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ABSTRACT Wireless body area networks (WBANs) can provide continuous monitoring of human
biological signals. Due to the limited energy of the sensors, wireless-powered system has been adopted to
prolong network lifetime for implant WBANs. In this paper, we propose an energy buffer-aided wireless-
powered relaying system for self-sustainable implant WBAN. The proposed system is composed of an
off-body access point (AP) and many users, where an implant device is placed in body while a dual-mode
wearable device with an energy buffer is attached on body for each user. In the downlink, the dual-mode
wearable device simultaneously harvests energy that is stored in the energy buffer from a radio-frequency
signal broadcasted by the AP and provides energy supply via wireless energy transfer to the implant
device. In the uplink, the implant device uses harvested energy to transmit its collected data to the
wearable device. Then the wearable device adopts the stored energy to decode and forward the data to
the AP in an orthogonal multiple access way. We investigate two transmission policies for the wearable
device, namely best-effort policy (BEP) and on-off policy (OOP). We derive the limiting distribution of
the energy for both the BEP and OOP. Furthermore, the outage probability and average throughput of the
proposed system with both the BEP and OOP are analyzed. Simulation results are presented to validate
the analytical expressions and provide some useful insights.

INDEX TERMS Implant wireless body area network, best-effort policy, on-off policy, energy buffer,
relaying system.

I. INTRODUCTION

WIRELESS body area networks (WBANs) that com-
prise low-power devices in, on, or around the human

body are designed and developed to monitor physiological
signals for a variety of healthcare applications in rehabil-
itation, sports, military and defense [2]. In particular, the
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implant device for implant WBAN is small in size and its
battery has a limited capacity. Due to the limited capacity,
scarce energy in the implant WBAN hinders its develop-
ment [3]. Moreover, the implant device is usually involved
with an invasive surgery for the implant WBAN [4]. Hence,
it requires stringent-miniaturisation, reliability, low-power
consumption, and long lifetime. The issues of the reliable
data transmission and energy supply for implanted WBAN
have become a research focus.
To realize high-reliability data transmission and save the

energy of the implant device, relaying technologies have
been introduced into the implant WBAN [5], [6], [7], [8],
[9]. More specifically, the performance of relaying implant
WBAN has been evaluated in terms of the bit error rate
(BER) and outage probability [5]. In [6], a distributed
beamforming scheme for the energy efficiency optimization
has been proposed in ultra-wideband based relaying implant
WBAN. In [7], a distributed reception method for the non-
coherent system in the implant WBAN has been designed.
However, the performance of the relaying implant WBAN
is limited by the in-body link. To address this drawback,
a data buffer-aided relaying framework has been proposed
for implant WBAN [8]. In [9], two link-selection protocols
for a data buffer-aided relaying implant WBAN has been
designed and analyzed in terms of BER and average delay.
Although the relaying implant WBAN can achieve the
reliability and save the energy of the implant device, the
energy from the battery attached to the implant device could
be exhausted. Therefore the energy supply of implanted
devices has received increasing attention.
To provide continuous energy self-sustaining, energy-

harvesting has emerged as a promising technology to
supply the implant device with permanent and sufficient
power [10].1 It can eliminate the need for bulky batteries or
drastically reduce the size of their rechargeable batteries [12],
which can further bring implant miniaturization to millimeter
scales [13]. This method is to make the implant device
energy self-sustaining by scavenging the energy from a
variety of sources available in the ambient environment or the
body itself [14]. However, opportunistic energy harvesting
from the human body such as biochemical [15] and biome-
chanical [16] energy or renewable energy sources such as
solar [17] and heat energy [18] is in general intermittent and
uncontrollable. In contrast, wireless power transfer (WPT)
system is partially controllable and can provide a perpetual
energy source and continuous operation of the low-power
devices [19], [20], [21], [22]. Near-field based WPT systems
have been adopted to charge and communicate with the bio-
medical implant devices [23], [24]. However, the distance
between the power supply and the implant device cannot
exceed few centimeters. Radio frequency (RF)-based WPT

1Charging implanted devices is a big challenge in practical application
scenarios. The emergence of in-vivo networking (IVN) can help to solve
this issue. IVN can integrate coherently-incoherent beamforming into a
complete system that optimally provides power and communicates with
deep-tissue biosensors and bioactuators [11].

system can extend the distance between the power supply
and the implant device, which can achieve a few meters [11].
In [11], RF-based WPT system for the implant device has
been developed. In [25], the electromagnetic compatibility of
RF-based WPT system for the wearable and implant devices
has been investigated. Recently, the performance of WPT
system for the implant WBAN has been investigated in [26].
Based on above works, it is interesting to combine relaying
with WPT systems in WBAN.
To integrate the advantages of relaying and WPT systems,

relaying WPT system has been applied into the WBAN [27],
[28], [29], [30], [31]. More specifically, in [27], spectral
efficiency of the relaying WPT-based WBAN system has
been studied over a block fading channel. In [28], an optimal
strategy for the relaying WPT-based WBAN system has been
proposed to achieve the maximum throughput. In [29], a
relay selection protocol for the relaying WPT-based WBAN
system with data buffer has been designed. In [30], a
cooperative communication framework for the WPT-based
WBAN system with full duplex has been constructed and
its throughput maximization problem has been investigated
under the limited delay. Recently, a dynamic weights
algorithm for the relaying WPT-based system has been
designed in [31]. In such system, the relay and sensors
collect energy from the AP and use the harvested energy
to transmit information to the AP by using time division
multiple access. However, in these works [27], [28], [29],
[30], [31], all of them utilize relaying and WPT in WBAN,
but energy harvesting nodes of these systems use a harvest-
use (HU) architecture, which does not buffer the energy
for use in future time slots and limits system performance.
Moreover, they do not manage the energy. To solve this
problem, an energy buffer can be equipped at the energy-
harvesting nodes, which can use the harvest-store-use (HSU)
architecture [32] and the energy is managed. Recently, two
online simple policies, i.e., best-effort policy (BEP) and on-
off policy (OOP), have been proposed for the energy buffer
aided point-to-point WPT system [33]. The proposed system
in this paper adds relaying to the energy buffer-aided point-
to-point WPT system, and the BEP and OOP are re-modeled
and derived. In such system, a discrete-time continuous-
state Markov chain model is used to model the energy
buffer accurately. The performance of a two-hop network
with energy buffer-aided relay has been analyzed in [34],
while an incremental relay has been adopted to improve the
spectral efficiency in [35]. In [36], [37], the performance
of a two-hop network with energy buffer-aided source has
been analyzed. Hence, introducing energy buffer at the relay
or/and the source can significantly improve the performance
of the wireless-powered relaying systems. However, in these
works [34], [35], [36], [37], which manage the energy in the
energy buffer, the energy is collected from the environment.
The source of energy in the environment is unstable and
random. To address this problem, the proposed system in this
paper obtains the energy from the RF signals broadcasted
by the AP.
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With the above motivation, in this paper, we propose an
energy buffer-aided wireless-powered relaying system for
self-sustainable implant WBAN, which includes an off-body
access point (AP) and one group of users. For each user, an
implant device and a dual-mode wearable device are equipped
in and on human body, respectively.2 Because the implant
device is generally implanted in the tissue of the human,
it requires miniaturization and free battery [11], [41]. To
ensure the reliable power supply and safety, the energy of
the implant device is provided via the wearable device due
to the uncontrollable AP.3 Moreover, the wearable device on
the human body can attach to the battery to store the energy
from the AP. Due to these requirements, the implant device
and the wearable device adopt HU and HSU architectures,
respectively.
The main results and contributions of this paper are

summarized as follows.

1) An energy buffer-aided wireless-powered relaying
system for implant WBAN is proposed. The proposed
system not only can provide reliable energy supply for
the implant device that is not dependent on the AP
and transmit the collected data of the implant device
without any external power supply, but also can ensure
the safety for the human health.

2) In the proposed system, the dual-mode wearable device
adopts BEP and OOP to manage the energy in the
energy buffer. The limiting distributions of the energy
in the energy buffer for both the BEP and OOP are
derived by using a continuous state space Markov
chain. Furthermore, the outage probability and average
throughput of the proposed system with the BEP and
OOP are analyzed.

3) Simulations are conducted to verify the accuracy of the
theoretical analysis and demonstrate that both the BEP
and OOP possess better performance compared with
the existing battery-less relaying system. Furthermore,
some useful insights are given to show the design rules
for the implant WBAN.

The remainder of this paper is organized as follows. In
Section II, we show the system model of the proposed
system. In Section III, we derive the limiting distribution
of the energy buffer. We analyze the performance of the
proposed system in Section IV. The results and discussion
are presented in Section V. Section VI concludes the paper.

2In WBAN standard [5], [38], [39], [40], the implant device works at the
Medical Implant Communication Service (MICS) frequency band (402-405
MHz), while the wearable device works at the Industrial, Scientific and
Medical (ISM) frequency band (2360-2400 MHz). Hence, the wearable
device is designed in dual-mode.

3In fact, the battery of the wearable device can be easily replaced or can
be recharged. When human body is not within the scope of the AP, the
wearable device can keep providing the energy for the implant device. In
addition, to avoid electromagnetic emissions that could be harmful for the
human health, the transmitted power of the relay should be below the specific
absorption rate (SAR) limit [24]. However, the existing implant WBAN
systems, for example [11], [26], mainly consider the harvested energy from
the uncontrollable AP.

FIGURE 1. An energy buffer-aided wireless-powered relaying system for implant
WBAN.

Notations: Bold lowercase letters denote vectors (e.g., a),
while bold capital letters represent matrices (e.g., A). E(x)
is the expectation of x, �{x} denotes the real part of x, and
j = √−1 is the imaginary unit. xT denotes the transpose of
vector x. P{x} denotes the probability of x, and 1 denotes
an all-one vector.

