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Abstract: Wireless Body Area Network (WBAN) plays an important role in e-health, sports training,
and entertainment to monitor human bodies wirelessly and remotely. One critical challenge for
WBAN is to guarantee the quality of user experience and improve the network performance within
such a resource-constrained and dynamic network. In the proposed paper, we investigate a coopera-
tive radio frequency energy harvesting-based WBAN. Herein, we primarily focus on improving the
energy efficiency and network performance through intelligent cooperation among nodes, allowing
sensors with sufficient energy to assist other sensors in data uploading. We propose a relay selection
method that considers both energy demand and energy harvest efficiency. Each sensor calculates the
transmission power threshold required for data uploading based on the perceived channel state and
determines whether it can act as a potential relay node in conjunction with its own energy harvest
efficiency. The coordinator is responsible for optimizing collaborative transmission plans based on
real-time network status. Experimental results show that the cooperative scheme performs better
than the common single-hop scheme in terms of packet reception rate and packet arrival rate. In a
network consisting of 10 sensors, the increase in packet reception rate ranges from 4.9% to 7.8% when
the sensors are placed in preset fixed positions. When the sensors are randomly placed, the increase
in packet reception rate ranges from 0.9% to 7.9% and from 0.7% to 7.4%, corresponding to δ values
of 0.7 and 0.9, respectively.

Keywords: wireless body area network; radio frequency; energy harvesting; cooperative transmission

1. Introduction

Chronic diseases like cancer and cardiovascular disease are the top health killers
around the world. Studies demonstrate that these severe illnesses can be cured if diagnosed
in the early stage [1]. Therefore, new medical concepts place greater emphasis on proactive
prevention and early detection of diseases. Meanwhile, building an efficient and reliable
e-health system is an important issue for ensuring sustainable development of humankind.
For example, the spread of COVID-19 has greatly impacted the sustainable development of
humanity. A well-functioning healthcare system and technology serve as the foundation
for ensuring normal human life and work. Thanks to the development of the miniaturiza-
tion of the integrated circuit, sensing technologies, and wireless communication, patient
management such as remote monitoring, disease prevention, and disease diagnostics can
be realized by the integrated e-health system. The wireless body area network (WBAN) is a
key part of the e-health system, which enables efficient and long-term health monitoring
and management. The development of the e-health system has played a positive role in
promoting smart healthcare and sustainable development of humanity. WBAN, as a key
technology of the e-health system, plays an important role in the sustainable development
of the intelligent medical system.

A typical WBAN is a heterogeneous network consisting of a group of low-power,
miniature, and lightweight wireless sensors designed to monitor various physiological
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parameters. It is important to improve the energy efficiency of WBANs, in addition to en-
suring the quality of the service [2]. To enhance network performance and improve energy
efficiency, several techniques, such as media access control (MAC) protocol [3–5], power
adjustment scheme [6–8], sleep schedule [9], and the cooperative relay method [10,11] are
commonly optimized and designed. However, most of the research studies in this area are
focused on battery-powered WBANs, which may not be practical to replace or recharge
batteries for sensor nodes in some cases [12].

Radio frequency (RF) energy harvesting, as a potential technology that can prolong the
lifetime and usage lifespan of sensors, has drawn significant interest recently. The use of
RF energy harvesting technology, which can recharge sensors without relying on external
environments, provides a suitable solution for certain long-term, low-power medical
monitoring applications. Consequently, the MAC protocol must be carefully designed to
cater to the requirements of both energy harvesting and data transmission. Simultaneously,
it is crucial to enhance energy efficiency since the available energy harvested from the
received RF signal is restricted and limited. Researchers deploy dedicated relay nodes to
forward packets generated by the sensors [13], where these nodes utilize all the harvested
energy to forward packets generated by common sensors.

