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Abstract. An emerging technique was introduced to extend
the network lifetime of energy-limited relay nodes in
wireless networks. In this paper, the spectral and energy
efficiency of Wireless Body Area Networks (WBAN) is
investigated. A novel Relay model-based WBAN with Energy
Harvesting for enhancing spectrum utilization using
Cognitive Radio (CR) technology. This approach involves
the surrounding of RF signals, allowing the nodes to gather
energy and process data within a WBAN, specifically for
medical monitoring purposes enabling the coexistence of
diverse implanted devices while maintaining their QoS. It
facilitates the simultaneous operation of distinct sensor
nodes for primary and secondary networks in on-body CR-
WBAN, categorizing nodes based on medical and non-
medical applications. The proposed protocols designed for
energy harvesting notably Time Switching System (TSS) and
Power-Splitting System (PSS) are utilized to enable the
cooperation of secondary nodes with the primary network,
allowing them to access the spectrum in exchange. The
numerical analysis of proposed overlay CR-WBAN in
aspects of outage probability, coverage analysis, throughput
analysis, and energy efficiency performances considering a
delay-limited scenario are examined. The numerical
simulations confirm the validity of all the developed
theoretical analyses and underscore the efficacy of the
considered scheme by verifying using Monte Carlo
simulations.
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1. Introduction

The swift advancement of the Internet of Things has
revolutionized various domains, driving transformative ini-
tiatives in intelligent urban centers, advanced industries, and
innovative healthcare solutions [1]. Among these, healthcare
stands out as a critical application area, particularly in ad-
dressing the challenges posed by an aging global population
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and the increasing prevalence of chronic illnesses. These
challenges demand continuous medical monitoring and sur-
veillance, which has led to the development of loT-based
Wireless Body Area Networks (WBANSs) [2]. A WBAN
consists of lightweight, cost-effective, compact-sized, port-
able, and less-power nodes that are implanted within the hu-
man body [3]. These nodes collect physiological data and
wirelessly transmit it for real-time monitoring and analysis,
playing a crucial role in regularly assessing patient health
status. The implanted devices gather the data from nodes,
transmit it to the AP/gateway and then forward it to the cloud
for medical purposes [4]. Beyond healthcare, WBANS have
found applications in diverse fields, including sports perfor-
mance tracking, military operations, industrial automation,
environmental monitoring, and even real-time gaming [5].

A key challenge in WBAN is the presence of low-
power nodes, which results in reduced network performance
and decreased link reliability. Designing a WBAN requires
adhering to specific absorption rate (SAR) limits to prevent
heart-related issues and potential tissue damage in the hu-
man body which can be affected by electromagnetic radia-
tion [6]. So, it is necessary to transmit the power of sensor
nodes at a low level to ensure safety. The network perfor-
mance and link reliability in WBAN gradually decrease due
to low power transmission and path loss [7-9].

One promising solution to the challenges of limited
power capacity and path loss in WBAN:Ss is the integration of
cooperative communication, which enhances the energy ef-
ficiency of sensor nodes. This approach is particularly criti-
cal for implanted nodes, where frequent battery replacement
is not feasible due to practical and health-related constraints
[10]. To further address energy limitations, researchers have
explored various energy-scavenging interface circuits tai-
lored for WBAN applications, each offering distinct levels
of efficiency [11]. Among these techniques, energy harvest-
ing from RF signals has emerged as a viable method to sig-
nificantly reduce the power consumption of nodes, thereby
extending the overall network lifetime [12-14].

Energy and spectrum harvesting techniques plays
a pivotal role in addressing power constraints in WBANS.
The methods for effectively managing power accumulation
within nodes while optimizing spectrum utilization, offering
a foundation for improving network performance. Building
on this, cooperative communication has emerged as a prom-
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ising strategy to optimize power allocation and reduce en-
ergy consumption in sensor nodes [15]. For instance, [16]
examines the outage probability of transmissions across
three scenarios—direct link, single relay system, and multi-
relay system highlighting the benefits of cooperative ap-
proaches. Similarly, a space-time-coded network was intro-
duced to enable fully cooperative communication through
three configurations: direct link, Alamouti transmission, and
cooperative networks. This technique demonstrated im-
proved outage probability, error rates, and energy efficiency,
particularly in low signal-to-noise ratio (SNR) conditions,
compared to direct link scenarios [17]. Further advance-
ments in power allocation strategies have been proposed, in-
corporating relay cooperation to maximize throughput in
WBANSs. The optimization framework addresses two key
scenarios: one constrained by destination node power limits
(DRL) and the other by relay power limits (RPL), utilizing
time-switching and power-splitting protocols to enhance en-
ergy efficiency under varying conditions [18].

An energy-harvesting-aware WBAN has been pro-
posed to enhance spectrum efficiency in communication
links, leveraging both single-hop and dual-hop configura-
tions for effective power management [19]. Additionally,
a SWIPT-based two-way relay network employing a hybrid
selection combining approach has been introduced to im-
prove the robustness of communication channels [20]. To
further optimize system performance, a joint power alloca-
tion strategy was suggested [21], utilizing the Maximal Ra-
tio Combining (MRC) protocol. This approach, imple-
mented with a time-switching protocol for both relay and
direct link transmissions, significantly enhances system
throughput.