II. SYSTEM MODEL
This section first describes the proposed system and its
transmission interval, and then presents phase I, phase II,
and phase III of the interval.
We consider awireless-powered relaying system for implant

WBAN,4 as shown in Fig. 1, which includes an off-body AP
(D) and one group of uniformly distributed users. Each user has
an implant device (S) and a dual-modewearable device (R) that
are placed in and on body, respectively. In the considered
system, D is equipped with a power supply, whereas S and R
are powered wirelessly. R is equipped with an energy buffer
(e.g., a rechargeable battery or a large super-capacitor) that
can store and release energy. It should be noted that because
the batteries cannot charge and discharge at the same time, the
harvested energy is stored in a secondary energy buffer (SEB),
and the energy is drawn for the transmission from a primary
energy buffer (PEB) [34]. In the downlink, R uses HSU
architecture to harvest energy that will be stored in the energy
buffer from a RF signal broadcasted by D. Moreover, because
S is often implanted in the tissue of the human, it requires
miniaturization and free battery. To ensure the reliable power
supply and the safety, R provides energy supply via wireless
energy transfer to S, which adopts the HU architecture (e.g.,
the super-capacitors based architectures [45]). Moreover, in
the uplink, S transmits the collected information by using
the harvested energy to R. Noted that, in this phase, the
interference between users generally cannot happen due to
the deep fading. In addition, R can adopt the stored energy
to decode and forward the data from the users to the AP
simultaneously in an orthogonal multiple access (OMA) way.

4In fact, the proposed system can be used for wireless deep brain
stimulation (DBS), pacemaker, spinal cord stimulators, etc. [42], [43], [44].
In addition, implanted devices that are swallowed or injected into the body
can be used to decode brain circuits, deliver drugs, or monitor vital signs
within the body [11].
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FIGURE 2. Wireless power transfer and information transmission at each interval.

Two OMA methods, i.e., frequency division multiple access
(FDMA) or time division multiple access (TDMA), can be
adopted for multiple WBANs to eliminate the interference.
In this sense, we only consider an AP and a user in the
following.
The wireless power transfer and information transmission at

each interval is shown inFig. 2. LetB(i)denote the energy level
in the energy buffer at the i-th interval, PRS denote the transmit
power from R to S, andM denote a constant power that is used
for information transmission from R to D. At R, two different
policies, i.e., BEP and OOP, are considered. Considering the
(i+ 1)-th interval, the basic principle is described as follows.
In phase I, D sends the RF signal to R, and R harvests the
energy that will be stored in the energy buffer. At this time, the
energy level in the energy buffer is B(i+ 1). In this phase, for
the BEP, when B(i+1) > PRS, R transmits RF signal to S and
S harvests the energy, otherwise, R remains silent and waits for
the next interval. For the OOP, when B(i+ 1) ≥ M + PRS, R
transmits RF signal to S and S harvests the energy, otherwise,
R remains silent and waits for the next interval. In phase II, S
uses the harvested energy to transmit its collected data to R. In
phase III, R uses the stored energy to decode and forward the
data to D. In this phase, for the BEP, if the energy in the buffer
is enough, R transmits the information to D with a constant
power M, otherwise, R transmits with a lower power. For the
OOP, R always transmits the information to D with a constant
power M. The detail information of the signal model is given
as follows.
In phase I, D transmits RF signal to R and R transmits

RF signal to S. The received signal at R can be given by

yDR = √
�PDhDRs1 + nR, (1)

where PD is the transmit power at D, hDR is the Nakagami-m
fading channel from D to R,5 s1 is the energy-carrying signal
with zero mean and unit power, � = 1

(dRD)α
denotes the path

loss factor between D and R, dRD is the distance between
D and R, α is the path loss exponent, and nR is complex
additive Gaussian white noise (AWGN) with zero mean and
variance N0,R. The harvested energy in the i-th interval
is given by X(i) = η�PD|hDR|2, where η is the energy-
harvesting efficiency and |hDR|2 follows Gamma distribution
with an integer shape parameter m and the scale parameter
�DR = E(|hDR|2). In addition, the harvested energy X(i) is

5Generally, the channel gain from D to R can be modeled by the
log-normal and Nakagami-m distributions [5], [46]. In fact, Nakagami-m
distribution can be used to represent the log-normal distribution in an
accurate manner [47], [48], [49].

TABLE 1. Parameters for path loss models for different tissues.

an independent and identically distributed (i.i.d.) stationary
and ergodic process with mean X̄ = η�PD�DR.

Moreover, the received signal at S can be written as

yRS = √
PRShRSs1 + nS, (2)

where hRS is the log-normal fading channel from R to S, and
nS is also complex AWGN with zero mean and variance N0,S.
The statistical path loss between S and R is expressed as

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

+ p, (3)

where dSR is the distance of SR link, p follows normal
distribution with zero mean and variance σ 2

p , PL(d0) is the
path loss at a reference distance d0 = 50 mm, n is the path
loss exponent, and these parameters are shown in Table 1 [5].
The harvested energy at S is given by PS = ηPRS|hRS|2,
where |hRS|2 follows log-normal distribution and it uses a
linear EH model.6 According to [5], the probability density

function (PDF) of x = |hRS|2 = 10− PL(d)
10 can be given by

q(x) = 1
√

2πσ 2
s x
e
− (ln(x)−ln(a))2

2σ2
s , (4)

where σs = σp ln(10)

10 and a = 10−
PL(d0)+10nlog10

dSR
d0

10 .
In phase II, the harvested energy PS is used to transmit

the collected data s2 from S to R. The received signal at R
can be written as

ySR = √
PShSRs2 + nR, (5)

where hSR = hRS due to the channel reciprocity. The SNR
at R can be defined as γSR = PS|hSR|2

N0,R
, which follows log-

normal distribution.
In phase III, R first decodes the received signal ySR from

S, and then forwards the estimated data ŝ2 to D. The received
signal at D can be given by

yRD = √
�PRDhRDŝ2 + nD, (6)

where PRD is the transmit power at R, hRD = hDR due to the
channel reciprocity, and nD is also complex AWGN with zero
mean and variance N0,D. Hence, �RD = E(|hRD|2) = �DR.

The SNR at D can be defined as γRD = �PRD|hRD|2
N0,D

, which
follows Gamma distribution.

6In practical situations, a nonlinear EH model is usually consid-
ered [50], [51]. However, due to the increased complexity of the energy
expression with nonlinear models, it becomes more difficult to calculate
the effective distribution of signal-to-noise ratios (SNRs) and derive outage
probability for the proposed system. To simplify the analysis, a linear EH
model [52] is adopted in this paper. The above nonlinearity issues will be
left as our future investigation.
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According to the above principle, the update equation of
the energy buffer for the BEP can be given by

B(i+ 1) = min(B(i) + X(i),K),B(i) ≤ PRS (7a)

B(i+ 1) = min(X(i),K),PRS < B(i) ≤ M + PRS (7b)

B(i+ 1) = min(B(i) − PRS −M + X(i),K),B(i)

> M + PRS, (7c)

while for the OOP it can be written as

B(i+ 1) = min(B(i) + X(i),K),B(i) ≤ M + PRS (8a)

B(i+ 1) = min(B(i) − PRS −M + X(i),K),B(i)

> M + PRS. (8b)

where K denotes the buffer size of the energy buffer and
min(a, b) returns the minimum of a and b.

III. LIMITING DISTRIBUTION OF THE ENERGY BUFFER
A. LIMITING DISTRIBUTION OF THE BEP
Let g(x) on (0,∞) be the limiting PDF of the stored
energy. f (x) and F(x) are the PDF and cumulative distribution
function (CDF) of {X(i)}, respectively. Consider the buffer
of size K = l(M + PRS) + 	, where l ∈ Z

+, Z+ denotes
the positive integers and PRS ≤ 	 < M + PRS. We set
B(i+ 1) = x and B(i) = u, thus (7) can be written as

x = min(u+ X(i),K), u ≤ PRS (9a)

x = min(X(i),K),PRS < u ≤ M + PRS (9b)

x = min(u− PRS −M + X(i),K), u > M + PRS. (9c)

Referred to [33], using (9), g(x) is computed as

g(x) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

x∫

u=0
f (x− u)g(u)du+ f (x)

M+PRS∫

u=PRS
g(u)du

+
M+PRS+x∫

u=M+PRS
f (x− u+ PRS +M)g(u)du, 0 ≤ x < PRS

PRS∫

u=0
f (x− u)g(u)du+ f (x)

M+PRS∫

u=PRS
g(u)du

+
M+PRS+x∫

u=M+PRS
f (x− u+ PRS +M)g(u)du, PRS

≤ x < K −M − PRS
PRS∫

u=0
f (x− u)g(u)du+ f (x)

M+PRS∫

u=PRS
g(u)du

+
K∫

u=M+PRS
f (x− u+ PRS +M)g(u)du

+ π(K)f (x− K + PRS +M) ,K −M − PRS ≤ x < K,

(10)

where the probability of a full buffer π(K) is given by

π(K) = 1

1 − F(M + PRS)⎡

⎢
⎣

PRS∫

u=0

F(K − u)g(u)du+ F(K)

M+PRS∫

u=PRS
g(u)du

+
K∫

u=M+PRS
F(K − u+ PRS +M)g(u)du

⎤

⎥
⎦, (11)

Because X(i) follows Gamma distribution, its PDF
and CDF are given by f (x) = λm

�(m)
xm−1e−λx, and

F(x) = e−λx∑m−1
r=0

(λx)r

r! , respectively, where λ =
m
X̄

and m ∈ {1, 2, . . . ,}. To find the performance at

optimal M, δ = M+PRS
X̄

is defined as the ratio of
transmission energy threshold to X̄. The complementary
cumulative distribution function (CCDF) is written as
F̄(x) = 1 − F(x). Hence, g(x) can be calculated as (II),

where n = 0, . . . , l′, l′ =
{
l− 1, 	 = 0
l, 	 
= 0

C1(x) =
xm−1 + 1

m

∑m−1
k=0 �{(λejηk)−(m−1)

eλxe
jηk

γ (m, λxejηk )},
C2(x, v) = xm+v + 1

m

∑m−1
k=0 �{(λejηk)−(m+v)

eλxe
jηk

γ (m+ v+ 1, λxejηk )}, ηk = 2πk
m , and αr can be obtained by

solving α + Aα = 1. The s-row and r-column expression
for A is given by (13), as shown at the bottom of the next
page. The derivation of (II) is provided in Appendix A.

