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Abstract: Research related to Wireless Body Area Networks (WBAN) has recently gained more attention
due to its application in enabling smart healthcare systems. A WBAN consists of several sensing nodes
and a dedicated coordinator. The distributed nodes communicate with the coordinator by accessing the
physical communication channel in a randomly distributed fashion. Random channel access may cause
frame re-transmission of corrupted frames due to frame collisions. As a result of that, there will be
degradation in the WBAN throughput, an increase in delay, and a waste of node energy. Nodes within a
WBAN can be classified using specific user priorities allowing for prioritized communication to reduce
possible frame collisions. To improve the performance and energy efficiency, this work aims to reduce
collisions among nodes that belong to the same users’ priority (homogeneous collisions) and collisions
among nodes of different users’ priorities (heterogeneous collisions). Homogeneous collisions can be
reduced by scaling the minimum Contention Window (CW) among nodes within the same user priority,
whereas heterogeneous collisions can be reduced by allowing higher user priority nodes to transmit
while lower user priority nodes enter into a backoff state. This paper presents an analytical model
and extensive simulations to show the enhanced performance of the proposed collision avoidance
mechanism. The results show that the throughput and node energy efficiency is improved by a factor
of three and two times, respectively.

Keywords: Internet of Things (IoT); smart healthcare; network delay; IEEE 802.15.6; energy efficiency

1. Introduction

Internet of Things (IoT) is an architecture in which physical objects, i.e., sensors, actuators,
and devices, work together to share information in a distributed manner [1]. IoT enables these physical
objects to work seamlessly by using various technologies such as sensor networks, communication
protocols, and applications [2]. IoT application areas include healthcare, smart cities, smart homes,
environment monitoring, vehicular networks, and other industries. However, IoT-based healthcare has
41% of the potential market shares among IoT-based applications [3]. The number of patients with chronic
health conditions is increasing. In 2008, non-communicable diseases, for example, diabetes, accounted
for 63% of all deaths in the world [4]. The management of chronic diseases puts significant strain on
patients, healthcare systems, and communities around the world. The treatment of these diseases is
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usually lengthy and costly and requires frequent medical consultations. Because of community aging
and an increase in the number of patients with chronic conditions, more people will need long-term
personal medical care. IoT can be used in healthcare for the diagnosis of diseases, therapy, medications,
healthcare monitoring, etc. Wireless networks are required to ease communication of application data
among wireless devices within IoT-based healthcare systems. Due to the mature development of Wireless
Sensor Networks (WSN), Wireless Body Area Network (WBAN) has become an area of great interest for
developers and researchers. WBAN consists of sensing nodes and a hub or a coordinator. Sensor nodes
collect vital data signs such as body temperature, electrocardiography, sugar level, SpO2, and blood
pressure (BP) from the human body and send them to a hub or a coordinator via wireless channels [5].
After receiving the data, the coordinator pre-processes the received data, e.g., compression and filtration,
and then sends the data to the healthcare center.

IEEE 802.15.6 standard [6] is used for WBAN, which employs Carrier Sense Multiple Access
with Collision Avoidance (CSMA/CA). In IEEE 802.15.6, the node initializes its Backoff Counter (BC)
based on the Contention Window (CW). Each node chooses a random integer uniformly distributed
between interval 1 and CW, Where CW ∈ [CWmin, CWmax]. The value of CW is double on alternative
collisions and reset to CWmin on successful transmission. Nodes are assigned user priority (UP) based
on traffic type and select its CWmin and CWmax according to these UPs, as shown later in Table 1.
Nodes are assigned different minimum and maximum CW to provide differential services based
on requirements. However, the minimum and maximum CW of the highest UP has small values,
and if few nodes are belonging to the highest UP or nodes in other UPs, they result in high collision
probability and re-transmission. The high collision probability decreases throughput, increases energy
consumption, and under uses the channel. Another issue is the under-saturation condition, where
there exist nodes belonging to all available UPs in which the node belonging to a lower UP faces
starvation [7]. The reason behind starvation is the difference between the minimum CW of lowest
and highest UPs, which is very high, and the node with lower UP does not receive a chance to access
the channel. Given that WBANs consist of battery-operated wearable devices with a limited life span
makes it a more challenging problem to address [8,9]. The issue of re-transmission and starvation
degrades the performance of the IEEE 802.15.6 standard. The performance of the CSMA/CA of the
IEEE 802.15.6 is also affected by the hidden node problem. The hidden node effect results in degraded
throughput and poor link reliability [10].