For RF energy harvesting-based WBANs, sensors located far from the coordinator har-
vest less energy but require more energy for data uploading, leading to poor transmission
performance. Although the network performance can be improved when dedicated relays
are deployed, the network size and complexity also increased, and it is also a complex issue
to consider how many dedicated relays need to be deployed and where to deploy them.
Improving network performance based on collaborative transmission among sensors is a
potential solution. In an energy-heterogeneous network, nodes with sufficient energy can
act as relays to forward packets generated by other nodes to reduce the packet loss rate.

To solve the above problems, in this paper, we present a novel cooperative-based relay
scheme for RF energy harvesting-based WBANs. We provide a classification scheme which
divides the sensors into two categories, relay nodes and common nodes, based on their
energy harvesting efficiency and optimized transmission power. By jointly considering the
wireless channel state and the sensors’ energy distribution, the coordinator formulates and
adjusts the cooperation strategy and selects appropriate relay nodes to forward packets
transmitted by common nodes to enhance the packet reception rate. To the best of our
knowledge, this study is the first to (1) present a classification method for relay identification
and (2) determine a cooperative-based data uploading scheme in RF energy harvesting-
powered WBANs such that network performances can be improved.

The rest of the paper is organized as follows. Section 2 presents the related works.
Section 3 shows the network model. Section 4 explains the proposed work. Performance
evaluations and results are discussed in Section 5. Finally, Section 6 concludes the paper.

2. Related Works

Unlike the flexible network topology of traditional wireless networks, WBANs typi-
cally use a single-hop or two-hop star network. When designing a relay selection scheme,
it is necessary to select the appropriate relay node for the source node to forward the mes-
sage to the coordinator. We can classify the existing routing protocols into five categories
according to the following metrics: network structure, location, temperature, layer, and
QoS [14]. A fitness function is proposed in [15] which can determine the placement of
relay nodes, and a cuckoo-based scheme is presented using an adaptive step size propor-
tion combined with a fitness function; energy efficiency can be improved and network
load can also be balanced. A clustering-base routing scheme is proposed in [16]; a fuzzy
function is used and reducing the radiation absorbed by the human body is considered.
Both node temperature and the wireless link quality are considered when designing the
routing protocol in [17]; potential routing paths are first discovered and then optimized
based on the cost for data uploading using a prim’s algorithm. To improve the energy
consumption and network reliability, a routing scheme is designed aiming to optimize relay
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node selection in [18]; the distance estimated based on RSSI and the direction calculated
according to the MUSIC algorithm are the main criteria considered when choosing the
relay. Various network typologies are considered in [19]; different transmission powers
are evaluated based on the energy efficiency and network lifetime performances, while
two routing schemes are presented considering different strategies keeping SAR in con-
sideration. To take into account more decision factors, a flexible relay candidate scheme
is proposed in [20] which adopts an analytical hierarchy process; network performances
can be improved under various situations. A clustering process is added in addition to relay
selection in [21]; both cluster head and relay node can collect data from sensors and further
forward these data to the sink. A routing tree is maintained to balance the energy consumption.
Both the energy consumption rate and residual energy are considered when selecting relays
in [22]; a heuristic solution is proposed to solve the optimization problem. Virtual MIMO is
used to improve the network performances and different cooperative schemes are designed
in [23]; network reliability can be effectively improved and fault tolerance can be reduced. A
new mobile agent-based DA scheme for WBANs is presented in [24]; nodes in a WBAN form
clusters and required data are collected by the base station through a generated mobile agent.

The above-mentioned protocols are specifically designed for battery-powered WBANs;
potential relay nodes are selected from sensors according to the proposed algorithms, which
consider different constraints, and no dedicated relay nodes are needed. By selecting appro-
priate relay nodes or routing paths, the network’s lifetime and transmission performance
can be effectively improved. The advantage of a battery-powered network is that, before
the energy is exhausted, nodes are not heavily constrained by energy when transmitting
data and can transmit larger packets when needed. However, once the battery energy is
depleted, nodes are unable to transmit data, which leads to a rapid decline in network
performance or even network failure. Battery reset operations can also reduce the quality
of user experience.