B. LIMITING DISTRIBUTION OF THE OOP
We consider the buffer of size K = l(M + PRS) with l ∈
{3, 4, . . . , }. f (x) and F(x) are the same as these for BEP.
Similarly, (8) can be written as

x = min(u+ X(i),K), u ≤ M + PRS (15a)

x = min(u− PRS −M + X(i),K), u > M + PRS. (15b)

Using (15), g(x) is computed as

g(x) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

M+PRS+x∫

u=M+PRS
f (x− u+ PRS +M)g(u)du

+
x∫

u=0
f (x− u)g(u)du, 0 ≤ x < M + PRS

M+PRS+x∫

u=M+PRS
f (x− u+ PRS +M)g(u)du

+
M+PRS∫

u=0
f (x− u)g(u)du,M + PRS

≤ x < K −M − PRS
M+PRS∫

u=0
f (x− u)g(u)du

+
K∫

u=M+PRS
f (x− u+ PRS +M)g(u)du

+π(K)f (x− K + PRS +M),K −M − PRS
≤ x < K ,

(16)

where π(K) is given by

π(K) = 1

1 − F(M + PRS)

⎡

⎣
M+PRS∫

u=0

F(K − u)g(u)du

+
K∫

u=M+PRS
F(K − u+ PRS +M)g(u)du

⎤

⎥
⎦. (17)

Referring to [33], g(x) can be further calculated as (34),
where n = 0, . . . , l − 2, and C3(x, v) = xm+v +
1
m

∑m−1
k=0 �{(λejηk)−(m+v)

eλxe
jηk

γ (m+ v+ 1, λxejηk )}.
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IV. PERFORMANCE ANALYSIS
In this section, the outage probability and average throughput
of the proposed system are derived. The outage probability
for the proposed system is derived as

Pout = P{min(γSR, γRD) < γthr}

= 1 − P{γSR > γthr}P{γRD > γthr}
= 1 − (

1 − Pout_SR
)(

1 − Pout_RD
)

= Pout_SR + Pout_RD − Pout_SRPout_RD, (18)

where γthr = 2Rt − 1 and Rt in bits per channel use (bpcu)
denotes the transmission rate, without loss of generality, we

g(x) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

gp(x) = e−λx
∑m−1

r=0

αr

r

[
∑l−1

z=0
λme−λ(z(M+PRS)+PRS) ∑(z+1)m−1−r

v=0

(z(M + PRS) + PRS − K)(z+1)m−1−r−v

((z+ 1)m− 1 − r − v)v(m− 1)

×λ(z+1)m−1−r−vγ (v+ 1, λM)C1(x) −
∑l−1

z=1
λme−λ(z(M+PRS)+PRS) ∑zm−1

v=0

(z(M + PRS) + PRS − K)zm−1−v

(zm− 1 − v)v(m− 1)

×λzm−1−vγ (v+ 1, λM)C1(x) + λme−λ(l(M+PRS)+PRS) ∑(l+1)m−1−r
v=0

(l(M + PRS) + PRS − K)(l+1)m−1−r−v

((l+ 1)m− 1 − r − v)v(m− 1)

×λ(l+1)m−1−r−vγ (v+ 1, λ(K − (l(M + PRS) + PRS)))C1(x) − λme−λ(l(M+PRS)+PRS)

×
∑lm−1

v=0

(l(M + PRS) + PRS − K)lm−1−v

(lm− 1 − v)v(m− 1)
λlm−1−vγ (v+ 1, λ(K − (l(M + PRS) + PRS)))C1(x)

+
∑l−1

z=0
λ(z+2)m−re−λ(z+1)(M+PRS) ∑(z+1)m−1−r

v=0

((z+ 1)(M + PRS) − K)(z+1)m−1−r−v

((z+ 1)m− 1 − r − v)(m+ v)
C2(x, v)

−
∑l−1

z=1
λ(z+1)me−λ(z+1)(M+PRS) ∑zm−1

v=0

((z+ 1)(M + PRS) − K)zm−1−v

(zm− 1 − v)(m+ v)
C2(x, v)

]

, 0 ≤ x < PRS (12a)

gn(x) = e−λx
∑m−1

r=0

αr

r

[
∑n

z=0
λ(z+1)m−re−zλ(M+PRS) (z(M + PRS) + x− K)(z+1)m−1−r

((z+ 1)m− 1 − r)

−
∑n

z=1
λzme−zλ(M+PRS) (z(M + PRS) + x− K)zm−1

(zm− 1)

]

, [K − (n+ 1)(M + PRS)]
+ ≤ x < K − n(M + PRS), (12b)

Asr = 1

r!

⎡

⎣
l−1∑

z=0

e−λ(z(M+PRS)+PRS)
(z+1)m−1−r∑

v=0

(z(M + PRS) + PRS − K)(z+1)m−1−r−v

((z+ 1)m− 1 − r − v)!v!
λ(z+1)m−1−r−vγ (v+ 1, λM)

× (
λmH1 − Ksλs − λm+sF1(s)

) −
l−1∑

z=1

e−λ(z(M+PRS)+PRS)
zm−1∑

v=0

(z(M + PRS) + PRS − K)zm−1−v

(zm− 1 − v)!v!
λzm−1−v

× γ (v+ 1, λM)
(
λmH1 − Ksλs − λm+sF1(s)

) + e−λ(l(M+PRS)+PRS)
(l+1)m−1−r∑

v=0

(l(M + PRS) + PRS − K)(l+1)m−1−r−v

((l+ 1)m− 1 − r − v)!v!

× λ(l+1)m−1−r−vγ (v+ 1, λ(K − (l(M + PRS) + PRS)))
(
λmH1 − Ksλs − λm+sF1(s)

) − e−λ(l(M+PRS)+PRS)

×
lm−1∑

v=0

(l(M + PRS) + PRS − K)lm−1−v

(lm− 1 − v)!v!
λlm−1−vγ (v+ 1, λ(K − (l(M + PRS) + PRS)))

(
λmH1 − Ksλs − λm+sF1(s)

)

+
l−1∑

z=0

λ(z+2)m−re−λ(z+1)(M+PRS)
(z+1)m−1−r∑

v=0

((z+ 1)(M + PRS) − K)(z+1)m−1−r−v

((z+ 1)m− 1 − r − v)!

(
H2(v) − λsF2(v, s)

)

−
l−1∑

z=1

λ(z+1)me−λ(z+1)(M+PRS)
zm−1∑

v=0

((z+ 1)(M + PRS) − K)zm−1−v

(zm− 1 − v)!

(
H2(v) − λsF2(v, s)

)

+
l∑

z=0

e−λ(z(M+PRS)+PRS)
(z+1)m−1−r∑

v=zm

(λ(z(M + PRS) + PRS − K))v

v!
+ Ksλs

l−1∑

z=0

λzme−λ(z+1)(M+PRS)

×
s∑

v=0

(
s
v

)
K−vv!

(

λm−r ((z+ 1)(M + PRS) − K)(z+1)m−r+v

((z+ 1)m− r + v)!
− ((z+ 1)(M + PRS) − K)zm+v

(zm+ v)!

)]

. (13)
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set Rt = RSR = RRD, where RSR is the transmission rate of
the SR link and RRD is the transmission rate of the RD link,
Pout_SR and Pout_RD are the outage probabilities of the SR
link and RD link, respectively. The average throughput of
the considered system can be obtained as T = Rt(1 − Pout).

According to the CDF of the log-normal distribution, the
outage probability Pout_SR can be calculated as

Pout_SR = P{γSR < γthr} = 1

2
+ 1

2
erf

(
ln(γthr) − μ

2σs

)
, (19)

where erf(x) = 2√
π

x∫

0
e−t2dt, μ = ln(

ηPRSa2

N0,R
).

In the following, the derivation of Pout_RD for both the
BEP and OOP is given.

A. BEP
For the BEP, Pout_RD can be obtained as

Pout_RD = PMPout
∣∣PRD=M + Pout

∣∣B(i)<PRS

+
M+PRS∫

PRS

P

{
[x− PRS]+�|hRD|2

N0,D
< γthr

}

g(x)dx,

(20)

where PM = P{PRD = M} is defined as the probability
that the RD link transmits with power M, Pout|PRD=M. is
the outage probability that the transmit power PRD = M,
Pout|B(i)<PRS . is the probability that the stored energy at R
is less than PRS.

1) DERIVATION OF PM

PM is calculated as

PM =
K∫

M+PRS
g(x)dx+ π(K)

=
m−1∑

r=0

αr

r!

l−1∑

z=0

e−λ(z+1)(M+PRS)

×
(z+1)m−1−r∑

v=zm

(λ((z+ 1)(M + PRS) − K))v

v!
. (21)

2) DERIVATION OF POUT|PRD=M .

Pout|PRD=M can be computed as

Pout
∣∣PRD=M = P

{
�M|hRD|2
N0,D

< γthr

}

= P

{
|hRD|2 <

γthrN0,D

�M

}

= γ
(
m, E

M

)

�(m)
, (22)

where E = mγthrN0,D
��RD

and γ (m, x) =
(m− 1)!(1 − e−x

∑m−1
n=0

xn
n! ).

3) CLOSED FORM OF THE INTEGRAL IN (20)

Since the transmission is also allowed when the stored energy
is more than PRS but less than M + PRS, it is necessary to
solve the last term in (20). It can be calculated as

∫ M+PRS

PRS
P

{
[x− PRS]+�|hRD|2

N0,D
< γthr

}

g(x)dx

=
M+PRS∫

PRS

γ
(
m, E

x−PRS
)

�(m)
g(x)dx

=
M+PRS∫

PRS

g(x)dx−
M+PRS∫

PRS

e
− E
x−PRS

m−1∑

v=0

(
E

x−PRS
)v

v!
g(x)dx

= 1 − PM − Pout
∣∣B(i)<PRS

−
m−1∑

v=0

Ev

v!

M+PRS∫

PRS

e
− E
x−PRS

(x− PRS)v
g(x)dx

︸ ︷︷ ︸
It

. (23)

In (23), It can be obtained as

It =
m−1∑

r=0

αr

r!