In [22], a dynamic power-splitting technique was intro-
duced to mitigate interference in nodes, aiming to maximize
the ergodic rate while addressing delays in spectrum usage
through cognitive radio. Similarly, studies [15-19] explored
cooperative communication in WBANS, focusing on a two-
tier architecture to enhance network performance. The chal-
lenges of sum-throughput maximization and spectrum utili-
zation in WBAN systems for Simultaneous Wireless Infor-
mation and Power Transfer (SWIPT) applications were
tackled in [20] and [21]. While WBAN nodes can operate
within the same frequency band, certain applications may
demand more spectrum for specific nodes, creating situa-
tions where uniform allocation becomes detrimental to over-
all network performance.

In contrast to previous studies, we propose a novel CR-
WBAN relay model with energy harvesting (EH) and
a unique system design. We prioritize sensors based on their
primary and secondary network, as certain nodes require in-
creased energy and spectrum allocations for data transmis-
sion, which is facilitated through cognitive radio techniques.
We also introduce additional performance metrics for the re-
lay node in a secondary network with two secondary nodes.
In this paper, the concept of cognitive radio is explored, with
sensors utilized for both medical and non-medical applica-
tions. Nodes intended for medical purposes are given
priority as primary users. This approach is geared towards

guaranteeing a satisfactory quality-of-service (QoS) for
these sensors.

We achieve this by facilitating the secondary sensor
nodes. Additionally, this approach improves spectrum utili-
zation efficiency, enabling a significant quantity of sensors
to function within a similar frequency range. Moreover, the
concept of utilizing RF-based energy harvesting can be in-
vestigated for achieving an ongoing energy supply. This is
because the conventional methods of charging sensors or re-
placing their batteries are not feasible options. We utilize
an overlay cognitive radio (CR) approach, which facilitates
cooperation among secondary users while minimizing inter-
ference for primary users.

Additionally, the integration of radio signal-based en-
ergy harvesting into the proposed design ensures a consistent
energy source for secondary users. The contributions arising
from the proposed work: A novel EH-enabled overlay ap-
proach within a CR-WBAN framework, utilizing the Time-
Switching System (TSS) and Power Splitting System (PSS)
protocols. This protocol utilizes Amplify and Forward (AF)
relay to improve communication among nodes, serving both
medical and non-medical purposes.

In detail, we formulate a representation for the Outage
Probability (OP) in the primary network, accounting for
cases with and without spectrum access all while consider-
ing the existence of Direct Link (DL) communication. Fur-
thermore, an analytical equation for the secondary network
is developed. The findings highlight the significance of var-
iables such as the spectrum access ratio and the TSS and PSS
parameters in influencing the overall performance of our
proposed design. The aim is to enhance notable improve-
ments in spectral, energy efficiency and coverage area.

Figure 1 depicts the proposed architecture of the CR-
WBAN. The sensor nodes are characterized by their com-
pact size, low power, enhanced intelligence, and versatile
placement options. They can be placed on the human body's
surface, inserted within it, or used in conjunction with port-
able devices that individuals carry in different positions.

Sensor nodes in WBANS are capable of measuring var-
ious physiological attributes, including electroencephalo-
grams (EEG), electrocardiograms (ECG), temperature, res-
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Fig. 1. Proposed CR-WBAN architecture.
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piration rate, heart rate, and blood pressure, among others.
These nodes gather critical physiological data and relay it to
a coordinator, which then transmits the information wire-
lessly to a central server [23-25]. Users within the WBAN
system are classified based on their application. Sensors
used for medical diagnostics, such as EEG, ECG, and elec-
tromyography (EMG) sensors, are considered primary users
due to their essential role in healthcare. Conversely, sensors
used for non-medical purposes, such as motion and temper-
ature sensors, are classified as secondary users. Spectrum
sensing in real-world scenarios poses significant challenges,
including (a) delays introduced during spectrum detection
and (b) the infeasibility of spectrum sensing due to the con-
straints of low-power nodes. To address these issues, this re-
search proposes the overlay paradigm of Cognitive Radio
WBAN (CR-WBAN) for secondary users, ensuring seam-
less operation without interfering with primary users. The
primary objectives of this paper are encapsulated in the fol-
lowing key aspects.

e The novel proposed work involves the implementation
of CR-WBAN with energy harvesting with unique sys-
tem model. This is accomplished by incorporating TSS
and PSS protocols for spectrum access, enabling con-
current communication between primary and second-
ary users.

e About the primary network, we formulate expressions
for the outage probability considering scenarios both
with and without spectrum access, while accounting
for DL transmission. Subsequently, we proceed with
the derivation of the secondary network with outage
probability expression.

e We delve into an analysis of the throughput, energy ef-
ficiency, and coverage analysis. This examination is
conducted for both TSS and PSS protocols, all within
the context of a scenario with limitations on delay.

e The outcomes of our investigation showcase how the
spectrum access factor, as well as the parameters asso-
ciated with the TSS and PSS protocols, influence the
overall performance of the CR-WBAN with EH. These
findings offer valuable insights that can serve as guide-
lines for designing practical WBANS to attain high
spectral and coverage analysis.

The paper is structured as follows: Section 2 presents
the mathematical model of the proposed system. Section 3
analyzes the outage probability of the primary and secondary
networks, as well as the performance analysis of the pro-
posed system, through analytical derivations. Numerical re-
sults and discussions are provided in Sec. 4, followed by
concluding remarks in Sec. 5.

2. System Description

Figure 2 represents the analytical model of cognitive
radio in WBAN with Energy Harvesting (EH), considering
both primary and secondary users within the network.
The primary network is composed of a transmitting node, re-
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Fig. 2. Analytical representation of CR-WBAN.

ferred to as A, and a receiving node, referred to as B. Con-
versely, the secondary network is comprised of a transmit-
ting node, referred to as D, that operates under energy
constraints, and its corresponding receiving nodes, denoted
as C and E. Node A are in direct link to node B and simulta-
neously considering the possibility of utilizing the secondary
node D as a relay to facilitate their communication.