Energy harvesting technology is a promising solution for prolonging the lifetime
of communication networks by introducing self-sustainability to energy-constrained de-
vices [25]. Considering the situation where sensors can harvest energy at any time, path cost
is calculated in [26], which can be used for the relay selection; efficient data transmission
and multi-hop routing can be achieved since multiple parameters are considered when
designing the network. In RF energy harvesting-based WBANs, nodes must harvest energy
first before transmitting data, making them highly constrained by available energy and
having a higher demand for energy efficiency compared with battery-powered WBANs.
Furthermore, different nodes exhibit varying energy demands and energy harvesting
efficiencies; strategies must be formulated based on the differences in available energy
among nodes and the characteristics of network topology when selecting relay nodes to
optimize the collaborative transmission efficiency. Most protocols deployed dedicated relay
nodes between sensors and the coordinator. A transmission power-chosen scheme which
considers the energy harvesting efficiency and usage requirements is proposed in [27];
energy efficiency can be effectively improved in a one-hop star network. However, the
proposed scheme does not consider collaborative transmission among nodes. Considering
the requirement to maximize the spectral efficiency, transmission optimization methods
are designed in [28] considering both single-hop and dual-hop scenarios; dedicated relays
are needed in the dual-hop network. To improve the network performances of a network
which contains only one source and one destination with multiple relays, a relay selection
scheme is proposed in [29]; the proper relay can be chosen based to the status of the relays.
A WBAN consisting of n sensors, a destination and a relay node, is considered in [30];
weights of sensors are considered when designing the network protocol. In these networks,
dedicated relays need to be deployed to improve network performance, which increases
the size and complexity of the network. Table 1 presents a summary of the related works.
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Table 1. Characteristics of the related works.

References Authors Contributions
Features

A B C D

[15]

A fitness function is proposed, which can determine the
placement of relay nodes; a cuckoo-based scheme is presented
using an adaptive step size proportion combined with a
fitness function.

Y N Y N

[16] A fuzzy-based routing protocol is presented which considers
both the energy efficiency and the specific absorption rate. Y Y N N

[17]
Both node temperature and the wireless link quality are
considered when designing the routing protocol; a prim’s
algorithm is adopted to select the proper route path.

Y N N N

[18]
The proposed scheme takes into account the characteristics of
the input signal. Two significant parameters, distance and
direction, are considered for relay node selection.

Y N N N

[19] An incremental distance threshold-based routing scheme is
proposed in addition to the fixed-distance threshold scheme. Y N N N

[20]

To take into account more decision factors, a flexible relay
candidate scheme is proposed which adopts an analytical
hierarchy process; network performances can be improved
under various situations.

Y N N N

[21]
The clustering process is used in addition to relay selection,
and potential cluster heads are selected based on two metrics:
Euclidean distance and residual energy.

Y Y N N

[22]
To maximize the network lifetime of WBANs, energy
consumption rate and residual energy are considered together
when selecting relay nodes.

Y N N N

[23]

A cooperative network coding approach is proposed which
enables the cooperation among sensors; fault tolerance and
reliability can be improved in the sepsis disease
monitoring scenario.

Y N N N

[24]
A new mobile agent-based DA scheme for WBANs is presented;
nodes in a WBAN form clusters and required data are collected
by the base station through a generated mobile agent.

Y Y N N

[26]

Multiple parameters (e.g., energy of bio-sensors, network
topology, congestion states of nodes, value of received SNR,
and available network bandwidth) are considered when
choosing relay nodes in an energy harvesting-based WBAN.

N N N N

[27]

Sensors can adjust their transmission power dynamically
according to the energy harvesting efficiency and the channel
status to improve the network performances in an RF energy
harvesting-based WBAN

N N N Y

[28]

Both one-hop network and two-hop relay network are
considered in an RF energy harvesting-based WBAN;
meanwhile, both data buffer and energy buffer are considered
as constraints for the data uploading.

N N Y N

[29]
A cooperative transmission scheme is presented, and energy
harvesting awareness is adopted; energy harvesting time can
be adjusted according to the requirements.

