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Internet of Things nodes need new charging methods, and RF energy is not well utilized. Backscatter can harvest RF energy from
the environment and use the idle spectrum to realize wireless power supply communication. In this article, each enhanced
backscatter device (eBD) can select from a variety of cooperative receivers (CR) to provide different transmission services in
three modes: energy harvesting (EH), relay communication (RelayCom), and backscatter communication (BackCom). To
analyze the throughput of the secondary network, we model the three working modes, respectively. We describe the problem
as the objective function of three variables: the period α of EH when there are no obstacles, period μ of RelayCom with
obstacles, and period γ of BackCom with obstacles. The ideal time allocation strategy is then investigated. Then, we apply the
particle swarm optimization algorithm to obtain a solution that maximizes the throughput. The simulation results show that
compared to the communication network using backscatter or relay protocol alone, the proposed backscatter-assisted wireless
relay communication model can greatly improve the throughput and coverage of the secondary system.

1. Introduction

With the development of the Internet of Things, more and
more Internet of Things nodes need to be connected to the
network. In smart houses, offices, hospitals, and other
scenes, it is not ideal for so many devices to plug in or charge
and change batteries constantly. Especially in harsh environ-
ments (such as battlefield, forest, ocean, mountains, etc.) or
in the field of health care (such as living intelligent medical
devices, intelligent contact lenses, wearable gadgets, and
implantable neural recording devices), it is unrealistic to
replace batteries frequently [1]. On the other hand, with
the exponential growth of the number of Internet of Things
devices, spectrum congestion is becoming more and more
serious, which limits the number of deployable devices and
the spectrum efficiency of channels [2]. Network capacity
is an essential indicator of the development of the Internet
of Things. How to effectively employ the energy of RF
resources while also making the service life of energy limited
equipment last has become a research focus. Because envi-
ronmental backscatter does not require additional energy

supply, it is a green network communication mode. Envi-
ronmental backscatter harvests RF energy from the environ-
ment and uses free spectrum to realize wireless energy
supply communication. It has great potential in addressing
energy shortages and spectrum congestion. It is an enabling
technology for sustainable communication in the Internet of
Things [1]. It is inconvenient to replace the battery or charge
the devices, and the backscatter device (BD) can be powered
remote; so, wireless energy supply has a strong appeal in the
communication of wireless device. In traditional radio
networks, backscatter-assisted relay communication can
improve the reliability of wireless data transmission in
improving the transmission range of RF signal or avoiding
the signal from being blocked by obstacles. The use of a
wireless energy supply relay can significantly improve the
system performance in terms of energy efficiency and space
efficiency [3].

Environmental backscattering converts the RF signal in
the environment into electrical energy and transmits data
by passively reflecting the existing RF signal in the air. This
RF signal serves as both an energy source and a data carrier
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for a vast number of devices in the Internet of Things [4].
When the main channel is mostly occupied, the BD mainly
transmits data by backscatter or harvest energy [5]. When
the main channel is always occupied, and BD actively sends
information, the transmission power threshold must be
adjusted to avoid irreparable interference to the main signal
[6]. When the main channel is idle, BD uses the harvested
energy to transmit data. The combination of backscatter com-
munication and traditional RF-driven cognitive networks
offers enormous promise for enhancing network performance,
coping with energy shortage and spectrum scarcity.

Backscatter-assisted wireless communication consumes
relatively little power due to the combination of a back-
scatter transmitter and an energy collection device. It real-
izes data forwarding and transmission by switching three
transmission modes: energy harvesting, active relay trans-
mission, and environmental backscatter. Since the relay is
in the active transmission mode and requires higher trans-
mission energy, RF is required to provide sufficient energy.
When the energy is scarce, the passive communication
method will be used to transmit data and build a hybrid
system to make the BD more powerful and last longer.
When there are obstacles between the base station (BS)
and the receiver, that is, the direct communication link
is blocked, the BS signals can be relayed to the receiver
through the BD’s relay function. At present, the selection
between backscatter communication and relay communi-
cation mode is mainly through the power threshold and
signal-to-noise ratio, which depends on environmental fac-
tors and CSI [6].

At present, there are few studies on environmental
backscatter-assisted wireless communication relay in obstacle
environments in the literature. According to reference [7], sec-
ondary users of wireless energy supply have the ability of envi-
ronmental backscatter. In this network, when the primary user
is transmitting data, there is no open spectrum; thus, the sec-
ondary user can perform energy harvesting or environmental
backscatter. When the primary user stops transmission, the
secondary user can use the harvested energy for active trans-
mission to expand the transmission distance. Reference [6]
established the environmental backscatter-assisted communi-
cation model and proposed a method to improve the network
performance. In this reference, the environmental backscatter
communication was combined with the cognitive radio net-
work, and the model was the scene of a single secondary user.
Reference [8] constructed a model of hybrid backscatter
assisted cognitive wireless network and studied the optimal
time allocation between backscatter mode and energy har-
vesting mode when the channel is busy. It obtained the opti-
mal combination of working modes. Literature [9] analyzed
the performance of environmental backscatter communica-
tion in RF cognitive radio networks based on random geom-
etry and extended the model in a large range. It studied the
coverage probability of the network. Literature [10] studied
the dynamic access point (AP) and service selection in
backscatter-assisted RF-powered cognitive networks. With-
out taking into account the randomness of communication
channels, the joint AP and service selection problem is stated
as an evolutionary game. Literature [11] realized incentive

sharing in real-time D2D streaming media networks from
the perspective of the mean-field game and studied the
cooperative incentive problem in large-scale multiagent sys-
tems. By analyzing the current situation at home and abroad,
we conclude that if the environmental energy is insufficient
or the interference level is high, environmental backscatter
is an excellent auxiliary scheme for wireless transmission.