Nevertheless, the assumption is made that node D op-
erates with limited energy resources. Consequently, from
primary transmissions node D harvests its energy initially
and subsequently employs this harvested energy to operate
as a relay for the primary signal, concurrently transmitting
its signal. The assumptions in the proposed protocol are
given below.

e The assumption is made that the CR-WBAN is station-
ary inside a closed room, isolated from any devices of
interference. In addition, each sensor is fitted with
a single antenna, which is necessary because of their
restricted size, and they function in a half-duplex
scheme.

e The proposed protocols are TSS and PSS for enabling
energy harvesting and information transmission at en-
ergy limited in relaying networks.

e The secondary node D can perform energy harvesting
using radio frequencies. Its function is to operate as
a relay for the primary network through the utilization
of the AF technique. Simultaneously, it employs the
primary spectrum for its individual transmission
puUrposes.

e The noise that exists is described as Additive White
Gaussian Noise (AWGN) with a mean of zero and
a variance of No.

e Each link in the network is susceptible to log-normal
fading, also h;; is the gain of the channel from node i to
node j, where i € {a, d}, and j € {b, d, c, e}, ensuring
that i = j. It holds significance to consider the log-nor-
mal distribution for capturing the large-scale fading
characteristics observed in WBAN.

e T is the block time in which a certain block of infor-
mation is transmitted. A, and Aq indicate the transmis-
sion powers at nodes A and D.
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The secondary node D can utilize RF-based energy har-
vesting for spectrum access with primary users by prioritiz-
ing cooperation with primary transmissions. To achieve this,
we examine two protocols for spectrum access systems
based on energy harvesting namely TSS and PSS for the sug-
gested CR-WBAN, as detailed in the following sections.

2.1 TSS Protocol

The TSS protocol utilizes half-duplex operation and di-
vides the block time into three sub-blocks with « € (0,1).
From primary signal node A to harvest energy with time of
aT and it allocates time for broadcasting information
(1-)T. Atnodes D, B, C,and E (1 — «)T/2 time is dedi-
cated to receiving data from node A. Meanwhile, during the
remaining time of (1 - @)T/2, the transmission of a net-
work-coded message from node D to nodes B, C, and E takes
place. Therefore, the expression for the harvested energy at
node D is as follows.

E, =OA |h,[ aT - @

The energy conversion efficiency, represented by O,
within the range of (0,1), depends on both the energy har-
vesting (EH) circuitry and rectification process employed.
As aresult, the transmission power of node D in the duration
of (1 - &)T/2is as follows.

o__ E_200Alh[ @)
“(1-a)TI2 (1-a)

In the period of the second sub-block transmission slot,
node A sends an informational signal x, to node B through
broadcasting. The secondary nodes D, C, and E also receive
this signal. Here j e {b, d, c, e}, and ny represents the
AWGN variable. Consequently, the received signal Yan, Yad,
Yac and Yze at nodes B, D, C and E respectively, is given as

\/_h X, N, 3

During the transmission phase within the third sub-
block, node D participates in aiding the primary data com-
munication through an AF relaying cooperation. Simultane-
ously, node D also broadcasts with its receiver nodes C and
E. To enable the AF relaying cooperation, node D divides its
harvested power, denoted as Aq. To perform three transmis-
sions such as node D allocates a portion of its harvested
power {44 to form the relayed transmission of the primary
signal component X, to node B and node D allocates the
power of (1 —{)A4/2 to transmit the secondary signal com-
ponent X4 to node C and E. In the CR-WBAN, the power
allocation factor ¢ e (0,1) to spectrum access, which is ex-
pressed as follows

X _\/_Aj yad ’ (4)
\) yad
In the third sub-block phase, signals received from

node D at nodes B, C and E implied as Yab, Ydc and Yqe respect-
tively, can be expressed as follows

T
Information Transmission | Information Transmission
Energy harvesting at node A——B {Ay--D—1B
D A—D (1-0)Aq/2-- D——=C
A——C (1-0)Ay/2-- D——E
A——L
aT (1—-a)T/2 (1-a)T/2
Fig. 3. Transmission block for TSS protocol.
Yo = hdj X + Ny (%)

where j € {b, c, e} and ng; represents the AWGN variable.
Regarding the primary user, the instantaneous SNR at node
B via direct communication is given by

b = 77a ‘hab‘z (6)

where 7= Aa/ Ng is the transmission SNR, at the same time
end to end SNR at B through the relay link in the TSS pro-
tocol can be represented using (2) and (5) as follows.

2
Cj/adﬁ‘hdb‘ (7
2 2

2(1_C)7adﬂ‘hdb‘ +Cﬂ‘hdb‘ +1
where y= nahag? and f=2a@/ (1 - «). For the secondary
network, the signal is captured at node C of the primary sig-
nal component X,. This noise within the received primary
signal can be leveraged earlier during the transmission phase
within the second sub-block and the interference can be

eliminated at node C [26]. The SNR at node C after the pro-
cess can be shown as follows.