N N Y N

[30]
Because priorities of heterogeneous sensors are different, an
analytic hierarchy process algorithm is proposed to determine
the weight values of the sensors.

N N Y N

Features: A: Battery-powered, B: Cluster-based, C: Dedicated relay, D: Power control. Values: Y: Yes, N: No.

3. Network Model

As shown in Figure 1, we consider a saturated WBAN that consists of a coordinator
and several RF energy-harvesting sensors. All nodes are single-antenna devices that
operate in a half-duplex scheme. Instead of batteries, each sensor is equipped with a super-
capacitor and an EH circuit that can harvest energy from the radio signal. The coordinator’s



Sustainability 2023, 15, 8367 5 of 13

responsibilities include broadcasting RF energy to charge the sensors, managing and
allocating wireless channel resources, and receiving health data sent by the sensors.

Figure 1. Network model.

Time is divided into periodic superframes, which consist of a download period and
an upload period. During the download period, a power splitting scheme is used, and
sensors receive command data while simultaneously harvesting energy from the RF signal
broadcast by the coordinator. The upload period is divided into time slots, which are
assigned to sensors according to the coordinator’s schedule. Sensors upload packets in
the assigned slots during the upload period. The network is assumed to operate under
saturated conditions, with each sensor uploading one data packet per superframe.

The pass loss model considered in the WBAN is a combined distance and frequency
dependency model similar to the classical wireless channel model [28]. According to the
IEEE 802.15.6 standard, the path loss model with distance dependency can be described by
the equation

PL(d) = PL(d0) + 10nlog10(
d
d0

) + Xσ, (1)

where d0 denotes the reference distance, PL(d0) means the path loss at the reference distance
d0, n represents the path loss exponent, and Xσ denotes the shadowing component.

Sensors need to harvest energy before data transmission, and the harvested energy is
limited. It is difficult for sensors to make cooperative decisions independently. The coor-
dinator is chosen as the decider since it has a fixed power supply and enough computing
power. During the initialization phase of the WBAN, a sensor estimates whether it can act
as a relay node and reports related information to the coordinator. Then, the coordinator
determines reasonable assistance plans to enable cooperative relay among sensors.

4. Cooperation Scheme

In this section, a cooperative method is designed to maximize the total network
throughput with an efficient relay scheme. An initialization phase is required, during
which sensors evaluate the optimal transmission powers based on the wireless channel
state. Sensors that can harvest sufficient energy to support data transmission using the
optimized powers are expected to work as relays. Then, the coordinator schedules the
collaboration plan to facilitate cooperation among sensors during the cooperation phase.

Figure 2 is an example of the superframe structure and data upload process in a
cooperative mechanism of a body area network (BAN) with five sensors. Figure 2b shows
a superframe and data upload process in the initialization phase, where the coordinator
assigns time slots to sensors without considering cooperative transmission among nodes.
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Each sensor uploads its own data packet within the assigned time slot, and when one sensor
is uploading a packet, other sensors enter a low-power state to save energy. At the same
time, each sensor assesses the wireless channel and evaluates the threshold transmission
power according to its own energy harvesting efficiency, to determine whether it can serve
as a potential cooperative relay node. The potential relay nodes package their energy
and channel state information in data packets and send them to the coordinator. In the
cooperative transmission phase, the coordinator formulates and optimizes the cooperative
transmission strategy based on the energy and channel state of the sensors. Figure 2c shows
a superframe and data upload process in the cooperation phase, where sensors n2 and n5
enter a listening state while sensors n3 and n4 transmit their packets, and each uploads
its own packet and received packets to the coordinator within its assigned time slot. By
effectively utilizing the surplus energy of potential relay nodes, network throughput and
energy efficiency can be improved.

Figure 2. Illustration of the superframe, (a) Network, (b) Initialize phase, (c) Cooperation phase.