The hybrid communication mode, which combines
wireless energy supply active transmission and passive envi-
ronment backscatter technology, can solve the problem of
active transmission’s high power consumption [12].
Although environmental backscatter has many advantages,
it has a low bit rate because the environmental backscatter
transmitter transmits information at a lower Nyquist infor-
mation rate than the environmental carrier signal and
adopts a small series of simple modulation schemes [4]. In
addition, environmental backscatter is unsuitable for remote
communication due to the round-trip path loss of the envi-
ronmental carrier signal [13]. The third disadvantage is that
the power control of the environmental backscatter trans-
mitter is challenging, and it is not easy to establish a reliable
communication connection. This possibility of active and
passive communication integration has been confirmed
recently by a prototype Briadio [14] with Bluetooth and
backscatter functions at the same time.

However, deploying wireless energy supply relay faces
some new challenges. Since the relay device with a wireless
energy supply involves active transmission, that is, it needs
to generate active RF signals, which will require the relay
device to use more power-consuming analog circuit ele-
ments (such as mixer, amplifier, filter, and oscillator) [4].
As a result, the relay device may take a long time to harvest
and accumulate energy to relay the signal, and the time
required to maintain the signal relay is relatively short
[15]. When the ambient RF signal is weak or intermittent,
this situation will become worse. To meet these challenges,
certain existing network protocols can make use of network
resources more effectively, and some current literature
mainly designed these network protocols. For example,
energy harvesting then cooperative protocol can be intro-
duced for the relay to maximize the throughput by optimiz-
ing the time allocation of downlink energy harvesting and
uplink information forwarding [16]. Due to the characteris-
tics of active transmission, the high power consumption of
the circuit still limits its performance improvement.

To improve the reliability of backscatter communication
and the signal transmission duration of wireless energy sup-
ply relay, this paper studies the hybrid mode of backscatter
assisted relay communication in obstacle environments.
The secondary transmitter in this model is the combination
of the backscatter device and the passive relay. It is referred
to as an enhanced backscatter device, or eBD for short. The
receiver is the combination of the primary and secondary
receivers. It is referred to as cooperative receiver, or CR for
short. The eBD is equipped with an energy harvesting cir-
cuit, a relay circuit, and a backscatter circuit. The energy
harvesting circuit harvests RF energy, the relay circuit for-
wards the signal from the primary transmitter (PT), and
the backscatter circuit backscatter the RF signal. The eBD
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in this paper has two characteristics. First, eBD is always
within the coverage of PT and is equipped with high-
capacity energy storage equipment. Second, only when there
are obstacles between PT and CR, eBD relay and forward
information is required, which greatly reduces the energy
consumption and improves the energy efficiency. We design
the mode selection in the hybrid relay and backscatter sys-
tem into three different operating modes: EH mode, Relay-
Com mode, and BackCom mode. The main contributions
of this paper can be summarized as follows.

(1) This paper designs eBD with three working modes:
EH, RelayCom, and BackCom. To achieve the bal-
ance of the three modes, the optimal time scheme
is studied, and the optimal values of the three vari-
ables α, μ, and γ are found. The existence, unique-
ness, and stability of this equilibrium are proved
analytically

(2) We derive the maximum expression of the objective
function of the eBD throughput. It is proved that this
expression has extreme points and global optimal
solution, and the maximum throughputs of the
objective function in different environments are
obtained

(3) We describe the system throughput maximization
problem as a particle swarm optimization problem
and propose a three-dimensional parameter solution
algorithm based on the particle swarm optimization
algorithm. The algorithm has high computational
efficiency and strong scalability. It is suitable for
multidimensional target search space. The experi-
mental results are in good agreement with the ana-
lytical results, which verifies the superiority of the
proposed model

The rest of the paper is organized as follows. Section 2
introduces the system model of backscatter-assisted wireless
relay communication. Section 3 discusses the analysis
models of three working modes. Section 4 outlines the solu-
tions of model optimization of three working modes. Section
5 evaluates the effectiveness of the proposed solution
through experiments. Finally, the conclusion and prospect
are given in Section 6.

2. System Model

This paper assumes the system model depicted in Figure 1 is
composed of a master network and slave network. The mas-
ter network is made up of PT and primary receiver, whereas
the slave network is made up of eBD and secondary receiver.
Each eBD corresponds to multiple CRs, each of which
includes a primary receiver and a secondary receiver. PT is
the energy supply and original signal transmission device
of the whole system. The secondary transmitter, eBD, is
equipped with a high-capacity energy storage device and
performs the roles of EH, RelayCom, and BackCom. CR is
capable of receiving the original signal, the backscattered sig-
nal, and the relay signal. This paper assumes that there are

no obstacles between PT and eBD, and there may be obsta-
cles between PT and CR, such as pedestrians, trees, and
buildings. When obstacles block the direct communication
link, the eBD relays and backscatters the information from
PT to CR. When there are no obstacles, PT and CR can com-
municate directly without eBD forwarding information. The
only thing eBD needs to do is backscatter data and harvest
energy. Each CR can provide relay and backscatter services
for eBD data transmission, and it can choose whether to
receive relay signals or backscatter signals.

This paper focuses on the selection and time allocation
of EH, RelayCom, and BackCom modes of eBD. When no
obstacles exist, eBD needs to balance the time of EH and
BackCom. When there are obstacles, eBD needs to balance
the time of EH, RelayCom, and BackCom to ensure the
maximum throughput of the secondary system. The key to
improving relay performance when using environmental
backscatter-assisted relay communication is to pick an
appropriate communication mode based on the network
environment.