⎡

⎣
l′′∑

z=0

λ(z+1)m−re−λ(z(M+PRS)+PRS)D(z+1)m−r−v

× N

(
v,
E

D
, λD,

K − (z(M + PRS) + PRS)

D
, (z+ 1)m− r − 1

)

−
l′′∑

z=1

λzme−λ(z(M+PRS)+PRS)Dzm−v

g(x) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

gl−1(x) = e−λx
∑m−1

r=0

αr

r

[∑l−2

z=0
λ(z+2)m−re−λ(z+1)(M+PRS) ∑(z+1)m−1−r

v=0

((z+ 1)(M + PRS) − K)(z+1)m−1−r−v

((z+ 1)m− 1 − r − v)(m+ v)
C3(x, v)

−
∑l−2

z=1
λ(z+1)me−λ(z+1)(M+PRS) ∑zm−1

v=0

((z+ 1)(M + PRS) − K)zm−1−v

(zm− 1 − v)(m+ v)
C3(x, v)

]

, 0 ≤ x < M + PRS (14a)

gn(x) = e−λx
∑m−1

r=0

αr

r

[
∑n

z=0
λ(z+1)m−re−zλ(M+PRS) (z(M + PRS) + x− K)(z+1)m−1−r

((z+ 1)m− 1 − r)
−

∑n

z=1
λzme−zλ(M+PRS)

× (z(M + PRS) + x− K)zm−1

(zm− 1)

]

, [K − (n+ 1)(M + PRS)]
+ ≤ x < K − n(M + PRS) (14b)
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× N

(
v,
E

D
, λD,

K − (z(M + PRS) + PRS)

D
, zm− 1

)]
, (24)

where l′′ =
{
l− 1, 	 < PRS
l, 	 > PRS

,D =
{
M, z < l
	 − PRS z = l

, and

N(v, a, b, c, d) =
1∫

0

e− a
x−bx
xv

(x−c)d
d! dx.

Substituting (21), (22)|, and (23) into (20), the outage
probability Pout_RD can be obtained by

Pout_RD = PMPout
∣∣PRD=M + 1 − PM −

m−1∑

v=0

Ev

v!
It. (25)

Hence, combining (19) and (26) with (18), the outage
probability of the considered system for the BEP can be
obtained. Also, the corresponding average throughput can be
calculated.

B. OOP
The outage probability Pout_RD for the OOP is given by

Pout_RD = PMPout
∣∣PRD=M + 1 − PM, (26)

where Pout|PRD=M. is the same as the BEP and

PM =
K∫

M+PRS
g(x)dx+ π(K)

=
m−1∑

r=0

αr

r!

l−2∑

z=0

e−λ(z+1)(M+PRS)

×
(z+1)m−1−r∑

v=zm

(λ((z+ 1)(M + PRS) − K))v

v!
. (27)

Substituting (27) and (22) into (26), the outage probability
Pout_RD can be obtained. Similarly, combining (19) and (26)
with (18), the outage probability of the considered system for
the OOP can be obtained. Also, the corresponding average
throughput can be calculated.

V. RESULTS AND DISCUSSIONS
In this section, we present simulated results to validate the
analytical expressions and obtain some insights. To verify
the superiority of the BEP and OOP, a buffer-less policy
(BLP)7 is adopted as a benchmark scheme [31], where R is
not equipped with energy buffer. Figs. 3 and 4 illustrate the
effects of distances dRD and dSR on the amount of harvested
energy at R and S. As dRD (or dSR) increases, the amount of
energy harvested by R (or S) decreases. In addition, as PD
(or PRS) increases, the amount of energy harvested by R (or
S) increases. From Fig. 3, it can be seen that when PD = 1
W and dRD = 1 m, the energy collected by R is enough
for the usage of the relay. To ensure that the transmitted
power of the relay is below the SAR limit, the value of PRS
should be not larger than 10 mW. From Fig. 4, it is observed

7BLP uses all the energy collected in one time slot to transmit
information [33].

FIGURE 3. Effect of distance dRD on the amount of the harvested energy at R, where
dSR = 50 mm, and Rt = 2 BPCU.

FIGURE 4. Effect of distance dSR on the amount of the harvested energy at S, where
dRD = 1 m, and Rt = 2 BPCU.

that the energy collected by S is less than 25 uW, which
avoids electromagnetic emissions that could be harmful for
the human health [40]. For safety reasons, the simulation
parameters are shown in Table 2.
Fig. 5 shows the outage probability versus δ for the BEP,

OOP and BLP with different values of Rt, where m = 2,
l = 4, and dRD = 1 m. First, it can be observed that the
theoretical curves well match with the simulated curves,
which validates the accuracy of the theoretical analysis.
Moreover, there is an optimal δ that achieves the best
performance for the BEP and OOP. When δ ≤ 0.4, the same
performance of the BEP and OOP are obtained because the
energy in the buffer is always beyond the thresholdM + PRS.
When δ > 0.4, the BEP has better performance than the
OOP. The reason is that the energy in the buffer is less
than M + PRS. Thus, the outage occurs for the OOP while
it does not for the BEP. Furthermore, with the increase of
Rt, the performance of the BEP, OOP, and BLP are worse.
In addition, it is observed that the BEP and OOP with
the optimal value of δ may obtain better performance than
the BLP.
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TABLE 2. Simulation parameters.

FIGURE 5. Outage probabilities versus δ for the BEP, OOP and BLP with different
values of Rt , where dSR = 50 mm, dRD = 1 m, and l = 4.

Figs. 6, 7, and 8 depict the outage probability versus δ for
the BEP, OOP and BLP with different values of dSR, dRD,
and PRS, respectively. First, it can be seen from Fig. 6 that
with the increase of dSR performance of the three policies
are worse due to the serious path loss of the SR link.
In particular, when the implant device is implanted very
deep, the BLP obtains better performance than the BEP
and OOP. The reason is that there is not enough energy in
the implant device. To ensure the better performance and
provide self-sustainable capability of the proposed system, it
can increase the value of PRS, as shown in Fig. 8. Second,
it is observed from Fig. 7 that when the AP is far away
from the human body, performance of three policies are
worse due to serious path loss of the RD link. On the other
words, when the human body is not within the scope of
the AP, the two systems cannot provide the self-sustainable
capability. Fortunately, the proposed system can start the
backup battery of the wearable device to wirelessly power
the implant device, thus it can keep working. In this sense,
the proposed system is not dependent on the AP compared
with the existing system with the BLP that the harvested
energy is from the AP.
Fig. 9 illustrates the outage probability versus δ for the

BEP and OOP with different values of l. With the increase
of l (i.e., buffer size K of the energy buffer), the performance
of the BEP and OOP significantly improves. For the low
buffer size, the BEP has better performance than the OOP

FIGURE 6. Outage probability versus δ for the BEP, OOP and BLP with different
values of dSR, where Rt = 2 BPCU, dRD = 1 m, and l = 4.

FIGURE 7. Outage probability versus δ for the BEP, OOP and BLP with different
values of dRD, where dSR = 50 mm, Rt = 2 BPCU, and l = 4.

FIGURE 8. Outage probability versus δ for the BEP, OOP and BLP with different
values of PRS, where dSR = 120 mm, dRD = 1 m, Rt = 2 BPCU, and l = 4.

at the optimal value of δ. The reason is that the OOP policy
is not allowed to transmit at a low power and makes the
probability of buffer overflow higher. For the large buffer
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FIGURE 9. Outage probability versus δ for the BEP and OOP with different values of
l, where Rt = 2 bpcu, dSR = 50 mm, and dRD = 1 m.

FIGURE 10. Outage probability versus RSR for the BEP and OOP with different
values of RRD, where δ = 0.7, dSR = 50 mm, and dRD = 1 m.

size, performance of the OOP is close to or the same as that
of the BEP at the optimal value of δ.

Fig. 10 shows the outage probability versus RSR for the
BEP and OOP with different values of RRD, where δ = 0.7,
dSR = 50 mm, and dRD = 1 m. Firstly, it can be seen
that the outage performance of all three policies becomes
worse as RSR increases. Secondly, the increase of RRD also
makes the outage performance worse. This is because the
bandwidth of the system cannot meet the requirement of
the transmission rate as the transmission rate increases, thus
making the outage performance worse. Besides, the outage
performance of BEP is better than that of OOP and BLP.
Fig. 11 depicts the average throughput versus Rt for the

BEP, OOP and BLP, where m = 2, l = 4, and dRD =
1 m. The average throughput of the BEP and OOP, with
the optimal value of δ is obtained for each Rt. For low
transmission rates, although the two policies have better
outage performance at a small value of Rt, they have low
average throughput. For medium transmission rates, the
average throughput of the BEP is superior to that of the OOP
and BLP. For high transmission rates, the average throughput

FIGURE 11. Average throughput versus Rt for the BEP, OOP and BLP, where l = 4,
dSR = 50 mm, and dRD = 1 m.

of the BLP is close to that of the OOP, which is superior to
that of the BEP.
Remark 1: From the above discussions, it is clear that the

change for each parameter causes a consequent change in
the system performance. First, it can be seen from Fig. 5, 6,
and 7 that the system outage performance deteriorates with
the increase of Rt, dSR, and dRD, respectively. In order to
obtain better system performance, the transmission rate Rt
of the system should not be set too large, and the distance
between the AP and the user should not be too far. Moreover,
it can be seen from Fig. 8 and 9 that with the increase
of PRS and l, the system performance becomes better. An
appropriate increase in PRS and l can improve the system
outage performance. This is because the increase of PRS
is harmful to the human body and its value cannot exceed
10 mW. In addtion, the increase of l makes the buffer
capacity increase, and the device is configured with larger
buffer, which will cause a certain burden and increase the
complexity of the system.

VI. CONCLUSION
In this paper, we have proposed an energy buffer aided
wireless-powered relaying system for implant WBAN. The
proposed system can provide the self-sustainable capability
and the energy supply of the implant device is not dependent
on the AP compared with the existing systems adopting BLP.
Moreover, we have derived the limiting distribution of the
energy for both the BEP and OOP. Furthermore, we have
analyzed the outage probability and average throughput of
the proposed system with the BEP and OOP. Simulation
results show that both the BEP and OOP with optimal value
of δ not only can provide better outage performance than that
of the BLP, but also have high average throughput than that
of the BLP for medium transmission rates. In addition, when
the implant device is implanted very deep, the BEP and OOP
can obtain better performance than the BLP by increasing
the buffer size. Thanks to the aforementioned advantages, the
proposed system can be considered as a promising candidate
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FIGURE 12. Segmentation of g(x) for the BEP.

for self-sustainable implant WBAN applications. In future
work, a data buffer can be added to the system model, where
the tradeoff between the delay and BER will be further
studied.

