:

Algorithm 3: The alternate optimization algorithm.

AP CR BD

IRS

50 m

10 m

d m

Figure 2: Simulation setup of the IRS-aided IRS spectrum sharing
system.
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element of the IRS is 5 dBi. The noise power is set to -90 dBm.
The threshold ε is set to 0.01. We set the minimum SNR
required to demodulate the primary signal and the BD signal
to 20 dB and 13 dB, respectively.

First, we verified the convergence of the algorithm.When
verifying the convergence of the algorithm, we do not con-

sider the impact of the threshold on the algorithm but only
consider the impact of the number of iterations on the algo-
rithm. To qualitatively analyze the convergence of the algo-
rithm, we locate BD at ð52, 0Þ. At the same time, in order
to illustrate the influence of the number of IRS units on the
convergence of the algorithm, we considered two cases where
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Figure 3: Convergence of the proposed distributed algorithm.
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Figure 4: The influence of the number of reflection units.
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the number of IRS elements is N = 50 or N = 100. As shown
in Figure 3, as the number of iterations increases, the AP’s
transmit power gradually decreases and tends to stabilize.
This shows that the proposed algorithm has good conver-
gence. As shown in Figure 3, when considering the impact
of the threshold on the proposed algorithm, the transmit
power can converge at most in three iterations. That is to
say, when the maximum number of iterations is set to 3,
the proposed algorithm can obtain satisfactory transmit
power. Since the complexity of the algorithm is proportional
to the number of iterations, the more iterations, the lower the
complexity. Therefore, Figure 3 also proves that the complex-
ity of the proposed algorithm is low. At the same time, we can
see from Figure 3 that the greater the number of IRS units,
the smaller the transmit power required by the AP. And the
performance of α = 0:4 is better than the performance of α
= 0:8.

Although Figure 3 shows the effect of different reflection
efficiencies on system performance, it does not reflect the
optimal reflection efficiency required by the proposed algo-
rithm. In Figure 4, we show the effect of different reflection
efficiencies on AP transmit power. We can see that although
increasing the number of IRS units can reduce the transmis-
sion power, the optimal reflection coefficient setting has
nothing to do with the number of reflection units. At the
same time, we can see that the performance of the proposed
algorithm is better than that of the system without IRS
assistance.

However, it can be seen from Figure 5 that the choice of
the best reflection coefficient is related to horizontal distance
between AP and BD. We can see from Figure 5 that as the

horizontal distance between AP and BD increases, the opti-
mal emission coefficient increases. We can also see from
Figure 5 that as the horizontal distance between AP and BD
increases, the transmission power required to ensure the
QoS also increases.

5. Conclusions

Intelligent reflector surfaces (IRSs) can improve the radio fre-
quency environment by adjusting the phase and amplitude of
the incident signal, which provides the possibility for the
widespread deployment of AmBC. In this paper, we intro-
duce a novel IRS and AmBC joint design method. This
method is based on the joint design of an iterative beamform-
ing vector, IRS phase shift, and reflection coefficient to min-
imize the AP’s transmit power. This method can effectively
reduce the transmission power of the access point, and the
simulation results prove the effectiveness of this method.

Data Availability

The data in this paper is based on MATLAB simulation.
According to the method described in this paper, all the data
can be obtained through MATLAB.
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