_20-Qruplne ®
¢plhy [ +1

The SNR at node E from the node D which is another
node of the secondary user’s network is given by

_20-0ruplne ©)
¢plh [ +1

Yadb =

adc

ade

2.2 PSS Protocol

In the PSS protocol, the total transmission time T is di-
vided into two sub-blocks, employing a half-duplex scheme.
In this block, half of the allocated time is utilized for primary
users, while another half is assigned for secondary users, as
illustrated in Fig. 4. At the onset of the transmission phase,
node A emits a signal with unit energy labeled as x,. Conse-
quently, the signal received at nodes B, D, C, and E are rep-
resented as Yan, Yad, Yac and Yae respectively can be expressed

as follows
Vi :\/_ Ahx, +n, (10)

Received signal y,q is divided into two components, de-
noted by \/;yad and (1= p)Yag where the power splitting

ratio is p (0 <p < 1). The first component is utilized to har-
vest energy for recharging the battery, while the second
component is employed for information transmission. Con-
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T Yg = NgX +Ng; a7
Energy harvesting at node D -- pA, Information Transmission
Information Transmission — (1 p)A, D wh_erej e {b,c, e} and_ Ngj IS _the AWQN. Hence, the SNR at
A—p (DA /2 Do point B through the direct link in primary communication
A—C (10)A, /2 D—s E can be expressed from (10) as
A——E
2
T/Z T/Z Ya =T, |hab| ' (18)

Fig. 4. Transmission block for PSS protocol.

sequently, the signal received at the energy harvesting input
is given as described above, considering the possible values
of j € {b, d, c,e}and the presence of AWGN represented by n;.

\/Eyad = Mhad Xa + \/;nad ) (11)

From (11), the energy harvested at D is expressed as

_OpA ‘had‘zT . (12)

E, 5

The energy conversion efficiency (0 < @< 1) of the in-
verter circuitry at D is considered, and the noise statistic is
disregarded [31]. Our focus is on the harvested energy with
Ag<< A,. For the remaining T/2 time the power distributed
is expressed as

=S (13)
T/2

The expression can be further represented using (12) as

P,=0pA |h,|". (14)

Conversely, the information receiver (IR) at point D
receives the base-band signal as follows:

YAD = (1_p) yad = (15)

\'(l_p)Aa hadxa +\'(1_p) Ny + Nge-

In this context, ngr signifies the sampled AWGN that
emerges from the conversion of RF to baseband signal. The
expression for the total AWGN noise at IR is calculated as

Nap = /(1_p) n,, +n... During the second block of transmis-

sion, node D acts as an AF relay to enable the primary user
operations, also communication with its dedicated receiver
C and E at the same time. Consequently, in the first phase,
node D amplifies and then sends the signal received at IR to
node B, concurrently transmitting its information signal Xg,
to nodes C and E. During this simultaneous transmission,
node D utilizes advanced signal processing methods to di-
vide its harvested power A4 using the spectrum access factor
{ € (0, 1). This allows it to overlay its signal xg with Yqq, re-
sulting in the combined signal being given by

X :H\/iADZ +2 (1_G)ijd- (16)

2

Consequently, the signals that nodes B, C, and E have
received from D during the sub-block are labeled as Yab, Ydc
and yaqe, respectively, and can be expressed as follows

Formulating the SNR at point B, transmitted through
the relay link, involves utilizing (14) to (17) as

§7ad5‘hdb‘2 (19)
2(1-¢) 70 |he|* + <o |hy | +1

where 6= @p and ¢ = Opl(1 - p). In terms of secondary
communication, we can infer from (17) that the signal re-
ceived at node C includes a primary signal component Xs,
which functions as interference. However, this interference
is eliminated [27] by employing the primary signal decoded
during the initial transmission phase. As a result, we can ex-
press the instantaneous SNR at C as follows.

2
_ 2(1—5)73[:5‘%‘ (20)
Colhy | +1
The noise statistics at the relay can be eliminated from

SNR expressions (19) and (20). The SNR at node E of the
secondary user is given by

_2-Orudl 1)
Colhg| +1

Vado =

adc

ade

3. Performance Analysis

We assess the CR-WBAN performance utilizing two
protocols, namely TSS and PSS protocol. The performance
analysis will involve evaluating various key metrics to as-
sess the coverage distance, energy efficiency, and through-
put of each protocol in the CR-WBAN. We assess how the
overall performance of the CR-WBAN using the PSS pa-
rameter p, TSS parameter a, and power splitting factor .
Continuing the analysis, we start by providing the statistical
details of the relative fading channels. Taking into account
the log-normal fading for WBAN, we can represent the
Probability Density Function (PDF) and Cumulative Distri-
bution Function (CDF) of |h;j|%, where i € {a, d} and j € {b,
d, c, e} with i # j, as follows, respectively, by [19], [32]

1 [ In(x) -2 2 22)
f‘h”‘Z(X)_z\/ZO'uXexp ( 220, ] |

and _1 In(x) 24, 23
n Fhuz(x)_z[“erf[ 2o, . (23)

The above-mentioned parameter g is the mean and
i is the standard deviation, while erf(-) denotes the standard
error function.
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3.1 Outage Probability of Primary Network

Concerning the primary network, we analyze the OP in
scenarios both with and without spectrum access, while tak-
ing into account the existence of direct link communication
(A—B). Subsequently, we then proceed to perform an anal-
ysis OP of the primary network, covering both the TSS and
PSS protocols. R, signifies the target rate designated for the
primary user and Rs represents the target rate assigned to the
secondary user. To achieve this, we can represent their cor-
responding SNRs from (7) and (19) in a standardized form
as follows:

CY ﬁl‘hdb‘z (24)
2(1=0)7 ﬂl‘hdb‘z +C5, ‘hdb‘z +1

with gi=%=2a¢/ (1-a) for TSS protocol, whereas
Pi= Opand = Opl (1 - p) for PSS protocol.