In this paper, we propose a novel mechanism that reduces the re-transmissions of a data frame
due to collisions. The proposed mechanism reduces collisions among nodes belonging to a similar UP
(homogeneous collisions) and decreases collision probability among nodes belonging to different UPs
(heterogeneous collisions). The homogeneous collision is reduced by scaling the minimum CW of any
UP node with several nodes in that UP category. However, heterogeneous collisions are minimized
by introducing different Clear Channel Assessment (CCA) times for different UPs. When the backoff
counter of two or more nodes belongs to different UPs becomes zero, the one with low CCA time
(highest UP) will transmit while other nodes belonging to lower UP adjust the backoff time. As a result,
this reduces higher collision probability without affecting the differentiated channel access among UPs
and resolves the starvation issue that occurs among nodes of high and low UPs. The following are the
main features and contributions of this study.

• Propose a mechanism to avoid homogeneous and heterogeneous collisions by controlling CW
and prioritize channel access without collisions.

• Improve the energy efficiency, the throughput, and use of the channel.
• Develop an analytical model for both the IEEE 802.15.6 standard and the proposed mechanism.
• Implement a simulation model to test the effectiveness of the analytical model and compare the

analytical results in terms of throughput, energy per bit, and normalized delay.

The rest of the paper is organized as follows: Section 2 reviews the IEEE 802.15.6 standard, issues
in IEEE 802.15.6, and solutions available in the literature. Section 3 presents details of the proposed
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mechanism. In Section 4, we develop a detailed analytical model for both IEEE 802.15.6 standard
and proposed mechanism. The results and discussion are presented in Section 5 and finally, Section 6
concludes the paper.