Backscatter-assisted relay communication technology in
an obstacle environment provides the functions of expand-
ing data transmission coverage, avoiding obstructions, solv-
ing energy shortage, and boosting spectral efficiency. It
varies according to different application scenarios and
design purposes. In Figure 2, the color arrow indicates three
possible working modes of eBD, while the black arrow indi-
cates the communication line of eBD in another time unit.

No matter whether there are obstacles or not, EH (green
arrow in Figure 2) can be carried out to prepare for the
RelayCom mode as long as the eBD has no relay or backscat-
ter information. The relay communication mode (red arrow
in Figure 2) based on the EH stage can relay forwarding data
actively. BackCom mode (blue arrow in Figure 2) can trans-
mit data passively despite obstacles, with the characteristics
of slow speed and low energy consumption. eBD is a single
antenna structure, and the secondary system transmits data
via TDMA. Therefore, a relay device only sends signals to
one terminal at the same time. This paper assumes that CR
can automatically identify the communication mode of
eBD and use the corresponding demodulator.

enhanced Backscatter Device Cooperative Receiver 

PT

eBD

eBD

eBD

eBD
CR

CR
CR

CR

CR

CR CR

CR

CR

CR

Figure 1: Backscatter-assisted wireless relay communication
scenario.
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3. Analysis Model of Three Working Modes

Each CR can provide relay transmission and backscatter
transmission services. Of course, it also has the potential to
spread to more cases. Following that, the three working
mode models will be analyzed in detail, and the throughput
expressions of eBD under different conditions are derived.

As illustrated in Figure 3, the ambient backscatter-
assisted wireless relay communication is divided into two
cases: with obstacles and without obstacles, the period with
obstacles is β, and the barrier-free period is 1 − β, β ∈ ½0, 1�.
When there are obstacles, the period of RelayCom mode is
μβ, μ ∈ ½0, 1�, the period of BackCom mode is γβ, γ ∈ ½0, 1�,
and the period of EH mode is ð1 − μ − γÞβ, μ + γ ∈ ½0, 1�.
When there is no obstacle, the period of EH is αð1 − βÞ, α
∈ ½0, 1�, and the period of BackCom is ð1 − αÞð1 − βÞ. When
there is an obstacle between PT and CR, the signals are inter-
rupted, as shown in the red signal path in Figure 3. At this
point, eBD needs to relay and forward the signal of PT to
CR, as shown in Figure 3 by the green long dotted line.
The backscatter signal path is shown by the green short
dotted line, and ζ is the channel gain.

3.1. EH Mode. Since the eBD is always exposed to PT radia-
tion, it has objective conditions for harvesting RF energy to
fulfill the energy demand of relay transmission. When there
is no obstacle, eBD transmit its data in BackCom mode or
harvest energy from ambient RF signal to prepare for Relay-
Com mode. When there are obstacles and the energy col-
lected by eBD is insufficient to maintain its internal circuit
consumption, backscatter communication is needed to assist
relay communication or harvest energy.

According to [17] Friis formula, the power harvested by
eBD from the RF signal sent by PT in free space can be
obtained.

PH = τPT
GTGRλ

2

4πdð Þ2 , ð1Þ

where PH is the power harvested by eBD, PT is the trans-
mit power of PT, and τ ∈ ½0, 1� is the efficiency of EH. GT
is the antenna gain of PT, GR is the antenna gain of eBD,
λ is the emission wavelength, and d is the distance
between PT and eBD. Throughout the EH period ð1 − μ
− γÞβ + αð1 − βÞ, the energy harvested by eBD is

Eh = 1 − μ − γð Þβ + α 1 − βð Þ½ �PH: ð2Þ

Substituting (1) into (2), Eh can be rewritten as

Eh = 1 − μ − γð Þβ + α 1 − βð Þ½ �τPT
GTGRλ

2

4πdð Þ2 : ð3Þ

From (1)–(3), in the whole time unit, the energy har-
vested by eBD Eh is expressed as a function of three var-
iables α, μ, and γ. When α increases, Eh increases, and
when μ + γ increases, Eh decreases, but α has an upper
limit, which must ensure the time demand of backscatter
communication when there is no obstacle. If μ + γ is too
small will affect the throughput of relay communication
and backscatter communication in obstacle environments,
therefore, the value of the three variables α, μ, and γ need
to be weighed comprehensively.

RelayCom device Cooperative receiver

RelayCom signal path

eBD

eBD

PT

eBD
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eBD transmits signals path of other time unit

Figure 2: Three modes of eBD data transmission.
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3.2. RelayCom Mode. RelayCom mode mainly occurs when
there are obstacles. If the stored energy of the eBD exceeds
its circuit consumption, it will forward the data directly to
CR. Otherwise, eBD will harvest energy or send data through
backscatter mode to ensure the effectiveness of signal trans-
mission. eBD transmits data using the harvested energy
(excluding the circuit consumption of the eBD itself) in
the data transmission period μβ. The transmission power
of the eBD is

Pt =
Eh − Ec
μβ

, Eh ≥ Ec ≥ 0, ð4Þ

where Pt is the transmission power of eBD in the data trans-
mission period μβ, and Ec is the circuit energy loss in the
period of μβ. Both Eh and Pt are nonnegative.