Vadb =

a) Direct Link (DL) Communication

Provided target rate R,, we examine the OP of the pri-
mary network when utilizing direct communication without
spectrum access is expressed as

7a = Ing (1+7/ab)’ (25)
Por(R,)= Pr[ya < Rp].

The significance that the DL transmission relies on

a transmission phase from node A to node B further
explained as

P (Ro)=F, () (26)

Yab

where y,=2R—-1. By applying a random variable
transformation, we can derive the expression for the CDF
F.(X) from (23):

1 In(x)=In(7,)=2m ||
Fyab(X)—2[1+erf[ e, N (27)

Hence, if we substitute x =y, into the CDF F, , (x)
derived in (27), we can calculate the necessary OP of DL
transmission on this evaluation.

b) Spectrum Access
Transmission

Cooperation with DL

To achieve a target rate Rp, the OP of the primary net-
work in CR-WBAN employing the TSS/PSS protocol can
be represented using MRC. This involves utilizing (6) or
(18) and (24) in the expression:

ri 1
POTJ'[ (RP)= Pr|:;logz(1+7ab +}/adb)< Rp:lz (28)
Pr[Aa <;/a]: FAa (ya).

Aa= ya+ yap and 3% =2%—1, where r=2 for the PSS
protocol and 7=2/(1- &) for TSS protocol (28) it is re-
formulated as

FAa (7/a): Pr|:(7/ab +7’adb) < 7a],
AL= [ [ 1, (ot (y) dedy,

Additionally, by employing an M-step staircase ap-
proximation method [28] for the triangular integral region
involved in (29), we can express Al as follows

= i+1 ] (i )} [M—i j
AM=S1{F | =y |-F | —y» |\xF |2, |
;{ Vab( M j/a Vab M yﬁ Vadb M j/a

Theorem 1: The CDF of the CR-WBAN with the
TSS/PSS protocol, considering log-normal fading channels,
can be represented as

(29)

1, if xzi;
Fa (0= S
#(x), if x<_L
X(1+ZB,Y)
© | -2
$o0= )5 Leef ”[ﬂl(é“—(l—ﬁ)X)VJ H
2\/50'3[, (31)
1 _ In(y)-2uy ’ d
Zﬁo'dbyexp [ Zﬁadb JJ g

Proof: it is detailed in Appendix A

From the condition x < ¢/ (1 - {) it allows the relay co-
operation given in (30), the CDF implies the secondary com-
munication in CR-WBAN.

3.2 Outage Probability of Secondary Network

The SNR at node C, the performance of the secondary
network for TSS and PSS protocols from (8) and (20) is
given by

_ 2(1—4)7ad51‘hdc‘2_ (32)
C:BZ ‘hdc‘z +1

The SNR at node E for the secondary network for TSS
and PSS protocol from (9) and (21) is given by

_20-9)rabilh] (33)
£By[h. [ +1

p=p=2ad/(1-a) for TSS  protocol and
= p=¢pl (1-p) for PSS protocol. The secondary
communication of OP for target rate Rs is given by

adc

ade

1
Y4 :;IOQZ (1+7adc +7ade)’ (34)
POSLIeIC(RS): Pr[7d < Rs]: Pr[(yadc+7/ade)<ys]: FAs (75)

As= Yade+ Yade, 5= 27— 1, where 7= 2/ (1 — &) for TSS pro-
tocol and 7= 2 for the PSS protocol. p=(Rr,) for secondary
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communication is evaluated in CDF F,,_,(x) and is expressed
as in theorem 2. The M- step staircase for (32) is

Miﬁ f [il\/lil‘hdc‘zj , Where AF;is the change in CDF between
i=0

two points, and f(jhgc|?) is the integrand derived from yg.. M
and N are the number of steps in the M-step staircase
approximation.

Theorem 2: The CDF of the CR-WBAN with the
TSS/PSS protocols, considering log-normal fading chan-
nels, can be represented as F,,,.(X)

F.. (X)=

X(1+EB,Y)

In| ————|-2u,

n{ﬁl(l—g)yJ -
2'\/§Gad

1 In(y) 26 |
Zﬁ%yexp[—[ 220, JJX

2
1 In (y) ~ Zlude
— eXP| | —F—— dy.
Zﬁgdey p[ { 2‘/§Gde Y

Proof: it is provided in Appendix B.

1+erf

N |-

|

(35a)

From (35a) x = ya Which can determine px*(R ) for the

target rate Rs. The OP for the secondary network is obtained.
The close form of (35b), using Chebyshev—-Gauss quadra-
ture, in terms of N nodes ti=cos((2i — 1)/(2N)n). t; is the
Chebyshev—Gauss quadrature node or the discrete step in the
M-step staircase approach.

1+t
X| 1+ —t
. ( Cle_tij ,
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Zﬁadci \/Eo-dc
1-t,
1 2
! (;:‘j—z%e
— 1+ EXp i dy
2\/§O'del+7ti 2\/Eo-de
1-t,
(35hb)

3.3 Constrained Power Distribution Policy
for Spectrum Access

Focusing on the power allocation factor for spectrum
access at the secondary node D, we can determine a suitable
value for {"that ensures the QoS requirement of the primary
network is considered. From (30) the power allocation factor
is determined based on the condition ya< £/ (1 —¢) for pre-
determined threshold 3, of the primary network as,

’Y73<C<1. (36)
1_Ya

However, from (28), it is evident that s is influenced
by both R, and z. Therefore, while employing the spectrum
access condition for the TSS protocol, our initial stage in-
cludes computing the TSS parameter a value for attaining
aminimal OP, as discussed in Sec. 4. Subsequently, with
this determined value of a, we proceed to calculate the ef-
fective value of { to implement a spectrum access system.
Additionally, it is important to reduce the value of { for in-
creased spectrum access to secondary networks access.