4.1. Initialization Phase

When a sensor transmits packets using limited energy, the probability of the packets
being received by the coordinator increases, but the number of uploaded packets decreases
when a higher transmission power is used. There is an optimized transmission power
that can maximize the energy efficiency of a particular sensor. Typically, sensors that are
farther from the coordinator can harvest less energy but need a higher transmission power
when uploading packets to ensure a high packet reception ratio. The decision to determine
whether a sensor can work as a relay node is based on whether the harvested energy can
support the optimized power. The probability of a packet being received successfully is
influenced by the signal-to-noise ratio (SNR). For example, in non-coherent FSK, the packet
reception ratio can be expressed as

F(γic) = (1− f (γic))
Li = (1− 1

2
exp−

γic B
2R )Li , (2)

where f (γic) denotes the bit error rate, and R, Li, and B denote the transmission rate, the
packet length in bits, and the noise bandwidth. γic is the SNR at the coordinator, which is
related to the transmission power pi.

γic =
pi|gic|2

σ2 , (3)
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where σ2 is the power of the noise signal and gic represents the channel gain. Then the
energy efficiency can be expressed as

Ei =
F(γic)R

piLi
=

R|gic|2
Liγicσ2 (1−

1
2

exp−
γic B
2R )Li . (4)

The maximized energy efficiency problem can be resolved by calculating the derivative
of Ei [27], and the optimized SNR γ?

ic can be gained. Corresponding to γ?
ic, the transmission

power required by the sensor is

p?i =
γ?

icσ2

|gic|2
. (5)

When a sensor receives wireless signals broadcast by the coordinator, the received
SNR is

γci =
pc|hci|2

σ2 , (6)

where pc and hci denote the transmission power of the coordinator and the channel gain.
According to the reciprocity of the wireless channel, the receiver and the sender of the
same wireless link can derive the same channel state if they observe the channel simul-
taneously [31]; the channel gains are modeled as gic = hci =

√
10PL(di). According to

Equations (5) and (6), the value of p?i can be denoted as

p?i =
γ?

ic
γci

pc. (7)

Then, the energy needed to upload a packet using power p?i is

E?
i =

Li
R

p?i . (8)

A sensor is identified as a potential relay if it can harvest more energy than E?
i .

The harvested energy of sensor i during the energy harvesting phase is

Ei = αδpc|hci|2Te, (9)

where α and δ are the power split ratio and the energy conversion efficiency, and Te
denotes the length of the download period. Then, sensors can be divided into two groups,
relay nodes (R = {r1, r2, . . . , rm}, the set of sensors with Ei > E?

i ) and common nodes
(N = {s1, s2, . . . , sn}, the set of sensors with Ei 6 E?

i ). Relay nodes upload packets using
power p?i , and the residual energy is used for data relaying. Common nodes upload packets
using all the harvested energy.

The coordinator needs to maintain some matrices which are used to optimize the relay
selection, including metrics such as the correct reception rate when receiving messages
from ordinary sensors and relay sensors, the probability that messages sent by ordinary
nodes are correctly received by relay nodes, and the length of messages that relay nodes
can forward, among others, such as

M1 =

 c11 c12 . . . c1n
. . .

cm1 cm2 . . . cmn


M2 =

[
a1 a2 . . . an

]
M3 =

[
b1 b2 . . . bm

]
M4 =

[
l1 l2 . . . lm

]
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Values ai(i ∈ [1, n]) and bj(j ∈ [1, m]) denote the probabilities that packets can be
received by the coordinator correctly; these are uploaded by common node si or relay node
rj. The coordinator updates these values per superframe according to whether the packets
of the corresponding nodes are received correctly.

Value li denotes the maximum data length that can be relayed by relay ri, which is
calculated as

li = R
Ei − E?

i
P?

i + pr
, (10)

where pr denotes the power used when receiving signals. Value cij denotes the probability
that packets can be received by relay ri correctly when common node cj broadcasts packets.
During the initialization phase, each relay cyclically monitors the timeslots used by common
nodes according to the guidance of the coordinator and obtains the initial values of cij.
Relay node ri packs related values li and cij into its packets, and the coordinator updates
the corresponding data after receiving the packets.