Due to Eh ≥ Ec, According to formula (2), ½ð1 − μ − γÞβ
+ αð1 − βÞ�PH ≥ Ec, due to the energy consumption of the
circuit itself, the period s of EH during eBD relay communi-
cation is expressed as

s = 1 − μ − γð Þβ + α 1 − βð Þ ≥ Ec
PH

: ð5Þ

The minimum value of s is defined as smin; therefore,

smin =
Ec
PH

: ð6Þ

Ins ≥ smin, in RelayCom,sminrepresents the minimum EH
time to ensure the energy consumption of eBD circuit. Since
s ≤ 1, therefore, smin ≤ 1.

According to reference [18], the data transmission rate
per unit time in the RelayCom mode is expressed as

tr = ηB log2 1 + Pt

P0

� �
+ ~ωb nð Þ, ð7Þ

where η ∈ [0, 1] is the efficiency of data transmission, B is the
bandwidth of the primary channel, P0 =N0/ζ is the ratio of
noise power N0, and the channel gain coefficient ζ, ~ωbðnÞ,
is zero-mean additive Gaussian white noise (AWGN) with
variance Nωb. Equation (7) is rewritten as

tr = ηB log2 1 + Ptζ

N0

� �
+ ~ωb nð Þ: ð8Þ

Therefore, in RelayCom mode, in the period μβ, the
number of bits transmitted is

Tr = μβηB log2 1 + Pt

P0

� �
+ ~ωb nð Þ: ð9Þ

Substituting (4) into (9), Tr can be rewritten as

Tr = μβηB log2 1 + Eh − Ec
μβP0

� �
+ ~ωb nð Þ: ð10Þ

Substituting P0 =N0/ζ into (10), T r can be rewritten as

Tr = μβηB log2 1 + Eh − Ecð Þζ
μβN0

� �
+ ~ωb nð Þ: ð11Þ

From (2)-(10), the expression for Tr is

Tr = μβηB log2 μ βP0 − βPHð Þ − γβPH + α 1 − βð ÞPH½
+ βPH − Ec� − μβηB log2μβP0 + ~ωb nð Þ: ð12Þ

From (4)–(12), we find that the throughput Tr of Relay-
Com mode is a function of three variables about α, μ, and γ,
and it increases with the increases of α and decreases with
the increases of γ. Because the RelayCom mode is limited
by energy when transmitting data, its throughput increases
with the increases of α first, and when the μ increases to a
certain value, Tr starts to decrease. Therefore, to make Tr

eBD
CR

Barrier period β Free period (1-β)

μ β γ β (1-μ-γ) β
EHEH

α (1-β)
BackComBackComRelayCom
(1-α) (1-β)

eBD CR

PT
PT

PT signals PT signal blocked by obstacles No signal passed

RelayCom signals BackCom signals

g hg

ζ
ζ

Figure 3: Time allocation of ambient backscatter-assisted wireless relay.
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get the maximum value, its variable should take the appro-
priate value.

3.3. BackCom Mode. When there are obstacles, and the
energy harvested by eBD is insufficient to support its inter-
nal circuit consumption, the backscatter communication-
assisted relay is required to forward the information from
PT to CR. When there are no obstacles, PT can directly send
information to CR without the relay function of eBD. At this
point, eBD needs to backscatter its data to CR in a passive
way or collect energy.

To obtain the closed expression of ambient backscatter
throughput, the premise is that the receiver can sample,
demodulate, and decode the received signal. The amount
of data transmitted by ambient backscatter in period ð1 − β
Þð1 − αÞ + γβ is

Tb = 1 − βð Þ 1 − αð ÞRb + γβRb + ~ωb nð Þ, ð13Þ

where γβ is the period the eBD transmits data through the
backscatter mode when there are obstacles. ð1 − βÞð1 − αÞ
is the period when eBD transmits itself data through back-

scatter communication when there is no obstacle. Back-
scatter communication has the performance of passive
backscatter data. It is a green communication mode. It does
not need to generate RF signals actively. Its circuit does not
need to use more energy-consuming analog circuit compo-
nents (such as mixer, amplifier, filter and oscillator), and
the energy consumption is almost zero. Therefore, the energy
consumption of the circuit is not necessary to be considered
in the BackCom mode. At the same time, the interference of
eBD to the main receiver does not need to be considered. The
field test has been done in the literature [19], and it is proved
that the main receiver will not produce any obvious error
owing to the backscatter transmitter unless their distance is
less than 7 inches.

The above is a detailed description of the three commu-
nication modes of backscatter-assisted wireless relay com-
munication in obstacle environments. Next, the total
throughput expression of the system will be given for the
three communication modes.

The probability of obstacle and accessibility is β and 1
− β. The segmented expression of a single eBD transmission
rate can be expressed as (14)

As shown in formula (14), in a time unit, the through-
put of a single eBD can be expressed in three segments.
When there are obstacles and Eh > Ec, the data transmis-
sion mode of eBD is RelayCom mode. The data transmis-
sion rate is shown in the first line of the formula (14).
When there are no obstacles, or there are obstacles but
Eh ≤ Ec, the data transmission rate of eBD is shown in
the second line of the formula (14). Otherwise, the data
transmission rate of eBD is 0 as shown in the third line
of the formula (14).

4. Optimization Model of Three
Working Modes

The goal of this paper’s study is to maximize the throughput
of the secondary system on the premise of ensuring the qual-
ity of service (QoS) of all users. In Section 3, the expression
of eBD transmission rate has been obtained. Next, the three
working modes are optimized to find their balance point,
that is to find out the values of α, μ, and γ to maximize the
eBD transmission rate.