2. Background and Related Work

The IEEE 802.15.6 standard supports three different physical layers, namely Narrowband (NB),
Ultra-Wide Band (UWB), and Human Body Communication (HBC). The detailed description and
functionality of these layers are presented in [11]. Furthermore, the IEEE 802.15.6 standard MAC layer
provides three types of channel access mechanisms, i.e., Beacon mode with superframe boundaries,
Nonbeacon mode with superframe boundaries, and Nonbeacon mode without superframe boundaries.
Since the development of the IEEE 802.15.6 standard, more research has been conducted to improve
its performance. An efficient MAC protocol is one of the most crucial components in the WBAN
to provide quality of service and reliable communication. MAC protocols are classified based on
channel access and scheduling techniques. Marinkovic et al. [12] proposed a Time Division Multiple
Access (TDMA) protocol for WBAN. The protocol has little overhead, long sleep time to sense and
transmit, and it is robust to communication errors. In [13], the authors proposed an energy-efficiency
and delay-sensitivity TDMA-based MAC protocol for WBAN to monitor physiological signals such
as ECG and EEG remotely. TDMA-based protocols assign an equal time slot to each sensor in the
WBAN. This is useful if all sensors use the same resources and have equal priorities. On the other
hand, Frequency Division Multiple Access (FDMA) assigns different frequency channels to different
WBAN devices [14,15]. In scheduling-based schemes, i.e., TDMA and FDMA, the channel resources
are underused in many cases. The contention-based scheme, i.e., CSMA/CA, is used both in IEEE
802.15.4 and IEEE 802.15.6 standards. In both standards, the CSMA/CA is quite similar, but in IEEE
802.15.6, after a transmission failure of the frame, CSMA/CA increases its contention window [16].
Moulik et al., [17] proposed a MAC-frame payload tuning mechanism based on priority and energy
efficiency for the healthcare system. The goal of the study was to consider different properties of nodes,
i.e., radio status, frame length, and transmission time, to have an optimization solution for improving
energy efficiency. A MAC protocol is developed in [18] to improve the energy efficiency and quality of
service for WBANs. This mechanism achieves lower energy efficiency by waking sleeping nodes to
receive the polling message. Otherwise, they are in a sleeping mode to conserve energy. Furthermore,
the authors in [19] developed a game-theoretic approach based on intelligent management of WBANs.
The work attempts to combine the contention channel access and contention-free channel access of
the MAC layer. In their work, a network has different adaptive mechanisms based on application
requirements and the status of the channel to use energy resources efficiently. The work in [20] presents
an analytical model of the IEEE 802.15.6 CSMA/CA protocol under non-saturated traffic conditions.
They computed throughput, energy consumption, and mean frame service time and optimized phase
lengths to attain a higher throughput and the minimum delay. The work in [21] determines the optimum
allocation intervals for the IEEE 802.15.6 nodes to maximize the network capacity and maintain a frame
delay within limits. They also obtain the payload sizes that extend the battery life of the nodes.
An analytical model is presented in [22] for scheduled access mechanisms that provide throughput
analysis and closed-form expressions for different performance parameters, e.g., reliable data transfer,
throughput, delay, and energy consumption for a variety of applications with medium to high data
rates. Sultana et al. [23] developed a new IEEE 802.15.6 MAC superframe structure to accommodate
different data types with different priorities, which reduced the delivery delay as compared to other
schemes. To improve the use of the IEEE 802.15.6 superframe, the work in [24] presents a dynamic
slot allocation scheme using non-overlapping contention windows. Another work [25] proposed a
general analytical model for performance evaluation of the IEEE 802.15.6 with different traffic priorities.
The proposed model is composed of two complementary sub-models, namely a renewal reward-based
analytical sub-model and an M/G/1 queuing model with non-preemptive priority. The work in [26]
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presents a comprehensive review of the major components of the IEEE 802.15.6 standard and modeling
strategies for implementing IEEE 802.15.6 MAC on NS-3 simulator.

The motivation of our mechanism has several benefits as compared to previous approaches, which
are as follows:

• Reduce collision probability by categorizing collisions into collisions among nodes of the same
UP and collisions among/between different UPs.

• The mechanisms based on time scheduling [12,13] require changes to the current IEEE 802.15.6
standard channel access approach, whereas our mechanism does not require significant changes
and can be practically realized.

• Previously developed mechanisms [16–19] do not deal with collisions and re-transmissions. Our proposed
mechanism reduces collisions to improve energy efficiency and the overall performance.

3. Proposed Mechanism

Our proposed mechanism improves energy efficiency by avoiding homogeneous and heterogeneous
collisions. The mechanism adaptively scales the minimum CW to the number of nodes in the UP
to prevent homogeneous collisions. However, heterogeneous collisions are avoided by sequential
transmissions of frames based on UPs when the backoff counter of two or more different UP nodes
becomes zero without affecting the importance of UPs. Furthermore, the proposed mechanism does
not make significant changes in the IEEE 802.15.6 standard. The following subsections explain how the
proposed mechanism avoids homogeneous and heterogeneous collisions.