3.4 Throughput Analysis

It encompasses the computation of throughput under
latency constraints, which is crucial for assessing perfor-
mance and evaluating spectrum utilization in CR-WBAN.
Mean spectral efficiency is also known as wireless system-
based cooperative communication. The throughput under
the latency constraint is specified as the rate of transmission
that can be ensured across all fading conditions, while also
meeting specific delay limits, without relying on the ex-
tended long-term behavior [30].

In CR-WBAN, the latency-constrained throughput can
be represented as the combined value of specific target rates
for both primary and secondary communication systems to
meet their respective data rate requirements while adhering
to the given latency constraints. The network throughput
which can be effectively achieved over log-normal fading
channels is formulated according to the obtained equations
for the OP. Expanding on the obtained formulations for the
OP, we can express the network throughput as

s, =2[@-PI(R))R, +@-PER)R] @7
T

out out

where pec(r) and pPi(r) express the OP measures
achieved in the preceding subsections for both primary and
secondary users. In (37), when we assign R,=Rs=R, the
maximum achievable system throughput St can be ex-
pressed as St= 2R / z.Therefore, depending on the value of
7, we can easily determine the value of R is equivalent to the
maximum throughput system determined for the PSS proto-

col, whereas, for the TSS protocol, it is R(1 — a).

3.5 Energy Efficiency

Derived from the throughput formulation provided in
(37), we conduct an evaluation of the energy efficiency of



360 S. N. SRINIVASAN, P. SURESH KUMAR, S. DURAISAMY, PERFORMANCE ANALYSIS OF RELAY MODEL-BASED ENERGY...

the investigated EH-based CR-WBAN. This analysis holds
significant implications as it can assist in the design of EH-
based CR-WBAN for prolonging the lifetime of the net-
work.

In essence, the ratio of total data delivered to total en-
ergy consumed is used to measure the system's energy effi-
ciency [33]. For the TSS protocol, the total energy used by
the primary user A accounts for the absolute energy debili-
tated in the network during the initial sub-block EH phase
and energy debilitated in the second transmission block. The
energy obtained by secondary node D during the first sub-
block energy harvesting phase is equal to the energy used
during the third sub-block transmission phase:

S—T,for TSS protocol;
Aa
-, 1+a) (38)
ST
Aa’ for PSS protocol.
2

Hence, the energy efficiency equation for the examined
CR-WBAN (37) within constrained delay can be formulated
as the quotient of the overall data transmission as indicated
in (37) and the overall energy consumed within the network.

3.6 Coverage Analysis

The coverage area within the network for the proposed
work is analyzed. We analyze the proposed method on spec-
trum coverage. The evaluation of coverage for the standard
cooperative diversity system has been factored in [29]. Cell
coverage is linked to the likelihood of signal outage, this is
defined as the largest distance from the center of a cell within
which the signal strength in the covered region surpasses
a designated threshold SNR with a probability not lesser
than 1 — Poy:. In the subsequent examination, di = d,=do/ 2.
Thus, by using (39), we can deduce that the largest permis-
sible distance d must fulfill the subsequent equation.

2aK+1 P P Rp a(K+1)

out

- (39)
& (R)+& (R, 12)R))

d,

4. Numerical Results and Discussion

Our objective is to showcase the assessment of the CR-
WBAN performance employing both the TSS and PSS pro-
tocols. We achieve this by conducting numerical investiga-
tions through Monte Carlo simulations. Utilizing the attrib-
utes of the CR-WBAN, this section utilizes the parameters,
the primary transmit power A;=1 mW, ®=0.7 is energy
conversion efficiency, and the block time for transmission
T = 1 msis executed by log-normal fading distribution, from
[24] relates to the configuration of the CR-WBAN where
specific node arrangements are made including A positioned
on the chest, B on the right arm, C placed on the left leg, D
at the center waist, and E on the right leg, as given in Tab. 1.

o Right arm Center Left leg Right leg
Hij9ij (B) waist (D) (©) (E)

Chest (A) | 2.58,4.89 | 0.88,2.96 | 1.62,3.47 | 158, 3.89

Ce”ta;;’va'“ 0.28,1.34 0.92,2.74 | -0.76, 2.14

Tab. 1. Parameters of log-normal distribution for CR-WBAN.
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Fig. 5. OP vs o for TSS protocol in the primary network.

Analytical OP curves for primary and secondary
networks are derived using (28), (35a), and (35b)
respectively, with M =50 for accuracy, implemented in
MATHEMATICA. Monte Carlo simulations are conducted
in MATLAB software to validate the analytical results. All
figures demonstrate good agreement between analytical and
simulation curves.