In one time unit, the transmission rate of a single eBD is
the sum of the transmission rates of RelayCom mode and

BackCom mode, which needs to be considered comprehen-
sively. The total transmission rate is

T α, μ, γð Þ = Tr + Tb = μβηB log2 μ βP0 − βPHð Þ½
− γβPH + α 1 − βð ÞPH + βPH − Ec�
− μβηB log2μβP0 + 1 − βð Þ 1 − αð ÞRb

+ γβRb + ~ωb nð Þ:

ð15Þ

To find the values of the three parameters α, μ, and γ
that maximize Tðα, μ, γÞ, we begin by analyzing the value
range and variation relationship of the three parameters.
For more intuitive display, the approximate change curve
is drawn in Figure 4.

The relational constraint of variables μ and γ along with
α changing is shown in Figure 4, in which the red and yellow
curves represent variables μ and γ along with variable α
changing, respectively. The variation curves of both variables
μ and γ are between 0 and 1, and the value of μ + γ is also
between 0 and 1. First, look at the change of the red curve
μ, and when the value of α is close to 0, the value of μ is 0.
This is because eBD has the problem of internal consump-
tion in the circuit when transmitting data through

T =
μβηB log2 μ βP0 − βPHð Þ − γβPH + α 1 − βð ÞPH + βPH − Ec½ � − μβηB log2μβP0 + ~ωb nð Þ, period of μβ,
1 − βð Þ 1 − αð ÞRb + γβRb + ~ωb nð Þ, period of 1 − βð Þ 1 − αð Þ + γβ,
0, otherwise:

8>><
>>:

ð14Þ
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RelayCom mode. Along with the increase of α, the value
of μ increases rapidly until it is close to 1. Whether the
change curve of μ will decline depends on the specific
value of β in the specific environment. Then, look at the
changes of the yellow curve γ, and when the value of α
is close to 0, the value of γ is close to 1. This is because
the RelayCom mode is not started during this period, data
can only be transmitted in BackCom mode, along with the
increase of α, and the value of γ decreases rapidly until it
approaches 0.

Because the RelayCom mode adopts active communica-
tion whereas the BackCom mode adopts passive communi-
cation, the RelayCom rate is significantly higher than the
BackCom rate. The existence of the maximum communica-
tion rate is first considered in this article. Because the addi-
tive white Gaussian noise ~ωbðnÞ does not affect the
solution of the three parameters α, μ, and γ, therefore, it
can be omitted first. To maximize the transmission rate of
eBD is to find the maximum value of Tðα, μ, γÞ. Firstly, it
is proved that there is a maximum value of Tðα, μ, γÞ.

From (15), we have

Let (16) be equal to 0, and we have

μ = γβPHRb ln 2 − α 1 − βð ÞPH + βPH − Ec½ �Rb ln 2
βP0 − βPHð ÞRb ln 2 − βηBPH

, ð17Þ

from which, we have that when α is fixed, and μ is a linear
function of γ; therefore, there is a set of variable values ðμ,
γÞ to make the throughput Tðα, μ, γÞ of eBD to take the
maximum value.

From (15), we have

Let (18) be equal to 0, and we have

from which, there is a set of variables ðα, γÞ so that the for-
mula is established. The simulation results also verify it.

From (15), we have

∂T α, μ, γð Þ
∂α

= μβηB 1 − βð ÞPH
μ βP0 − βPHð Þ − γβPH + α 1 − βð ÞPH + βPH − Ec½ � ln 2 − 1 − βð ÞRb: ð16Þ

∂T α, μ, γð Þ
∂μ

= βηB log2 μ βP0 − βPHð Þ − γβPH + α 1 − βð ÞPH + βPH − Ec½ �

+ μβηB
βP0 − βPHð Þ

μ βP0 − βPHð Þ − γβPH + α 1 − βð ÞPH + βPH − Ec½ � ln 2 − μβηB log2μβP0 − ηB
βP0

P0 ln 2 :
ð18Þ

βηB log2 μ βP0 − βPHð Þ − γβPH + α 1 − βð ÞPH + βPH − Ec½ � + μβηB
βP0 − βPHð Þ

μ βP0 − βPHð Þ − γβPH + α 1 − βð ÞPH + βPH − Ec½ � ln 2

− μβηB log2μβP0 = ηB
βP0

P0 ln 2 ,

ð19Þ

∂T α, μ, γð Þ
∂γ

= μβηB −βð ÞPH
μ βP0 − βPHð Þ − γβPH + α 1 − βð ÞPH + βPH − Ec½ � ln 2 + βRb: ð20Þ
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Let equation (20) be equal to 0, and we have

α = μ βηBPH − Rb βP0 − βPHð Þ ln 2½ �
1 − βð ÞPHRb ln 2

+ Rb γβPH − βPH + Ecð Þ ln 2
1 − βð ÞPHRb ln 2 ,

ð21Þ

from which, we have that when γ is fixed, and α is a linear
function of μ; therefore, there is a set of variable values ðα,
μÞ to make the throughput Tðα, μ, γÞ of eBD to take the
maximum value.

From (15)-(21), we can find thatTðα, μ, γÞis a convex
function, and there is a set of variable values ðα, μ, γÞ to
make the throughput Tðα, μ, γÞ of eBD to take the maxi-
mum value.