APPENDIX
DERIVATION OF G(X ) FOR THE BEP
Substituting f (x), F(x) and F̄(x) into (10) and (11), g(x)
and π(K) can be obtained and given in (23) and (29), as

shown at the bottom of the page, respectively. Let I1(r) =
PRS∫

u=0
(K − u)reλug(u)du, I2(r) = Kr

M+PRS∫

u=PRS
g(u)du, I3(r) =

K∫

u=M+PRS
(K − u+ PRS +M)re−λ(M+PRS−u)g(u)du, αr =

λr[I1(r) +I2(r) + I3(r) + (M + PRS)rπ(K)e−λ(M+PRS−K)],
g(x) can be given in (23) and π(K) =
e−λK

m−1∑

r=0

αr
r! .

g(x) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

λme−λx

(m− 1)

⎡

⎢
⎣

x∫

u=0

(x− u)m−1eλug(u)du+ xm−1

M+PRS∫

u=PRS
g(u)du

+
M+PRS+x∫

u=M+PRS
(x− u+ PRS +M)m−1e−λ(M+PRS−u)g(u)du

⎤

⎥
⎦, 0 ≤ x < PRS (28a)

λme−λx

(m− 1)

⎡

⎢
⎣

PRS∫

u=0

(x− u)m−1eλug(u)du+ xm−1

M+PRS∫

u=PRS
g(u)du

+
M+PRS+x∫

u=M+PRS
(x− u+ PRS +M)m−1e−λ(M+PRS−u)g(u)du

⎤

⎥
⎦, PRS ≤ x < K −M − PRS (28b)

λme−λx

(m− 1)

⎡

⎢
⎣

PRS∫

u=0

(x− u)m−1eλug(u)du+ xm−1

M+PRS∫

u=PRS
g(u)du+π(K)(x− K + PRS +M)m−1e−λ(M+PRS−K)

+
K∫

u=M+PRS
(x− u+ PRS +M)m−1e−λ(M+PRS−u)g(u)du

⎤

⎥
⎦, K −M − PRS ≤ x < K. (28c)

π(K) = e−λK

1 − e−λ(M+PRS) ∑m−1
r=0

(λ(M+PRS))r
r!

⎡

⎢⎢⎢⎢⎢⎢
⎣

m−1∑

r=0

λr

r!

⎛

⎜⎜⎜⎜⎜⎜
⎝

PRS∫

u=0

(K − u)reλug(u)du

︸ ︷︷ ︸
I1(r)

+Kr
M+PRS∫

u=PRS
g(u)du

︸ ︷︷ ︸
I2(r)

+
K∫

u=M+PRS
(K − u+ PRS +M)re−λ(M+PRS−u)g(u)du

︸ ︷︷ ︸
I3(r)

⎞

⎟⎟⎟⎟⎟⎟
⎠

⎤

⎥⎥⎥⎥⎥⎥
⎦

. (29)
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As shown in Fig. 11, gn(x) � g(x),
[K − (n+ 1)(M + PRS)]+ ≤ x < K − n(M + PRS), where

n = 0, . . . , l′, l′ =
{
l− 1, 	 = 0
l, 	 
= 0

, (l ∈ Z
+). When K −

2(M + PRS)x < K−M−PRS, combining (23)(b) with (23)(c),
and using

a∫

u=b
(b− u)c(u− a)ddu = −(b− a)c+d+1 c!d!

(c+ d + 1)!
,

(31)

with b < a, c, d ∈ N, a = K, b = M + PRS + x, c = m− 1,
and d = m− 1 − r, g1(x) is calculated as

g1(x) = λme−λx

(m− 1)!

[
m−1∑

r=0

(
m− 1
r

)
αrλ

−r((x− K)m−1−r

+λme−λ(M+PRS) (m− 1 − r)!

(2m− 1 − r)!
(M + PRS + x− K)2m−1−r

)

−e−λ(M+PRS−K)π(K)(M + PRS + x− K)m−1
]
. (32)

To obtain g2(x), I4 in (23)(b) is rewritten as

I4 =
K∫

u=M+PRS+x
B(x, u)g0(u)du

+
K−M−PRS∫

u=M+PRS+x
B(x, u)(g1(u) − g0(u))du, (33)

where B(x, u) = (x− u+ PRS +M)m−1e−λ(M+PRS−u).
By using the method of solving g1(x), when K −

3(M + PRS) ≤ x < K−2(M + PRS), one can obtain g2(x) as

g2(x) = λme−λx

(m− 1)!

[
m−1∑

r=0

(
m− 1
r

)

αrλ
−r((x− K)m−1−r

+λme−λ(M+PRS) (m− 1 − r)!

(2m− 1 − r)!
(M + PRS + x− K)2m−1−r

+λ2me−2λ(M+PRS) (m− 1 − r)!

(3m− 1 − r)!
(2(M + PRS) + x− K)3m−1−r

)

−e−λ(M+PRS)eλKπ(K)(M + PRS + x− K)m−1 − λm

×e−2λ(M+PRS)eλKπ(K)(2(M + PRS) + x− K)2m−1 (m− 1)!

(2m− 1)!

]
.

(34)

Similarly, for n ≥ 3, one can get

gn(x) = λme−λx

(m− 1)!

⎡

⎣
n∑

z=0

λzme−zλ(M+PRS)
m−1∑

r=0

αrλ
−r

(
m− 1
r

)

× (m− 1 − r)!

((z+ 1)m− 1 − r)!
(z(M + PRS) + x− K)(z+1)m−1−r

−
n∑

z=1

λ(z−1)me−zλ(M+PRS)eλKπ(K)

× (m− 1)!

(zm− 1)!
(z(M + PRS) + x− K)zm−1

]
. (35)

Substituting π(K) in (35), gn(x) can be written as

gn(x) = e−λx
m−1∑

r=0

αr

r!

⎡

⎣
n∑

z=0

λ(z+1)m−re−zλ(M+PRS)

× (z(M + PRS) + x− K)(z+1)m−1−r

((z+ 1)m− 1 − r)!

−
n∑

z=1

λzme−zλ(M+PRS) (z(M + PRS) + x− K)zm−1

(zm− 1)!

⎤

⎦. (36)

When 0 ≤ x < PRS, we set gp(x) = g(x). (37)(a) can be
written as

gp(x) = λme−λx

(m− 1)!

⎡

⎣
x∫

u=0

(x− u)m−1eλugp(u)du

g(x) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

λme−λx

(m− 1)

⎡

⎢
⎣

x∫

u=0

(x− u)m−1eλug(u)du+ xm−1

M+PRS∫

u=PRS
g(u)du

+
M+PRS+x∫

u=M+PRS
(x− u+ PRS +M)m−1e−λ(M+PRS−u)g(u)du

⎤

⎥
⎦, 0 ≤ x < PRS (30a)

g0(x) − λme−λx

(m− 1)

⎡

⎢⎢⎢⎢⎢⎢
⎣

K∫

u=M+PRS+x
(x− u+ PRS +M)m−1e−λ(M+PRS−u)g(u)du

︸ ︷︷ ︸
I4

+π(K)(x− K + PRS +M)m−1e−λ(M+PRS−K)
]
, PRS ≤ x < K −M − PRS (30b)

� g0(x) = λm−re−λx

(m− 1)

m−1∑

r=0

(
m− 1
r

)
(x− K)m−1−rαr, K −M − PRS ≤ x < K. (30c)
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+xm−1

⎛

⎜
⎝

K−l(M+PRS)∫

u=PRS
gl(u)du+

M+PRS∫

u=K−l(M+PRS)
gl−1(u)du

⎞

⎟
⎠

+
M+PRS+x∫

u=M+PRS
(x− u+ PRS +M)m−1e−λ(M+PRS−u)gl−1(u)du

⎤

⎥
⎦.

(37)

Let IS(x) = λme−λx

(m−1)!

x∫

u=0
(x− u)m−1eλugp(u)du and

T(x) = λme−λx

(m− 1)!

⎡

⎢⎢⎢⎢⎢⎢
⎣

xm−1

⎛

⎜⎜⎜⎜⎜⎜
⎝

K−l(M+PRS)∫

u=PRS
gl(u)du+

M+PRS∫

u=K−l(M+PRS)

gl−1(u)du

︸ ︷︷ ︸
Tab

⎞

⎟⎟⎟⎟⎟⎟
⎠

+
M+PRS+x∫

u=M+PRS
(x− u+ PRS +M)m−1e−λ(M+PRS−u)gl−1(u)du

︸ ︷︷ ︸
Tc

⎤

⎥⎥⎥⎥⎥⎥
⎦

, (38)

(37) can be rewritten as

gp(x) = T(x) + IS(x). (39)

Next, similar to the method for I4, Tab can be rewritten
as

Tab =
M+PRS∫

u=PRS
gl−1(u)du

︸ ︷︷ ︸
Ta

+
K−l(M+PRS)∫

PRS

gl(u) − gl−1(u)du

︸ ︷︷ ︸
Tb

. (40)

T(x) = e−λx
m−1∑

r=0

αr

r!

⎡

⎣
l−1∑

z=0

λme−λ(z(M+PRS)+PRS)

(z+1)m−1−r∑

v=0

(z(M + PRS) + PRS − K)(z+1)m−1−r−vxm−1

((z+ 1)m− 1 − r − v)!v!(m− 1)!
λ(z+1)m−1−r−vγ (v+ 1, λM)

−
l−1∑

z=1

λme−λ(z(M+PRS)+PRS)
zm−1∑

v=0

(z(M + PRS) + PRS − K)zm−1−vxm−1

(zm− 1 − v)!v!(m− 1)!
λzm−1−vγ (v+ 1, λM)

+ λme−λ(l(M+PRS)+PRS)
(l+1)m−1−r∑

v=0

(l(M + PRS) + PRS − K)(l+1)m−1−r−vxm−1

((l+ 1)m− 1 − r − v)!v!(m− 1)!
λ(l+1)m−1−r−vγ (v+ 1, λ(K − (l(M + PRS) + PRS)))

− λme−λ(l(M+PRS)+PRS)
lm−1∑

v=0

(l(M + PRS) + PRS − K)lm−1−vxm−1

(lm− 1 − v)!v!(m− 1)!
λlm−1−vγ (v+ 1, λ(K − (l(M + PRS) + PRS)))

+
l−1∑

z=0

λ(z+2)m−re−λ(z+1)(M+PRS)
(z+1)m−1−r∑

v=0

((z+ 1)(M + PRS) − K)(z+1)m−1−r−vxm+v

((z+ 1)m− 1 − r − v)!(m+ v)!