Figure 5 demonstrates the TSS parameter o with the
performance of outage probability for the primary network
within the CR-WBAN for various sets of target rate R, and
7, SNR values. Thus, we select the values of a =0.2 and
¢ = 0.8 that ensure they satisfy the spectrum access condition
7a(1+ ) << 1arediscussed in Sec. 3. Through an analy-
sis of the variety of curves illustrated in this figure, we iden-
tify the critical value of « that minimizes the OP. To facili-
tate spectrum access cooperation, {=0.8 is found to
effective value. The analysis in the simulated plots repre-
sents the results obtained from the theoretical model, which
were derived analytically to validate the simulation out-
comes. The outage probability reflects the performance of
the proposed system under stringent conditions, such as low-
power nodes and challenging propagation environments.
While this may be high for certain critical WBAN applica-
tions, such as real-time medical monitoring, it is an interme-
diate result that highlights the trade-offs between power ef-
ficiency and reliability. Further optimization, such as
employing advanced relay cooperation strategies, can signif-
icantly reduce the outage probability in practical scenarios,
thereby enhancing reliability for critical applications.

Figure 6 illustrates the OP vs SNR curves for the TSS
protocol for the primary network. These curves are plotted
for different target rates (Rp,= 0.4, 0.6, 0.8 bps/Hz). In this
case, we have set {=0.8 and a =0.2. For the comparison,
DL transmission is also obtained using (27) of outage prob-
ability curves. As observed in Fig. 6, the CR-WBAN with
the TSS protocol shows performance superiority compared
to the DL transmission, particularly from the mid to SNR
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region. DL shows the transmission solely for three different
target rates such as R, = 0.4, 0.6, 0.8 bps/Hz. This improve-
ment is attributed to the increased diversity gain achieved
under the TSS protocol through the cooperative relaying link
established. Additionally, it is evident that as the target rate
Rp increases from 0.4 to 0.8 bps/Hz, it degrades the outage
probability performance of the proposed CR-WBAN.

Figure 7 displays the outage probability performance
vs SNR for the secondary communication when utilizing the
TSS for = 0.2 value in the proposed CR-WBAN. In this
plot, we showcase curves that represent diverse combina-
tions of values for Rs and . It is evident from Fig. 7 that the

10°

<  sim.. Rp=0.4 bps/Hz
O Sim., Rp=0.6 bps/Hz
A Sim., Rp=0.8 bps/Hz
—6— Direct Link
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Fig. 6. OP vs SNR for TSS protocol in primary network.
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Fig. 7. OP vs SNR for TSS protocol in the secondary network.
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Fig. 8. OP vs p for PSS protocol in the primary network.

performance of OP for the secondary network reduces as the
values of {and R; increase. The outage probability of (35b)
is provided for N = 4, and as the SNR increases, the OP per-
formance is reduced. It is expected because as ¢ increases,
a larger portion of the available power is assigned to the pri-
mary signal, this results in a reduced amount of power avail-
able for secondary transmissions. Thus, the setup with R; set
to 0.8 bps/Hz and ¢"set to 0.95 exhibits enhanced OP within
the secondary communication network. Consequently, the
secondary network experiences deteriorated OP perfor-
mance due to the reduced power allocation for its transmis-
sion. Hence, a smaller ¢ value is preferable to enhance the
secondary communication performance.

Figure 8 shows the outage probability vs PSS parame-
ter p primary network performance under diverse values of
¢ and na. In this scenario, we set the target rate as
Rp= 0.8 bps/Hz, resulting in an admissible range for (
which is 0.67 < {'< 1. Based on the information presented in
Fig. 8, we observe the existence of a critical value of p that
minimizes the OP of the primary network. The critical value
of p is found to be 0.43. To enable spectrum access cooper-
ation, an effective value of {=0.7. It should be noted that
the effective value of {=0.7 for the PSS protocol is rela-
tively lower than that used for the TSS protocol.

Figure 9 depicts the OP vs SNR utilizing PSS protocol
for the primary network. These curves are shown for diverse
target rates such as Ry = 0.4, 0.6, and 0.8 bps/Hz for specific
p =0.43 and {=0.8. The primary network exhibits a sub-
stantial enhancement in outage probability performance
when employing the PSS protocol relative to DL transmis-
sion. The DL curves represent direct transmission perfor-
mance for three different target rates R,=0.4, 0.6, and
0.8 bps/Hz. This improvement is particularly noticeable in
the mid to high SNR range. A comparative analysis reveals
that the PSS protocol surpasses the TSS protocol in terms of
OP under equivalent system parameters. This becomes
especially apparent when observing the reduced SNR range.

Figure 10 represents the OP vs SNR for the secondary
network employing the PSS protocol. The plots are shown
for different combinations of values of Rs and {; with the pa-
rameter p =0.43. Analyzing the information represented
in Fig, 10, it becomes apparent that with the escalation of Rs

¢ Sim., Rp=0.4 bpsiHz
%  Sim., Rp=0.6 bps/Hz
A sim., Rp=0.8 bps/Hz | |
—©— Direct Link
Analysis

QOutage Probability
3

0 5 10 15 20 25 30
SNR (dB)

Fig. 9. OP vs SNR for PSS protocol in the primary network.
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Fig. 11. (a) Throughput of TSS protocol; (b) Throughput of PSS
protocol CR-WBAN.

and ¢ values, OP of the secondary network tends to reduce
based on the increasing parameter values (Rs & ¢). The out-
age probability of the PSS protocol for (35b) is given for
N =4, and as the SNR increases, the OP decreases. How-
ever, Figure 10 shows that the secondary network's perfor-
mance has improved when using the PSS protocol in com-
parison to the TSS protocol. The observed discrepancy can
be ascribed to the reduced efficacy of the spectrum access
factor 'under the PSS protocol.