Next, we will look at the special boundary problem. First,
when there is no obstacle for a long time ðβ ≈ 0Þ, that is,
there is no RelayCom, μ = 0, then Tðα, μ, γÞ = ð1 − βÞð1 −
αÞRb when α = 0, Tðα, μ, γÞ takes the maximum value, there
is no EH period, the backscattering period is the largest, and
eBD transmits data only through backscatter communica-
tion mode. The maximum throughput of eBD is

max
α,μ,γ

T α, μ, γð Þ = T α = 0ð Þ = 1 − βð ÞRb ≈ Rb: ð22Þ

This occurs when there have been no obstacles for an
extended period of time. However, at this time, the energy
harvested by eBD is decreasing, resulting in the reduction
of energy reserve, which affects the energy supply of eBD
RelayCom mode. Moreover, the relay communication rate
of eBD is greater than the backscatter communication rate;
therefore, α is 0 only when there are no obstacles for a long
time. When obstacles appear and Eh < Ec, α is closer to 1; at
this time, the value range of eBD throughput is

0 ≤ T α, μ, γð Þ ≤ Rb: ð23Þ

Secondly, obstacles exist for a long time ðβ ≈ 1Þ; here, α
≈ 0. Substituting α = 0 and β =1 into (15), the expression
of maximum value of eBD throughput is

max
α,μ,γ

T α, μ, γð Þ ≈ μηB log2 μ P0 − PHð Þ − γPH + PH − Ec½ �
− μηB log2μP0 + γRb,

ð24Þ

formula (24) is about μ, γ, at this time, the value range of
eBD throughput is

0 ≤ T α, μ, γð Þ ≤ μηB log2 μ P0 − PHð Þ − γPH + PH − Ec½ �
− μηB log2μP0 + γRb:

ð25Þ

Two special boundary problems are given above, and
their values are still within the range considered by formula
(15), which can be reflected in the simulation. To sum up,
the formula (15) of eBD transmission data throughput is
applicable regardless of whether there are obstacles or not.
The maximum value of Tðα, μ, γÞ should be Tr + Tb. If the
backscatter transmission rate is very high, eBD should com-
municate data as much as feasible using backscatter. If the
backscatter transmission rate is very low, eBD shall harvest
energy from the PT signal as much as possible. If the energy
harvested is not enough to provide eBD circuit to transmit
data in RelayCom mode when there are obstacles, eBD will
choose to transmit data in BackCom mode.

According to the above description, although there are
three variables α, μ, γ of the transmission rate Tðα, μ, γÞ of
eBD, there is a certain relationship between variables.
Because the basic particle swarm optimization algorithm
needs to determine a few parameters, the operation is simple
and convenient. When β takes the value between 0 and 1,
this paper introduces particle swarm optimization algorithm
and solves it according to the following ideas.

Suppose that in a three-dimensional target search space,
m particles form a group, because the objective function T in
this paper has three variables α, μ, and γ; therefore, the i -th
particle is expressed as Xi = ðx1i , x2i , x3i Þ, (i = 1, 2,…,m); that
is, the position of the i -th particle in three-dimensional
space is Xi, which is a potential solution. We can calculate
its fitness value by substituting Xi into (15), and the potential
solution is measured according to the fitness value. The best
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Figure 4: Relational constraint of variables μ and γ along with α
changing.
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position it has experienced is recorded as pbest = ðp1i , p2i , p3i Þ,
and the best position experienced by all particles of the
whole population is recorded as gbest = ðp1g, p2g, p3gÞ. The

velocity of particle i is expressed as Vi = ðv1i , v2i , v3i Þ. Velocity
and position of the particle i update formula are [20]

vdi =wvdi + c1r1 pdi − xdi
� �

+ c2r2 pdg − xdi
� �

, ð26Þ

xdi = xdi + vdi , ð27Þ
where i = 1, 2,…, m and d = 1, 2,3, w, are a nonnegative
number, called the inertia factor. Learning factor c1 and c2
is nonnegative constant, and r1 and r2 are random number
varying within the range of [0,1]. The first part of vdi is w
vdi which is the previous velocity of the particle. The second
part of vdi is c1r1ðpdi − xdi Þ, which is the “cognition” part,
indicating the thinking of the particle itself. It can be inter-
preted as that a strengthened random behavior is more likely
to appear in the future, and it is assumed that the acquisition
of correct knowledge is strengthened. Such a model assumes
that the particle is excited to reduce the error. The third part
of the vdi is c2r2ðpdg − xdi Þ, which is the “social” part, which
indicates the information sharing and cooperation among
particles. It can be explained that the particle itself is imi-
tated by other particles; that is, it can be used as a reference
for the motion of particles in a population.

The parameters of the algorithm mainly include popula-
tion size m, inertia weight w, acceleration constant c1 and c2,
maximum speed Vmax, and a large number of iteration max-

Itera. Inertia weight makes the particle maintain the inertia
of motion, allowing it to expand its search space and explore
new areas. Let w = 1 and acceleration constant c1 = c2 = 2,
which represents the weight of the statistical acceleration
term that pushes each particle to the pbest and gbest posi-
tions. When the weight value is low, the particles are allowed
to wander outside the target area before being pulled back.
While when the weight value is high, the particles will sud-
denly rush to or cross the target area. Vmax determines the
accuracy of the solution interval, and the design size is
appropriate to avoid particles flying over good positions or
falling into local optimization, vdi ∈ ½−vdmax, vdmax�; that is, the
velocity of a particle Vi is limited by a maximum velocity
Vmax = ðv1max, v2max, v3maxÞ.Vmax is a constant, which is set
according to the optimization problem in this paper.

The algorithm for solving the maximum throughput of
eBD and its corresponding variable value is as follows.