3.1. Heterogeneous Collisions

In IEEE 802.15.6, nodes decrement their backoff counter by one if they detect an idle slot for the
duration of ρCSMASlot. More specifically, the ρCSMASlot is divided into two durations, ρCCATime,
and ρCSMAMACPHYTime. The ρCCATime is used to determine the status of ρCSMASlot. Nodes assume
the CSMA slot idle if they find the channel idle from the start of the CSMA slot to the ρCCATime.
The ρCSMAMACPHYTime is the time required to transmit a frame to the channel at the end of the
CSMA slot when the backoff counter reaches zero. In the proposed mechanism, we introduce two slots,
one that is used to decrement the backoff counter called backoff slot, and the other used to transmit
frames when the backoff counter reaches zero. Assume that ψ represents the ρCCATime in the IEEE
802.15.6 standard, and Γ represents several user priorities in the network. Then we define the unit
ρCCATime of the proposed mechanism as:

ψ′ =
ψ× β

Γ
(1)

Also, when α represents the ρCSMAMACPHYTime of the standard, then we define the ρCSMAMACPHYTime
of proposed mechanism as:

α′ =
α× β

Γ
(2)

Here, β is a scaling parameter which means the scaling of ψ and α with the number of priorities.
Now, we define the backoff slot of the proposed mechanism as:

Tslot,prop = ψ′ + α′e. (3)

Finally, we define the differentiated ρCCATime of UP k (ρCCATimeUP,k) as:

ρCCATimeUP,k =
(
(UPmax −UPk) + 1

)
× ψ′ + (UPmax −UPk

)
× α′e. (4)
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We can observe from Equation (4) that a higher UP has smaller ρCCATime, i.e., a higher priority,
whereas a low UP has a long ρCCAtime. Equation (4) leads to a situation in which we avoid a collision
between two or more different UPs while maintaining the significance of each UP. Next, we define
how a successful transmission, backoff, and collision happen in the proposed mechanism.

• Successful transmission: When the backoff counter of a node becomes zero, the node waits some
time as specified in equation 4, then it starts transmission. In addition, when the backoff counter of
two or more nodes with different UPs becomes zero, the node with a higher UP starts transmission
after waiting for its ρCCATime, as shown in Figure 1. In Figure 1, three nodes have UP 6, 5, and 0,
along with a coordinator. Initially, the backoff counter of a node belongs to UP 6, 5, and 0 is
set to 2, 3, and 3, respectively. After two backoff slots, the UP 6 backoff counter becomes zero.
Thus, it starts transmission after waiting for its ρCCATime as given in Equation (4). The ρCCATime
of any node is smaller than the backoff slot. After successful transmission by a node of UP 6,
all the nodes resumes the process of backoff and decrements its backoff counter. Subsequently,
the nodes with UPs 5 and 0 backoff counter becomes zero. Both the nodes must wait for their
ρCCATime, but based on equation UPs have lower ρCCATime and start transmission. Node with
UP 0 found the channel busy as it has bigger ρCCATime as compared to UP 5, so it does not
transmit and choose its backoff counter again based on its current CW.

• Collision: Collision happens between nodes with similar UPs and zero backoff counter. In this
mechanism, the collision is prevented by allowing transmission of the high priority node, whereas the
low priority node enters the backoff stage.

• Backoff: The backoff counter is decremented if the channel is idle for the duration of a time,
as given in Equation (3).

The proposed mechanism introduced a design parameter β, which plays a significant role in
its performance. Here, we discuss how the value of β affects the performance and provides guidelines
for setting its value. Value of β = 1 means only one slot of the IEEE 802.15.6 has been used to have
differentiated channel access that leads to shorter time wastage in the backoff process. However, every node
has a short time for sensing the channel state (idle or not). On the other hand, a large value of β (> 1) results
in more time being spent in the backoff procedure with more time for sensing the channel. The effect of β

on the performance is further investigated in Section 5.

3.2. Homogeneous Collisions

The number of competing nodes in a UP greatly affects the collision probability, and size
adjustment of the CW can manage that. The IEEE 802.15.6 standard suggests a fixed CW for each UP,
as shown in Table 1, which is not adaptable to the number of competing nodes. To compensate for this
fixed size of the CW, the IEEE 802.15.6 standard proposes the Alternative Binary Exponential Backoff
(ABEB) mechanism that enables nodes to double the value of the CW when facing a collision to avoid
the possible failure in the re-transmission of a frame. However, the value of CWmin of a UP, which is
used for medical data (as shown in Table 1), is minimal even if there are few nodes belonging to UP 6
and UP 7 (which may face collisions). In addition, the ABEB is not useful in avoiding a collision as the
number of nodes increases due to its reactive nature.