4.2. Cooperation Phase

During the cooperation phase, the coordinator is responsible for selecting proper relays
for common nodes. The coordinator calculates the optimal cooperation scheme and packs the
related information in the command packets, which are broadcast during the download period.
If relay ri is selected as a cooperator to forward a packet uploaded by common node cj, the
probability that the packet can be correctly received by the coordinator is

Pij = aj + bicij − ajbicij. (11)

Compared with uploading without the cooperating relay, the increment of the proba-
bility of the packet being successfully received is

P∆
ij = bicij − ajbicij. (12)

Common nodes are relatively far from the coordinator; these nodes harvest less energy
but need more energy to ensure that the uploaded packets can be successfully received
by the coordinator. Compared with relay nodes, common nodes have poor network
performance, which is the short board of the network. The main goal of the cooperative
transmission is to upgrade the performance of the common nodes with the help of the relay
nodes. Maximization of the sum value of the increment of the packet reception probability
is desired when the coordinator schedules the cooperation plan.

Let ξij denote whether ri acts as a relay node to forward packet transmitted by common
node cj. The value ξij equals one when ri is assigned to the relay packet uploaded by cj;
otherwise, ξij is zero. Then, the problem can be formulated as

max
m

∑
i=1

n

∑
j=1

ξijP∆
ij

s.t.
m

∑
i=1

ξij ∈ {0, 1}, j = 1, 2, ..., n

n

∑
j=1

ξijLj ≤ li, i = 1, 2, ..., m

(13)

The cooperation plan among sensors can be obtained by solving Equation (13), which is a
0–1 multiple knapsack problem. The problem can be solved by binary search algorithm [32] or
greedy algorithm, and a set of ξij can be gained. If relay node ri is assigned to the relay packet
transmitted by common node cj, ri will turn to receive mode during the time slot assigned to
the common node cj and forward the received packet to the coordinator.
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5. Simulation Results

To evaluate the proposed scheme, a series of simulations were conducted in Matlab,
and the results are presented in this section. The simulation considered a saturated WBAN
that consists of one coordinator and several RF energy harvesting-based sensor nodes.
The simulation parameters are listed in Table 2. The nodes were placed on the human
torso and formed a 60 cm × 40 cm plane. A coordinate system was established where a
long side and an adjacent short side were selected as the x-axis and y-axis, respectively.
The coordinator was placed at the coordinate origin (0, 0). The length of each superframe
was set to 0.1 s. When a potential relay node forwarded packets, the received power was
set to be the same as the transmit power. The proposed scheme was compared with the
single-hop scheme without cooperation in considered scenarios.

Table 2. Simulation parameter.

Parameter Description Value

Pc transmission power of the coordinator 1 mW
R transmission rate 100 kbps

PL(d0) path loss at the referent distance d0 55
n path loss exponent 2.4
d0 the reference distance 1 m
σ2 noise power −104 dB
δ energy conversion efficiency 0.9, 0.7
α power split ratio 0.6
Li packet length 20v100 bytes

In the first scenario, ten sensors are deployed in two columns; each column contains
five nodes uniformly deployed within a distance of 40 cm. The abscissa of one column
is fixed at 50 cm, and the abscissa of the other column is within the range of 10 cm to
50 cm. The length of the packets uploaded by the sensors is set to be 50 bytes at first, with
the energy conversion efficiency set to be 0.7 or 0.9. The packet reception rate is mainly
evaluated, which can be formulated as

Pr = Nr/Ns, (14)

where Nr represents the number of non-duplicate packets received by the coordinator, and
Ns represents the number of packets uploaded by the sensor.