In Fig. 11, taking into account both the TSS and PSS
protocols, we examine the system throughput performance
within the CR-WBAN. This evaluation encompasses param-
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Fig. 12. (a) Energy efficiency with Rp,=R,=0.4 bps/Hz;
(b) Energy efficiency with R, = R;=0.8 bps/Hz of CR-
WBAN.

eter values of Ry=Rs=0.4 and 0.8 bps/Hz. We employ
a critical value of o = 0.2 under TSS protocol, resulting in
an effective value of {=0.53 when R,=0.4 bps/Hz, and
¢'=0.78 when R, = 0.8 bps/Hz. Comparably, we set the crit-
ical value for PSS protocol at p = 0.43, resulting in an effec-
tive value of {=0.45 for R,=0.4 bps/Hz, and {=0.7 for
Rp= 0.8 bps/Hz. A comparative analysis with a two-way re-
laying protocol [34] is also conducted. It is evident that when
the SNR increases noticeably, the throughput tends to ap-
proach its maximum value. Furthermore, it is evident that
the performance of throughput in the PSS protocol notably
outperforms the TSS protocol across the entire SNR range
and even surpasses the throughput of the DL particularly in
the high SNR.

Figures 12a and 12b represent the energy efficiency vs
SNR for the CR-WBAN system incorporating both the TSS
and PSS protocols at two sets of target rates:
Rp=Rs=0.4 bps/Hz and 0.8 bps/Hz. If the same values for
a, p, and { are established for both the TSS and PSS proto-
cols then the comparison between the two protocols in as-
pects of energy efficiency will be more reliable. Both the
TSS and PSS protocols outperform the DL transmission in
aspects of energy efficiency. Moreover, the PSS system
demonstrates greater energy efficiency when contrasted with
the TSS system. Indeed, the observation of SNR increases
the energy efficiency decreases significantly. This phenom-
enon occurs because, at increased SNR values, the through-
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Fig. 13. (a) Coverage distance of the primary network;
(b) Coverage distance of the secondary network of CR-
WBAN.

put achieved becomes much less compared to the consumed
power. Consequently, the network's energy efficiency re-
duces as a result of this imbalance between throughput and
power consumption.

In Fig. 13a and 13b, the graphical representations illus-
trating the coverage distances of different schemes with pa-
rameters set at Rp= Rs=1 bps/Hz for both PSS and TSS,
4= 0.8 for the primary network and & =1 for a secondary
network where Pou(Rp) = Pout(Rs) = 0.1. The probability of
SNR enhancement changes based on the proposed scheme,
and the analytical result perfectly corresponds with the re-
sults from simulations results. According to the proposed
system, the coverage yields better results for the PSS system
in comparison to the TSS system, even when both operate
with the same value. This is evident that the scheme being
examined offers superior cell coverage in comparison to di-
rect transmission without the utilization of spectrum access,
regardless of the value R, and Rs. The clear observation is
that our proposed scheme can extend spectrum coverage and
simultaneously enhance link reliability, in contrast to direct
transmission.

5. Conclusion and Future Work

We studied an investigation on energy harvesting-
based CR-WBAN where both primary communication and
secondary networks are considered in the human body. The

study focuses on employing cooperative spectrum access for
these communications. This evaluation takes into account
the impact of fading channels following a log-normal distri-
bution. The energy harvesting ratio within the time switch-
ing and the power splitting are examined through numerical
investigation. The system performance was assessed in as-
pects of outage probability for primary and secondary net-
works, throughput, energy efficiency, and coverage analysis.
The findings from our study demonstrate that the PSS pro-
tocol significantly excels the TSS protocol, thereby enabling
spectrum access communication within the CR-WBAN. Ad-
ditionally, the coverage analysis shows that the proposed
system demonstrates superior performance in both the PSS
and TSS protocols. In our future research, we will aim to
address energy-constrained nodes by proposing a two-way
cooperative communication RIS-WBAN with EH. The sig-
nal quality and efficiency of data transmission between body
sensors and external devices can be improved, while also re-
ducing energy consumption. This is particularly important
for battery-powered wearable devices, extending their oper-
ational life and enhancing reliability in real-time health mon-
itoring systems. In the two-way cooperation communica-
tion, we will explore how PSS and TSS can facilitate
bidirectional information exchange between two nodes, en-
abling them to transmit and receive data simultaneously and
also implement in the context of Multiple-Input Multiple-
Output (MIMO) and Non-Orthogonal Multiple Access
(NOMA) systems.

Appendix A: Proof of Theorem 1

Using (7), the CDF F,,,,(X) = Pr[yab < X] is evaluated,
forx<{/(1-9),as

h 2
§ X(l‘f‘CBz‘ db‘ ) i é¢(X)(40)
B, (6~ (1-8)x)|hy,|

Fradb (X) =Pr| 7.4

And otherwise, for x > {/ (1 —¢), it is unity. Which is
evaluated as

7 x(1+CB,Y)
¢(x)_£wa (Bl(c—(l—C)X)y]FW (y)dy. (41)

Upon substituting the CDF of yq4 and PDF of |hgp|? ex-
pressions from (23) and (22), respectively, into (41), we ar-
rive at the result presented in (31).

Appendix B: Proof of Theorem 2
The CDF F,,..(X) is expressed using (32) as

x(1+<;Bl\hdc\z) w2

F. (x)="Pr -
(1—C)ﬁ2 ‘th‘

yad<
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which can be determined to be

43
¢ (y)dy. (43)

7 ade

- fr, [
2 L Q-0 )

Upon applying the CDF of g4 and PDF of |hg|? from

(23) and (22), respectively, to (43), we arrive at the result
presented in (35a) and (35b).
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