Furthermore, the work in [27,28] suggests that to reduce the re-transmission, the CW needs to
be proportional to the number of competing nodes. Based on these reasons, we proposed a proactive
scaling of the CW with several nodes as follows; linear scaling for CW and node adjusts it based on the
number of nodes in the corresponding UP. We denote adjusted minimum CW by CW ′min,k, and define
it as follows.

CW ′min,k = CWmin,k + nk, (5)

where CWmin,k and nk are the minimum CW given by the IEEE 802.15.6 standard, and the number of
nodes belonging to kth UP, respectively. We assume that each node keeps track of the number of nodes
in each UP as known that in the IEEE 802.15.6, the number of nodes is small and the coordinator has
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the information, which can be periodically broadcasted using beacon frames. It is also worthwhile
to note that nodes also maintain the backoff mechanism implemented in the IEEE 802.15.6 standard,
which is doubling the CW on alternative collisions and has a subsidiary role in dealing with collisions.

Data + Ack

Data + Ack

UP 7 UP 6 UP 5 UP 4 UP 3 UP 2 UP 1 UP 0

UP 7

UP 7 UP 6

pCCATime pCSMAMACPHYTime

UP 7
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UP 6
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Figure 1. Channel access method of the proposed mechanism.

Table 1. Maximum and Minimum CW for IEEE 802.15.6 CSMA/CA.

Traffic Type User Priority CWmin CWmax

Background 0 16 64

Best effort 1 16 32

Excellent effort 2 8 32

Video 3 8 16

Voice 4 4 16

Network Control or medical data 5 4 8

High priority medical data 6 2 8

Emergency or medical implant event report 7 1 4

4. Performance Analysis

To analyze the performance of IEEE 802.15.6, we consider discrete-time Markov chain (DTMC),
as shown in Figure 2 by following the well-known models given in [7,20,29,30]. We compare the
analytical model that depicts the mechanism of IEEE 802.15.6 CSMA/CA under steady-state conditions.
The nodes are divided into classes based on user priorities denoted by i, where iε{0, 1, 2, 3, 4, 5, 6, 7}
and classes are differentiated by CWmin and CWmax. The IEEE 802.15.6 MAC superframe structure
consists of different access phases. For simplicity, we only assume mechanism in the Random Accesses
Phase 1 (RAP1) and neglect other optional access phases. Furthermore, we assume an ideal channel in
which packets subject to collisions only.
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Now by using the state transition probabilities, we derive the steady-state distribution bk,i,j of
DTMC using the following equations:

1 =
m

∑
i=0

Wk,i−1

∑
j=0

bk,i,j

=
m

∑
i=1

Wk,i−1

∑
j=1

bk,i,j +
m

∑
i=1

bk,i,0 +
Wk,0−1

∑
j=0

bk,0,j,

(7)

m

∑
i=1

bk,i,0 =
Pcol,k(1− (Pcol,k)

m)

(1− Pcol,k)
bk,0,0, (8)
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Wk,i−1

∑
j=0

bk,0,j =
Wk,0 + 1

2Pl,kPidle,k
bk,0,0. (9)

It is known that
m
∑

i=0

Wk,i−1
∑

j=0
bk,i,j = 1 and from Equations (7)–(9), we derive the bk,0,0 as:

bk,0,0 =
2Pidle,k Pl,k(1−Pcol,k){

2
m
∑

i=1
Pi

col,k
Wk,i−1

2 (1−Pidle,k)+2Pidle,k Pl,k Pcol,k(1−(Pcol,k)m)+(1−Pcol,k)(Wk,0+1)+2Pidle,k Pl,k(1−Pcol,k)

}
(10)

We define Pa,k, which is the channel access probability of a node with UP k as:

Pa,k =
m

∑
i=0

bk,i,0 =

(
1− (Pcol,k)

m+1)
)

1− Pcol,k
bk,0,0. (11)

Now we define several probabilities Pcol,k, Pidle,k, and Pl,k as:

Pcol,k = 1− (1− Pa,k)
nk−1 ∏

i 6=k
(1− Pa,i)

ni , (12)

Pidle,k =
∏7

i=0 (1− Pa,i)
ni

(1− Pa,k)
, (13)

and
Pl,k = 1, (14)

where for simplicity, we set Pl,k = 1 in this paper, which means that there is always enough time left to
transmit the frame. Equations (11)–(13) are simultaneous equations and are solved numerically to find
the probabilities Pa,k,Pcol,k, and Pidle,k.

4.1. Analytical Model of the IEEE 802.15.6

In this section, we give derived analytical results for IEEE 802.15.6 in terms of throughput, energy
efficiency, and normalized average delay. For this purpose, the probability of transmission Pt and
probability of success Ps,k of UP k are defined, respectively, as:

Pt = 1−
7

∏
i=0

(1− Pa,i)
ni , (15)

Ps,k =
[
Pa,kPidle,kPl,k(1− Pa,k)

nk−1]∏
i 6=k

(1− Pa,i)
ni . (16)

4.1.1. Throughput

Per-node throughput with UP k is defined as the amount of data successfully transmitted per
fraction of time consumed. Per-node throughput is stated as:

Tk =
Ps,k.Lp,k

(1− Pt)Tslot + Ps,kTs + (1− Ps)Tc
, (17)

where Ps =
7
∑

k=0
nkPs,k, Lp,k is the expected frame size excluding PHY and MAC headers and Tslot is

the idle slot time. Also Ts and Tc are the times spent in transmitting a single frame during successful
transmission and collision, respectively.
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4.1.2. Energy Efficiency

Energy efficiency (Joules/bit) is quite demanding in the IEEE 802.15.6-based WBANs and therefore
we also derive equations for Ee,k (i.e., the energy efficiency of UP k) as:

Ee,k =
Prk
Tk

, (18)

where Prk and Tk are the power consumed and throughput of UP k, respectively. Prk is defined as:

Prk =
Ek

(1− Pt)Tslot + Ps,kTs + (1− Ps)Tc
, (19)

where Ek is the amount of energy consumed by UP k and defined as:

Ek = Ebo,k + Es,k + Ebs,k + Ec,k + Ebc,k, (20)

where Ek has five types of energies, similar to [31], and are defined as:

• Ebo,k: The amount of energy consumed when the channel is idle. All nodes decrement their
backoff counters.

• Es,k: The energy consumed by a node with UP k during the successful transmission of a frame.
• Ebs,k: It is the energy consumed when a node overhears (receives) another successful transmission

with a coordinator.
• Ec,k: The amount of energy consumed during collisions and the intended node is involved.
• Ebc,k: The energy consumed during collisions between/among background nodes (unintended).

These energies are calculated using the following equations:

Ebo,k = Pidle,kPridleTslot, (21)

Es,k = Ps,kPrtxTs, (22)

Ebs,k = Pbs,kPrrxTs, (23)

Ec,k = Pcol,kPrtxTc, (24)

Ebc,k = Pbcol,kPrrxTc, (25)

where Pridle, Prtx, and Prrx are the powers consumed by a node during the backoff, transmission,
and reception, respectively. However, Pbs,k and Pbcol,k used in Equations (23) and (25) are probabilities of
successful transmission and collisions of non-intended (background) nodes, respectively. Both probabilities
are defined as:

Pbs,k = (nk − 1)
[
Pa,kPidle,kPl,k(1− Pa,k)

nk−1]∏
i 6=k

(1− Pa,i)
ni , (26)

Pbcol,k = (1− Ps)Pt − Pcol,k. (27)