−
l−1∑

z=1

λ(z+1)me−λ(z+1)(M+PRS)
qm−1∑

v=0

((z+ 1)(M + PRS) − K)zm−1−vxm+v

(zm− 1 − v)!(m+ v)!

⎤

⎦ (42)

dsr = λs

r!

⎡

⎣
l−1∑

z=0

e−λ(z(M+PRS)+PRS)
(z+1)m−1−r∑

v=0

(z(M + PRS) + PRS − K)(z+1)m−1−r−v

((z+ 1)m− 1 − r − v)!v!
λ(z+1)m−1−r−vγ (v+ 1, λM)

(
Ks + λmF1(s)

)

−
l−1∑

z=1

e−λ(z(M+PRS)+PRS)
zm−1∑

v=0

(z(M + PRS) + PRS − K)zm−1−v

(zm− 1 − v)!v!
λzm−1−vγ (v+ 1, λM)

(
Ks + λmF1(s)

) + e−λ(l(M+PRS)+PRS)

×
(l+1)m−1−r∑

v=0

(l(M + PRS) + PRS − K)(l+1)m−1−r−v

((l+ 1)m− 1 − r − v)!v!
λ(l+1)m−1−r−vγ (v+ 1, λ(K − (l(M + PRS) + PRS)))

(
Ks + λmF1(s)

)

− e−λ(l(M+PRS)+PRS)
lm−1∑

v=0

(l(M + PRS) + PRS − K)lm−1−v

(lm− 1 − v)!v!
λlm−1−vγ (v+ 1, λ(K − (l(M + PRS) + PRS)))

(
Ks + λmF1(s)

)

−
l−1∑

z=0

λzme−λ(z+1)(M+PRS)
s∑

v=0

(
s
v

)
Ks−vv!

(

λm−r ((z+ 1)(M + PRS) − K)(z+1)m−r+v

((z+ 1)m− r + v)!
− ((z+ 1)(M + PRS) − K)zm+v

(zm+ v)!

)

+
l−1∑

z=0

λ(z+2)m−re−λ(z+1)(M+PRS)
(z+1)m−1−r∑

v=0

((z+ 1)(M + PRS) − K)(z+1)m−1−r−v

((z+ 1)m− 1 − r − v)!
F2(v, s)

−
l−1∑

z=1

λ(z+1)me−λ(z+1)(M+PRS)
zm−1∑

v=0

((z+ 1)(M + PRS) − K)zm−1−v

(zm− 1 − v)!
F2(v, s)

⎤

⎦, (44)
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Substituting (36) in Ta, Tb and Tc, one can obtain

Ta =
m−1∑

r=0

αr

r!

⎡

⎣
l−1∑

z=0

e−λ(z(M+PRS)+PRS)

(z+1)m−1−r∑

v=0

(z(M + PRS) + PRS − K)(z+1)m−1−r−v

((z+ 1)m− 1 − r − v)!v!

× λ(z+1)m−1−r−vγ (v+ 1, λM) −
l−1∑

z=0

e−λ(z(M+PRS)+PRS)

×
zm−1∑

v=0

(z(M + PRS) + PRS − K)zm−1−v

(zm− 1 − v)!v!
λzm−1−vγ (v+ 1, λM)

]

,

(41a)

Tb =
m−1∑

r=0

αr

r!

⎡

⎣e−λ(l(M+PRS)+PRS)

(l+1)m−1−r∑

v=0

(l(M + PRS) + PRS − K)(l+1)m−1−r−v

((l+ 1)m− 1 − r − v)!v!

× λ(l+1)m−1−r−vγ (v+ 1, λ(K − (l(M + PRS) + PRS)))

∈ tKu=0g(u)du+ π(K) =
m−1∑

r=0

αr

r!

⎡

⎣
l−1∑

z=0

λme−λ(z(M+PRS)+PRS)
(z+1)m−1−r∑

v=0

(z(M + PRS) + PRS − K)(z+1)m−1−r−v

((z+ 1)m− 1 − r − v)!v!
λ(z+1)m−1−r−v

× γ (v+ 1, λM)H1 −
l−1∑

z=1

λme−λ(z(M+PRS)+PRS)
zm−1∑

v=0

(z(M + PRS) + PRS − K)zm−1−v

(zm− 1 − v)!v!
λzm−1−vγ (v+ 1, λM)H1

+ λme−λ(l(M+PRS)+PRS)
(l+1)m−1−r∑

v=0

(l(M + PRS) + PRS − K)(l+1)m−1−r−v

((l+ 1)m− 1 − r − v)!v!
λ(l+1)m−1−r−vγ (v+ 1, λ(K − (l(M + PRS) + PRS)))H1

− λme−λ(l(M+PRS)+PRS)
lm−1∑

v=0

(l(M + PRS) + PRS − K)lm−1−v

(lm− 1 − v)!v!
λlm−1−vγ (v+ 1, λ(K − (l(M + PRS) + PRS)))H1

+
l−1∑

z=0

λ(z+2)m−re−λ(z+1)(M+PRS)
(z+1)m−1−r∑

v=0

((z+ 1)(M + PRS) − K)(z+1)m−1−r−v

((z+ 1)m− 1 − r − v)!
H2(v)

−
l−1∑

z=1

λ(z+1)me−λ(z+1)(M+PRS)
zm−1∑

v=0

((z+ 1)(M + PRS) − K)zm−1−v

(zm− 1 − v)!
H2(v)

+
l∑

z=0

e−λ(z(M+PRS)+PRS)
(z+1)m−1−r∑

v=zm

(λ(z(M + PRS) + PRS − K))v

v!

⎤

⎦, (47)

br = 1

r!

⎡

⎣
l−1∑

z=0

λme−λ(z(M+PRS)+PRS)
(z+1)m−1−r∑

v=0

(z(M + PRS) + PRS − K)(z+1)m−1−r−v

((z+ 1)m− 1 − r − v)!v!
λ(z+1)m−1−r−vγ (v+ 1, λM)H1

−
l−1∑

z=1

λme−λ(z(M+PRS)+PRS)
zm−1∑

v=0

(z(M + PRS) + PRS − K)zm−1−v

(zm− 1 − v)!v!
λzm−1−vγ (v+ 1, λM)H1 + λme−λ(l(M+PRS)+PRS)

×
(l+1)m−1−r∑

v=0

(l(M + PRS) + PRS − K)(l+1)m−1−r−v

((l+ 1)m− 1 − r − v)!v!
λ(l+1)m−1−r−vγ (v+ 1, λ(K − (l(M + PRS) + PRS)))H1

− λme−λ(l(M+PRS)+PRS)
lm−1∑

v=0

(l(M + PRS) + PRS − K)lm−1−v

(lm− 1 − v)!v!
λlm−1−vγ (v+ 1, λ(K − (l(M + PRS) + PRS)))H1

+
l−1∑

z=0

λ(z+2)m−re−λ(z+1)(M+PRS)
(z+1)m−1−r∑

v=0

((z+ 1)(M + PRS) − K)(z+1)m−1−r−v

((z+ 1)m− 1 − r − v)!
H2(v)

−
l−1∑

z=1

λ(z+1)me−λ(z+1)(M+PRS)
zm−1∑

v=0

((z+ 1)(M + PRS) − K)zm−1−v

(zm− 1 − v)!
H2(v)

+
l∑

z=0

e−λ(z(M+PRS)+PRS)
(z+1)m−1−r∑

v=zm

(λ(z(M + PRS) + PRS − K))v

v!

⎤

⎦. (53)
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− e−λ(l(M+PRS)+PRS)

lm−1∑

v=0

(l(M + PRS) + PRS − K)lm−1−v

(lm− 1 − v)!v!
, (41b)

Tc =
m−1∑

r=0

αr

r!
(m− 1)!

⎡

⎣
l−1∑

z=0

λ(z+1)m−re−λ(z+1)(M+PRS)

×
(z+1)m−1−r∑

v=0

((z+ 1)(M + PRS) − K)(z+1)m−1−r−vxm+v

((z+ 1)m− 1 − r − v)!(m+ v)!

−
l−1∑

z=1

λzme−λ(z+1)(M+PRS)

qm−1∑

v=0

((z+ 1)(M + PRS) − K)zm−1−vxm+v

(zm− 1 − v)!(m+ v)!

⎤

⎦. (41c)

Substituting (41) into (38), one can get T(x) as (42), as
shown at the bottom of the p. 13. Then, one can obtain gp(x)
as (37)(a). Next, we need to get the coefficients αr. One
defines

αs
	=

m−1∑

r=0

αrdsr = λs[I1(s) + I2(s) + I3(s)

+(M + PRS)
se−λ(M+PRS)

m−1∑

r=0

αr

r!

]

, s = 0, . . . ,m− 1

(43)

where I1(s) =
PRS∫

u=0
(K − u)seλug(u)du, I2(s) =

Ks
M+PRS∫

u=PRS
g(u)du, I3(s) =

K∫

u=M+PRS
(K − u+ PRS +M)s

e−λ(M+PRS−u)g(u)du.
Then, one can get dsr as (44),as shown at the bottom of

the p. 13
where

F1(s) =
s∑

b=0

(
s
b

)
(K − PRS)

s−b
[
b!PRSm+b

(m+ b)!

+
1

m

m−1∑

k=0

�
{
eλPRSe

jηk
(
λejηk

)−(m+b)

γ
(
b+ 1, λPRSe

jηk
)

−
m−1∑

w=0

b!PRSw+b+1

(w+ b+ 1)!

(
λejηk

)w−(m−1)

}]

, (45)

F2(v, s) =
s∑

b=0

(
s
b

)
(K − PRS)

s−b
[

b!PRSm+v+b+1

(m+ v+ b+ 1)!

+
1

m

m−1∑

k=0

�
{
eλPRSe

jηk
(
λejηk

)−(m+v+b+1)

γ
(
b+ 1, λPRSe

jηk
)

−
m+v∑

w=0

b!PRSw+b+1

(w+ b+ 1)!