5. Numerical Results

In this section, we illustrate the effectiveness of backscatter-
assisted wireless relay communication in an obstacle envi-
ronment through simulation. We assume that the efficiency
η of data transmission in the RelayCom mode of eBD is 0.7,
the signal bandwidth B is 20MHz, circuit energy loss Ec in
cycle μ is 0.001W, and additive Gaussian white noise ~ωbðn
Þ is negligible in the performance analysis. Considering that
the RelayCom mode needs to consume more energy, the EH
period α of eBD in an obstacle-free environment can be set
different values according to the amount of transmission

1. The number of initialization population particlesm = 50, the maximum number of iterationmaxItera = 500, lower limit of position
range lp = ½0, 0, 0�, the upper limit up = ½1, 1, 1�, the speed limit vmin = ½−1,−1,−1�, vmax = ½1, 1, 1�. The i -th particle is expressed as Xi
= (x1i , x2i , x3i ), substituting it into (15) to calculate its fitness value.
2. Evaluate the fitness of each particle. Particle iteration range

for itera =1: maxItera;
3. For each particle, compare its fitness value fXi

with the fitness value fpbest of the best position pbest it has experienced. If it is
larger, take Xi as the current best position pbest. For all particles,

if index = find(fpbest<fXi
); then

fpbest = fXi
;

pbest = Xi;
end if
The best fitness value and best position of individual history are updated.

4. For each particle Xi, its fitness value fXi
is compared with the fitness value fgbest of the best position gbest experienced by all

particles. If it is larger, it is regarded as the best position gbest of all particles at present to group.
If fgbest < fXi

; then
fgbest = fXi

;
gbest = Xi;

end if
The best fitness value and best position of population history are updated.

5. Record the historical best position and best fitness value of the population.
recg(itera) = gbest;
recfg(itera) = fgbest;
end for

6. Update the velocity and position of the particles according to (26) and (27).
7. Return to step 2 until the given maximum number of iterations is reached.

Algorithm 1: Algorithm of three parameter selection and maximum throughput solving.
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information required by BackCom. Simultaneously, to visu-
alize the change of an objective function with variables in
three-dimensional space, a variable can be fixed without
affecting the experimental properties.

In two modes of RelayCom and BackCom, firstly, we
study the relationship between the total transmission rate
T of eBD and three parameters α, μ, and γ in a unit period
and the maximum achievable transmission rate T and the
values of the corresponding three parameters α, μ, and γ.
Figure 5 plots a three-dimensional grid diagram of the
change between the total transmission rate T of eBD in a
unit period and the RelayCom period μ and BackCom
period γ when there are obstacles. From this Figure, we find
that the total throughput T of eBD changes with the change
of RelayCom period and BackCom period. Within the value
range of μ and γ, the change process of T is a smooth sur-
face, and there is a maximum point of throughput T . There-
fore, as μ and γ change, the total throughput T will change.
We can choose the appropriate RelayCom time and Back-
Com time according to the changes of actual requirements
and conditions, to achieve the maximum system throughput
and channel spectral efficiency. Through hypothesis and
Algorithm 1, we can get that the values of three parameters:
eBD EH period α without obstacles, RelayCom period μ with
obstacles, and BackCom period γ with obstacles are 0.8, 0.3,
and 0, respectively. The corresponding eBD total throughput
T is 6:0321 × 105 bit/s. In Figure 5, the throughput values are
represented by yellow, green, and blue color gradients from
large to small.

Next, we study how system throughput varies in three
cases: backscatter-assisted wireless relay in obstacle environ-
ment, relay-only communication, and backscatter-only
communication. To facilitate observation, we put the figures
of system throughput changing with parameters of the three
cases in the same simulation figure. At the same time, the
particle swarm optimization method is employed to calcu-
late the maximum throughput and corresponding parameter
values of the three cases. Figure 6 plots the relationship

between throughput T and RelayCom period μ and Back-
Com period γ in three cases. Figure 6 clearly shows that
the throughput of backscatter-assisted wireless RelayCom
is the largest. BackCom has the lowest throughput. Between
them lies the throughput of wireless RelayCom. Secondly,
the throughput of the three cases is a smooth surface, and
each has its maximum value. According to Algorithm 1,
the maximum throughput T of backscatter-assisted wireless
relay is 6:0321 × 105 bit/s, corresponding to the EH period α
of eBD without obstacles, the RelayCom period μ with
obstacles, and the BackCom period γ with obstacles that
are 0.8, 0.3, and 0, respectively. The maximum throughput
Tor of wireless relay-only communication is 5:7521 × 105
bit/s, and the values corresponding to the parameters α, μ,
and γ are 0.8, 0.3, and 0, respectively. The maximum
throughput Tob of only backscatter communication is 2 ×
105 bit/s, and the values corresponding to the three parame-
ters α, μ, and γ are 0, 0, and 1, respectively. Figure 6 depicts
throughput values as yellow, green, and blue color gradients
ranging from large to small.

Next, the special case is analyzed when there is no
obstacle between PT and CR (β = 0). eBD does not need
RelayCom and transmits data only through BackCom mode.
Figure 7 plots the relationship between system throughput T
and RelayCom period μ and BackCom period γ when there
are no obstacles for a long time. From Figure 7, we find that
the total throughput T of eBD is a constant that does not
change with variables, with a size of 2 × 105 bit/s. This value
is less than 6:0321 × 105 bit/s, and this shows that β = 0 does
not affect the maximum throughput of backscatter-assisted
wireless relay communication in an obstacle environment.
Figure 7 depicts throughput values as yellow, green, and blue
color gradients ranging from large to small.