Figure 3 illustrates the packet reception rates in the first scenario. With the distance of
the sensors increasing, the packet reception rates demonstrate a downward trend. However,
our proposed scheme performs better than the single-hop transmission scheme without
cooperation. The sensors closer to the coordinator can use part of their energy for data
forwarding to improve network performances. Sensors deployed with abscissa between
40 cm and 50 cm cannot harvest enough energy to ensure satisfactory packet reception
rates. No potential relay exists when all sensors are deployed far from the coordinator, and
the network performance of the two schemes is similar. When the distance of one column
is within range from 10 cm to 35 cm, sensors in this column can harvest enough energy and
act as potential relays. These sensors can forward packets uploaded by sensors far from the
coordinator, which can improve the network performance through cooperation among nodes.
Compared with the single-hop transmission scheme, our scheme increases the packet reception
rate by 4.9% to 7.8% when the abscissa of one column is between 10 cm and 30 cm.

Subsequently, we evaluated the performance improvement of the proposed scheme
under different load conditions. One column has a fixed abscissa of 50 cm, while the
abscissa of the other column ranges from 10 cm to 35 cm. The packet size generated by the
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sensors is set from 20 bytes to 80 bytes, and the energy conversion efficiency is set to 0.7.
The main metric evaluated is the improved packet arrival rate, which can be expressed as

Pi = (N
′
r)/Ns, (15)

where N
′
r represents the number of packets uploaded by ordinary sensors that were not

received by the coordinator but were successfully relayed to the coordinator through the
relay nodes.

Figure 3. Analysis of packet reception rate in the first scenario.

Figure 4 shows the improved packet arrival rate under the proposed scheme. Since the
network transmission performance of ordinary nodes far away from the coordinator is
poor, the network performance is significantly improved with the cooperation of potential
relay nodes. The larger the network load, the poorer the transmission performance of
ordinary nodes themselves, and the more significant the performance improvement with
the assistance of potential relay nodes. As the distance between potential relay nodes and
the coordinator increases and the distance to ordinary nodes decreases, the probability of
correctly receiving messages uploaded by ordinary nodes increases, and the probability
of successfully forwarding these messages to the coordinator through potential relays
after direct upload failure also increases. However, the energy collected by potential relay
nodes decreases with the distance from the coordinator. When the harvested energy is
insufficient to support the energy required for message forwarding, the improved network
performance will decline sharply.

Finally, we evaluated the performance of the proposed scheme in a randomly deployed
sensor scenario; the sensors are randomly deployed in the 60 cm × 40 cm plane. The sizes
of packets generated by sensors are in the range of 20 bytes to 100 bytes. Figure 5 illustrates
the packet reception rates. For the single-hop transmission scheme, the network density
is not the main factor affecting the packet reception rate since no cooperation scheme is
adopted. We can see that our scheme performs better when more sensors are deployed as
the number of potential relay nodes will increase in a dense network. Packets uploaded by
sensors far from the coordinator can be forwarded by potential relays under the guidance
of the coordinator. The packet reception rates increase 0.9% and 7.9% when two or ten
sensors are deployed if δ = 0.7. Correspondingly, the packet reception rates increase by
0.7% and 7.4% when δ = 0.9.
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Figure 4. Analysis of improved packet arrival rate.

Figure 5. Analysis of packet reception rate in a random location scenario.

6. Conclusions

A cooperative RF energy harvesting-based WBAN is studied in this article, whereby
sensors harvest energy before transmission and adaptively adjust transmission strategy to
enhance network performance. We proposed a classification method to categorize sensors into
potential relay nodes and common nodes. A centralized scheduling scheme is employed, and
the coordinator is responsible for calculating the optimal cooperation scheme based on the
real-time network status. Cooperative transmission can be realized among sensors, during
which sensors with sufficient energy can forward packets received from common nodes.
Numerical results show that the proposed scheme ensures maximum reliability of the data
transmission. Compared with the common single-hop network, our proposed scheme achieves
higher energy efficiency, larger network throughput, and better packet delivery ratio.

In our future work, we plan to extend this study to unsaturated networks where
sensors upload packets only when necessary and the coordinator adjusts the superframe ac-
cordingly to satisfy sensors’ energy charging and data transmission requirements.
Additionally, we plan to explore the optimization of collaboration mechanisms among
nodes using deep learning methods.
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