(
λejηk

)w−(m+v)
}]

. (46)

Using
K∫

u=0
g(u)du+ π(K) = 1, one can get (47), as shown

at the bottom of the previous page,

where

H1 = λ−m
[
γ (m, λPRS)

(m− 1)!
+ 1

m

m−1∑

k=0

�{ρ1k

−
m−1∑

w=0

ejηk(w−(m−1))

w!
γ (w+ 1, λPRS)

}]

, (48)

H2(v) = λ−(m+v+1)

[
γ (m+ v+ 1, λPRS)

(m+ v)!
+

1

m

m−1∑

k=0

�{ρ2k

−
m+v∑

w=0

ejηk(w−(m+v))

w!
γ (w+ 1, λPRS)

}]

, (49)

ρ1k =
{

1−e−λPRS

(
1−ejηk

)

1−ejηk e−jηk(m−1), k 
= 0

λPRS, k = 0
(50)

ρ2k =
{

1−e−λPRS

(
1−ejηk

)

1−ejηk e−jηk(m+v), k 
= 0

λPRS, k = 0
(51)

Let
K∫

u=0

g(u)du+ π(K) �
m−1∑

r=0

αrbr = 1, (52)

where br can be obtained by (53), as shown at the bottom
of the previous page.
Combining (43) with (52), we can obtain αs +∑m−1
r=0 αr(br − dsr) = 1, s = 0, . . . ,m − 1, which is a non-

homogeneous system of linear equations and it can be written
as α + Aα = 1. The s-row and r-column expression for A
can be expressed as Asr = br−dsr, which is detailed in (13).

REFERENCES
[1] C. Lin, G. Cai, T. Ning, and J. He, “A wireless-powered relaying

system with energy buffer for implant WBAN,” in Proc. IEEE Conf.
Int. Symp. Commun. Informat. Technol. (ISCIT), Xian, China, 2022,
pp. 70–75.

[2] M. Gupta and B. S. Kumar, “Lightweight secure session key
protection, mutual authentication, and access control (LSSMAC) for
WBAN-assisted IoT network,” IEEE Sensors J., vol. 23, no. 17,
pp. 20283–20293, Sep. 2023.

[3] J. Hu, G. Xu, L. Hu, S. Li, and Y. Xing, “An adaptive energy
efficient MAC protocol for RF energy harvesting WBANs,” IEEE
Trans. Commun., vol. 71, no. 1, pp. 473–484, Jan. 2023.

[4] J. Zhang and C. Dong, “Secure and lightweight data aggregation
scheme for anonymous multi-receivers in WBAN,” IEEE Trans. Netw.
Sci. Eng., vol. 10, no. 1, pp. 81–91, Feb. 2023.

[5] G. D. Ntouni, A. S. Lioumpas, and K. S. Nikita, “Reliable and energy-
efficient communications for wireless biomedical implant systems,”
IEEE J. Biomed. Health Informat., vol. 18, no. 6, pp. 1848–1856,
Nov. 2014.

[6] J. Ding, E. Dutkiewicz, X. Huang, and G. Fang, “Energy-efficient
distributed beamforming in UWB based implant body area networks,”
in Proc. IEEE 81st Veh. Technol. Conf. (VTC), 2015, pp. 1–5.

[7] J. Cha, J. Choi, and D. J. Love, “Practical distributed reception for
wireless body area networks using supervised learning,” IEEE Trans.
Wireless Commun., vol. 21, no. 7, pp. 4898–4908, Jul. 2022.

[8] G. Cai, Y. Fang, J. Wen, G. Han, and X. Yang, “QoS-aware buffer-
aided relaying implant WBAN for healthcare IoT: Opportunities and
challenges,” IEEE Netw., vol. 33, no. 4, pp. 96–103, Jul. 2019.

[9] Y. Xiao, G. Cai, Y. Song, G. Cai, Y. Fang, and G. Han, “Performance
analysis of buffer-aided relaying implant WBAN,” in Proc. IEEE Int.
Symp. Med. Inf. Commun. Technol. (ISMICT), 2021, pp. 86–91.

2316 VOLUME 5, 2024



[10] Y.-W. Chong, W. Ismail, K. Ko, and C.-Y. Lee, “Energy harvesting
for wearable devices: A review,” IEEE Sensors J., vol. 19, no. 20,
pp. 9047–9062, Oct. 2019.

[11] Y. Ma, Z. Luo, C. Steiger, G. Traverso, and F. Adib, “Enabling deep-
tissue networking for miniature medical devices,” in Proc. IEEE Int.
Conf. ACM Special Interest Group Data Commun., 2018, pp. 417–431.

[12] K. Chen, Z. Yang, L. Hoang, J. Weiland, M. Humayun, and W. Liu,
“An integrated 256-channel epiretinal prosthesis,” IEEE J. Solid-State
Circuits, vol. 45, no. 9, pp. 1946–1956, Sep. 2010.

[13] G. C. McConnell, H. D. Rees, A. I. Levey, C.-A. Gutekunst,
R. E. Gross, and R. V. Bellamkonda, “Implanted neural electrodes
cause chronic, local inflammation that is correlated with local neurode-
generation,” J. Neural Eng., vol. 6, no. 5, Oct. 2009, Art. no. 056003.

[14] F. Akhtar and M. H. Rehmani, “Energy harvesting for self-sustainable
wireless body area networks,” IT Prof., vol. 19, no. 2, pp. 32–40,
Mar. 2017.

[15] F. Shabani, H. Philamore, and F. Matsuno, “An energy-
autonomous chemical oxygen demand sensor using a microbial
fuel cell and embedded machine learning,” IEEE Access, vol. 9,
pp. 108689–108701, 2021.

[16] H. Varghese, B. S. Athira, and A. Chandran, “Highly flexible tribo-
electric nanogenerator based on PVDF nanofibers for biomechanical
energy harvesting and telerehabilitation via human body movement,”
IEEE Sensors J., vol. 23, no. 13, pp. 13925–13932, Jul. 2023.

[17] A. Sabovic, A. K. Sultania, C. Delgado, L. D. Roeck, and J. Famaey,
“An energy-aware task scheduler for energy-harvesting batteryless IoT
devices,” IEEE Internet Things J., vol. 9, no. 22, pp. 23097–23114,
Nov. 2022.

[18] X. Ding, Z. Ying, W. Zu, and L. Han, “Experimental study on ther-
moelectric energy harvesting from indoor high-voltage disconnector,”
IEEE Sensors J., vol. 24, no. 3, pp. 2985–2995, Feb. 2024.

[19] V. Singh and P. K. Upadhyay, “Cognitive hybrid satellite-terrestrial
relay networks with simultaneous energy and information transmis-
sion,” in Proc. IEEE Adv. Netw. Telecommun. Syst. (ANTS), 2018,
pp. 1–6.

[20] V. Singh, P. K. Upadhyay, D. B. da Costa, and U. S. Dias,
“Hybrid satellite-terrestrial spectrum sharing systems with RF energy
harvesting,” in Proc. IEEE Int. Conf. Pers., Indoor Mobile Radio
Commun. (PIMRC), Bologna, Italy, 2018, pp. 306–311.

[21] Y. Xu, Z. Liu, C. Huang, and C. Yuen, “Robust resource allocation
algorithm for energy-harvesting-based D2D communication underlay-
ing UAV-assisted networks,” IEEE Internet Things J., vol. 8, no. 23,
pp. 17161–17171, Dec. 2021.

[22] Z. Shi, H. Lu, X. Xie, H. Yang, C. Huang, J. Cai, and Z. Ding, “Active
RIS-aided EH-NOMA networks: A deep reinforcement learning
approach,” IEEE Trans. Commun., vol. 71, no. 10, pp. 5846–5861,
Oct. 2023.

[23] T. Wang, Q. Xu, W. Jia, Z.-H. Mao, H. Tang, and M. Sun, “Dual-
functional wireless power transfer and data communication design for
micromedical implants,” IEEE J. Emerg. Sel. Topics Power Electron.,
vol. 9, no. 5, pp. 6259–6271, Oct. 2021.

[24] I. A. Shah, A. Basir, Y. Cho, and H. Yoo, “Safety analysis of
medical implants in the human head exposed to a wireless power
transfer system,” IEEE Trans. Electromagn. Compat., vol. 64, no. 3,
pp. 640–649, Jun. 2022.

[25] G. Monti et al., “EMC and EMI issues of WPT systems for wearable
and implantable devices,” IEEE Electromagn. Compat. Mag., vol. 7,
no. 1, pp. 67–77, Apr. 2018.

[26] A. N. Abdulfattah, C. C. Tsimenidis, B. Z. Al-Jewad, and A. Yakovlev,
“Performance analysis of MICS-based RF wireless power transfer
system for implantable medical devices,” IEEE Access, vol. 7,
pp. 11775–11784, 2019.

[27] H. Mosavat-Jahromi, B. Maham, and T. A. Tsiftsis, “Maximizing
spectral efficiency for energy harvesting-aware WBAN,” IEEE
J. Biomed. Health Informat., vol. 21, no. 3, pp. 732–742,
May 2017.

[28] L. Wang, F. Hu, Z. Ling, and B. Wang, “Wireless information
and power transfer to maximize information throughput in
WBAN,” IEEE Internet Things J., vol. 4, no. 5, pp. 1663–1670,
Oct. 2017.

[29] D. Sui, F. Hu, W. Zhou, M. Shao, and M. Chen, “Relay selection
for radio frequency energy-harvesting wireless body area network
with buffer,” IEEE Internet Things J., vol. 5, no. 2, pp. 1100–1107,
Apr. 2018.

[30] X. Zhang, K. Liu, and L. Tao, “A cooperative communication scheme
for full-duplex simultaneous wireless information and power transfer
wireless body area networks,” IEEE Sensor Lett., vol. 2, no. 4, pp. 1–4,
Dec. 2018.

[31] S. Li, F. Hu, Z. Xu, Z. Mao, Z. Ling, and H. Liu, “Joint power
allocation in classified WBANs with wireless information and power
transfer,” IEEE Internet Things J., vol. 8, no. 2, pp. 989–1000,
Jan. 2021.

[32] M. M. Sandhu, S. Khalifa, R. Jurdak, and M. Portmann, “Task
scheduling for energy-harvesting-based IoT: A survey and critical
analysis,” IEEE Internet Things J., vol. 8, no. 18, pp. 13825–13848,
Sep. 2021.

[33] R. Morsi, D. S. Michalopoulos, and R. Schober, “Performance analysis
of near-optimal energy buffer aided wireless powered communica-
tion,” IEEE Trans. Wireless Commun., vol. 17, no. 2, pp. 863–881,
Feb. 2018.