When there is always an obstacle between PT and
CRðβ = 1Þ, eBD can both backscatter data and relay data.
As long as the energy harvested by eBD is greater than its
circuit consumption, the RelayCom mode can be enabled
for communication and its communication rate is substan-
tially faster than BackCom mode. Figure 8 shows the grid
diagram of the changing relationship between the through-
put T and the RelayCom period μ and the BackCom period
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γ when β = 1. From Figure 8, we find that the total through-
put T of eBD changes with the change of μ and γ. Within the
value range of μ and γ, the change process of T shows a
smooth surface, and there is a maximum point of through-
put T . Therefore, with the change of μ and γ, the total
throughput T will change. To maximise system throughput
and channel spectral efficiency, we can adjust the RelayCom
and BackCom times in response to changes in actual
demand and conditions. Through hypothesis and algorithm
1, we can conclude that the maximum communication rate
of the backscatter-assisted wireless relay is 7:435 × 105 bit/
s, and the corresponding values of the three parameters α,
μ, and γ are 0.8, 0.1, and 0, respectively. When there is wire-
less relay-only communication, the maximum communica-
tion rate is 7:435 × 105 bit/s, and the corresponding values
of the three parameters α, μ, and γ are 0.8, 0.1, and 0, respec-
tively. As can be seen from Figure 8, the rate of the
backscatter-assisted wireless relay is greater than that of
relay-only communication; however, there is an intersection
when γ = 0:1. Figure 8 depicts throughput values as yellow,
green, and blue color gradients ranging from large to small.

Figures 7 and 8, respectively, study β = 0 and β = 1 two
boundary cases. Next, we need to study the changes of

throughputT and Tor when α = 0and α = 1 under the same
variable conditions. Figure 9 shows the relationship between
throughput of T and Tor and RelayCom period μ and Back-
Com period γ when α = 0. As can be seen from Figure 9,
when α = 0, the backscatter-assisted wireless relay communi-
cation rate is greater than that when there is relay-only com-
munication. Through hypothesis and Algorithm 1, we can
conclude that the maximum backscatter-assisted wireless
relay rate is 3:5814 × 105 bit/s, and the corresponding values
of the three parameters α, μ, and γ are 0, 0.1, and 0, respec-
tively. When there is wireless relay-only communication, the
maximum rate is 2:1814 × 105 bit/s, and the corresponding
values of the three parameters α, μ, and γ are 0, 0.1, and 0,
respectively. Figure 9 depicts throughput values as yellow,
green, and blue color gradients ranging from large to small.

Figure 10 shows the relationship between throughput of
T and Tor and RelayCom period μ and BackCom communi-
cation period γ when α = 1. As can be seen from Figure 10,
when γ = 0, the values of T and Tor are equal. At this time,
through hypothesis and Algorithm 1, we can conclude that
the values of T and Tor are 7:4971 × 105 bit/s, and the corre-
sponding values of the three parameters α,μ, and γ are 1, 0.4,
and 0, respectively. When γ ≠ 0, the rate of backscatter-
assisted wireless relay communication is greater than that
when there is relay-only communication. Figure 10 depicts
throughput values as yellow, green, and blue color gradients
ranging from large to small.

Figure 11 shows the performance comparison of
backscatter-assisted wireless relay communication, relay-
only communication, and backscatter-only communication
when β takes different values. Among them, the red curve
is the change curve of the throughput of backscatter-
assisted wireless relay communication with β. The green
curve is the change curve of the throughput of relay-only
communication with β. The blue curve is the change curve
of the throughput of backscatter-only communication with
β. As can be seen from Figure 11, the throughput of
backscatter-assisted wireless relay communication is the
largest, followed by relay-only communication, and the
throughput of backscatter-only communication is the
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smallest. When β = 0:5, the maximum throughput of
backscatter-assisted wireless relay communication is 6:8796
× 105 bit/s. When β = 0:6, the maximum throughput of
relay-only communication is 6:7125 × 105 bit/s. When β =
0, the maximum throughput of backscatter-only communi-
cation is 4:0 × 104 bit/s.

Figures 9 and 10 show the changes of throughput T and
Tob when α = 0 and α = 1, respectively. In these two bound-
ary cases, we proved that the transmission rate of
backscatter-assisted wireless relay communication is greater
than or equal to the transmission rate of relay-only commu-
nication. The experimental results corroborate the theoreti-
cal research results. We evaluate the effectiveness and
superiority of the proposed backscatter-assisted wireless
relay communication in an obstacle environment in
Figures 5–11. We analyze the optimal time schemes when
the three communication modes reach equilibrium, and
analytically prove the existence, uniqueness, and stability of
this balance. At the same time, the effectiveness of the pro-
posed algorithm is proved. In the obstacle environment,
backscatter-assisted wireless relay communication can
greatly improve the system throughput and channel spectral
efficiency, therefore alleviating spectrum congestion prob-
lem to a certain extent. This provides an effective reference
for the complexity of the 6G environment and the shortage
of spectrum.

6. Conclusions

In this paper, we have studied the backscatter-assisted wire-
less relay communication network in an obstacle environ-
ment. Specifically, to obtain the maximum throughput of
eBD communication, we describe the communication mode
selection problem of eBD as a particle swarm optimization
problem. Through this optimization method, we find the

value of three parameters of EH period α of eBD when there
is no obstacle, period μ of RelayCom with obstacles, and
BackCom period γ with obstacles. And we calculate the
maximum value of eBD throughput corresponding to these
parameters’ value. We have proved that the designed EH,
RelayCom, and BackCom communication modes can
achieve a unique and stable balance. We investigated the
optimal time scheme and proved the effectiveness of the pro-
posed algorithm. Furthermore, we also compare backscatter-
assisted wireless RelayCom, relay-only communication, and
backscatter-only communication. The results show that
backscatter-assisted wireless RelayCom has greater through-
put and higher spectral efficiency in an obstacle environ-
ment. We will lay the backscatter equipment in the
simultaneous wireless information and power transfer sys-
tem to strengthen the transmission of information and
energy and further study the deployment of intelligent nodes
in the face of dynamic CR in the obstacle environment.
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