[34] D. Bapatla and S. Prakriya, “Performance of a cooperative network
with an energy buffer-aided relay,” IEEE Trans. Green Commun. Netw.,
vol. 3, no. 3, pp. 774–788, Sep. 2019.

[35] D. Bapatla and S. Prakriya, “Performance of energy-buffer aided
incremental relaying in cooperative networks,” IEEE Trans. Wireless
Commun., vol. 18, no. 7, pp. 3583–3598, Jul. 2019.

[36] D. Bapatla and S. Prakriya, “Performance of a cooperative communi-
cation network with green self-sustaining nodes,” IEEE Trans. Green
Commun. Netw., vol. 5, no. 1, pp. 426–441, Mar. 2021.

[37] D. Bapatla and S. Prakriya, “Performance of two-hop links with an
energy buffer-aided IoT source and a data buffer-aided relay,” IEEE
Internet Things J., vol. 8, no. 6, pp. 5045–5061, Mar. 2021.

[38] A. Celik, K. N. Salama, and A. M. Eltawil, “The Internet of Bodies:
A systematic survey on propagation characterization and channel
modeling,” IEEE Internet Things J., vol. 9, no. 1, pp. 321–345,
Jan. 2022.

[39] A. Vyas, S. Pal, and B. K. Saha, “Relay-based communications in
WBANs: A comprehensive survey,” ACM Comput. Surveys, vol. 54,
no. 1, pp. 1–34, May 2021.

[40] J. Wang and Q. Wang, Body Area Communications: Channel
Modeling, Communication Systems, and EMC. Hoboken, NJ, USA:
Wiley, 2012.

[41] A. K. Teshome, B. Kibret, and D. T. H. Lai, “A review of implant
communication technology in WBAN: Progress and challenges,” IEEE
Rev. Biomed. Eng., vol. 12, pp. 88–99, 2019.

[42] T. Ninikrishna, A. Preethi, and Z. Mishra, “Optimal wireless power
transfer techniques for passive deep brain stimulation devices,” in
Proc. IEEE Int. Conf. Innovat. Technol. (INOCON), 2020, pp. 1–5.

[43] A. Basir and H. Yoo, “Efficient wireless power transfer system
with a miniaturized quad-band implantable antenna for deep-body
multitasking implants,” IEEE Trans. Microw. Theory Techn., vol. 68,
no. 5, pp. 1943–1953, May 2020.

[44] A. Abdi and H. Aliakbarian, “A miniaturized UHF-band rectenna for
power transmission to deep-body implantable devices,” IEEE J. Transl.
Eng. Health Medic., vol. 7, pp. 1–11, 2019.

[45] S. Roy, A. N. M. W. Azad, S. Baidya, M. K. Alam, and F. Khan,
“Powering solutions for biomedical sensors and implants inside the
human body: A comprehensive review on energy harvesting units,
energy storage, and wireless power transfer techniques,” IEEE Trans.
Power Electron., vol. 37, no. 10, pp. 12237–12263, Oct. 2022.

[46] S. J. Ambroziak et al., “An off-body channel model for body area
networks in indoor environments,” IEEE Trans. Antennas Propag.,
vol. 64, no. 9, pp. 4022–4035, Sep. 2016.

[47] A. Abdi and M. Kaveh, “On the utility of Gamma PDF in modeling
shadow fading (slow fading),” in Proc. IEEE Conf. Veh. Technol.,
1999, pp. 2308–2312.

[48] A. Abdi, H. Barger, and M. Kaveh, “A simple alternative to the
lognormal model of shadow fading in terrestrial and satellite channels,”
in Proc. IEEE Conf. Veh. Technol., 2001, pp. 2058–2062.

[49] A. Abdi and M. Kaveh, “A comparative study of two shadow
fading models in ultrawideband and other wireless systems,”
IEEE Trans. Wireless Commun., vol. 10, no. 5, pp. 1428–1434,
May 2011.

[50] J. B. Lee, Y. Rong, L. Gopal, and C. W. R. Chiong, “Mutual
information maximization for SWIPT AF MIMO relay systems with
non-linear EH models and imperfect channel state information,”
IEEE Trans. Veh. Technol., vol. 71, no. 8, pp. 8503–8518,
Aug. 2022.

VOLUME 5, 2024 2317



NING et al.: ENERGY BUFFER-AIDED WIRELESS-POWERED RELAYING SYSTEM

[51] E. Boshkovska, D. W. K. Ng, N. Zlatanov, A. Koelpin, and
R. Schober, “Robust resource allocation for MIMO wireless powered
communication networks based on a non-linear EH model,” IEEE
Trans. Commun., vol. 65, no. 5, pp. 1984–1999, May 2017.

[52] S. A. Tegos, P. D. Diamantoulakis, A. S. Lioumpas, P. G. Sarigiannidis,
and G. K. Karagiannidis, “Slotted ALOHA with NOMA for the
next generation IoT,” IEEE Trans. Commun., vol. 68, no. 10,
pp. 6289–6301, Oct. 2020.

TING NING received the B.Sc. degree in elec-
tronic and information engineering from Hunan
City University, Yiyang, China, in 2021. She is
currently pursuing the M.Sc. degree in communi-
cation engineering with the Guangdong University
of Technology, Guangzhou, China. Her primary
research interests include wireless body area
networks, NOMA networks, and the Internet of
Things.

CAN LIN received the B.Sc. degree in com-
munication engineering from Ludong University,
Shandong, China, in 2020 and the M.S. degree in
communication engineering from the Guangdong
University of Technology, Guangzhou, China, in
2023. His primary research interests include wire-
less body area networks and the Internet of Things.

GUOFA CAI (Senior Member, IEEE) received
the B.S. degree in communication engineering
from Jimei University, Xiamen, China, in 2007,
the M.S. degree in circuits and systems from
Fuzhou University, Fuzhou, China, in 2012, and
the Ph.D. degree in communication engineering
from Xiamen University, Xiamen, China, in 2015.
In 2017, he was a Research Fellow with the
School of Electrical and Electronic Engineering,
Nanyang Technological University, Singapore. He
is currently an Associate Professor with the School

of Information Engineering, Guangdong University of Technology, China.
His primary research interests include information theory and coding,
spread-spectrum modulation, wireless body area networks, and Internet of
Things.

KENGYUAN XIE received the B.Sc. degree in
electronic and information engineering from the
Dongguan University of Technology, Dongguan,
China, in 2021. He is currently pursuing the
M.Sc. degree in information and communica-
tion engineering with the Guangdong University
of Technology, Guangzhou, China. His primary
research interests include spread-spectrum mod-
ulation, reconfigurable intelligent surface, and
Internet of Things.

JIGUANG HE (Senior Member, IEEE) received
the Ph.D. degree in communications engineering
from the University of Oulu, Finland, in 2018.
He currently serves as a Senior Researcher with
the Technology Innovation Institute, Abu Dhabi,
UAE, and holds a Docentship (also known as
an Adjunct Professor) with the University of
Oulu. From September 2013 to March 2015, he
was affiliated with the State Key Laboratory of
Terahertz and Millimeter Waves, City University
of Hong Kong, focusing on beam tracking within

millimeter-wave MIMO systems. Subsequently, from June 2015 to August
2021, he was associated with the Centre for Wireless Communications,
the University of Oulu, initially as a Doctoral Researcher and later as
a Postdoctoral Researcher. He served as an Assistant Professor with the
Macau University of Science and Technology from August 2021 to March
2022. He has actively contributed to numerous international and national
projects, including EU FP7 RESCUE, EU H2020 ARIADNE, and the 6G
Flagship, and received one FDCT-GDST joint research project from Macau
Science and Technology Development Fund. His research interests span
integrated sensing and communications, reconfigurable intelligent surfaces,
millimeter-wave MIMO communications, and advanced signal processing
techniques. He received the Best Paper Award from IEEE ICCT 2023.
He is recognized as an Exemplary Reviewer for IEEE TRANSACTIONS ON

COMMUNICATIONS and IEEE COMMUNICATIONS LETTERS, and he serves
as a Technical Program Committee Member for various IEEE conferences.
He is currently serves as an Associate Editor for IEEE TRANSACTIONS ON

VEHICULAR TECHNOLOGY.

CHONGWEN HUANG (Member, IEEE) received
the B.Sc. degree from Nankai University in 2010,
the M.Sc. degree from the University of Electronic
Science and Technology of China in 2013, and
the Ph.D. degree from the Singapore University
of Technology and Design in 2019, where he was
a Postdoctoral from October 2019 to September
2020. In September 2020, he joined the Zhejiang
University as a Tenure-Track Young Professor. His
main research interests are focused on holographic
MIMO surface/reconfigurable intelligent surface,

B5G/6G wireless communications, mmWave/THz communications, and
deep learning technologies for wireless communications. He is the recipient
of 2021 IEEE Marconi Prize Paper Award, 2023 IEEE Fred W. Ellersick
Prize Paper Award, and 2021 IEEE ComSoc Asia–Pacific Outstanding
Young Researcher Award. Since 2021, he has served as an Editor for IEEE
COMMUNICATIONS LETTER, Elsevier Signal Processing, EURASIP Journal
on Wireless Communications and Networking, and Physical Communication.

MÉROUANE DEBBAH (Fellow, IEEE) is a
Professor with the Khalifa University of Science
and Technology, Abu Dhabi, and the Founding
Director of the KU 6G Research Center. He is
a Frequent Keynote Speaker with international
events in the field of telecommunication and AI. In
the Communication field, he has been at the heart
of the development of small cells (4G), Massive
MIMO (5G), and Large Intelligent Surfaces (6G)
technologies. In the AI field, he is known for his
work on Large Language Models, distributed AI

systems for networks and semantic communications. His research has been
lying at the interface of fundamental mathematics, algorithms, statistics,
information and communication sciences with a special focus on random
matrix theory, and learning algorithms. He received the multiple prestigious
distinctions, prizes, and best paper awards (more than 40 IEEE best paper
awards) for his contributions to both fields and according to research.com
is ranked as the best scientist in France in the field of Electronics and
Electrical Engineering. He is a WWRF Fellow, a Eurasip Fellow, an AAIA
Fellow, an Institut Louis Bachelier Fellow, and Member émérite SEE.

2318 VOLUME 5, 2024



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