4.1.3. Normalized Average Delay

The normalized average delay is defined as the fraction of time a node spent in decrementing
the backoff counter, waiting for a channel to be idle, and time spent in collisions. Thus, we define the
normalized average delay as:

Dk = 1−Uk, (28)
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where Uk is the use of the channel by a node with UP k defined as:

Uk =
Ps,k.Ts

(1− Pt)Tslot + Ps,kTs + (1− Ps)Tc
. (29)

4.2. Analytical Model for the Proposed Mechanism

To develop the analytical model for the proposed mechanism, we assume that nodes belong to the
highest UP(h) only compete in contention with nodes with the highest priority. However, the node of
second highest UP (s) competes with nodes belong to that UP and with nodes belong to UP h. If two nodes
win the contention (backoff counter reaches zero at the same backoff slot), then the node with higher UP
is allowed to transmit due to lower CCA time. In addition, the node with lower UP makes the channel
busy due to higher CCA time and goes to the backoff procedure following the ABEB. Hence, the channel
access probability defined by Equation (11) remains the same. However, the probability of collision
and channel idle probability is given by:

Pcol,k,prop = 1− (1− Pa,k)
nk−1 ∏

i 6=k,i>k
(1− Pa,i)

ni , (30)

Pidle,k,prop =
∏7

i=k (1− Pa,i)
ni

(1− Pa,k)
, (31)

As Equations (11) and (14) remain the same for the proposed mechanism. Now, one can solve Equations (11),
(14), (30) and (31) simultaneously using numerical methods for the proposed mechanism.

Similarly, the probability of backoff Pb,k and the probability of success Ps,k,prop of each UP are
given by:

Pb,k =
7

∏
i=k

(1− Pa,i)
ni , (32)

Ps,k,prop =
[
Pa,kPidle,k,propPl,k(1− Pa,k)

nk−1]∏
i>k

(1− Pa,i)
ni . (33)

4.2.1. Throughput

Throughput for the proposed mechanism is defined as the number of bits sent within a time
unit spent in success, collision, or backoff for transmitting a single frame. The proposed mechanism’s
throughput (Tk,prop) is given as:

Tk,prop =
Ps,k.Lp,k

Pb,kTslot +
7
∑

i=k
nkPs,k,propTs +

7
∑

i=k
nkPcoll,k,propTc

(34)

4.2.2. Energy Efficiency

Ee,k,prop =
Prk,prop

Tk,prop
, (35)

where Prk,prop and Tk,prop are the power consumed and throughput of UP k in the proposed mechanism,
respectively. Prk,prop is defined as

Prk,prop =
Ek,prop

Pb,kTslot +
7
∑

i=k
nkPs,k,propTs +

7
∑

i=k
nkPcoll,k,propTc

, (36)
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where Ek,prop is the amount of energy consumed by UP k in the proposed mechanism and defined as:

Ek,prop = Ebo,k,prop + Es,k,prop + Ebs,k,prop + Ec,k,prop + Ebcol,k,prop, (37)

where Ek,prop has five types of energies, as defined in Section 4.1.2. Hence, these energies are calculated
using the following equations:

Ebo,k,prop = Pb,kPridleTslot, (38)

Es,k,prop = Ps,k,propPrtxTs, (39)

Ebs,k,prop = Pbs,k,propPrrxTs, (40)

Ec,k,prop = Pcol,k,propPrtxTc, (41)

Ebcol,k,prop = Pbcol,k,propPrrxTc, (42)

whereas Pbs,k,prop and Pbcol,k,prop used in Equations (40) and (42) are the probabilities of successful
transmission and collisions of non-intended (background) nodes, respectively. Both probabilities are
defined as:

Pbs,k,prop = (nk − 1)
[
Pa,kPidle,k,propPl,k(1− Pa,k)

nk−1]∏
i>k

(1− Pa,i)
ni , (43)

Pbc,k,prop = (1− Ps,prop)− Pcol,k,prop, (44)

where Ps,prop =
7
∑

k=0
nkPs,k,prop.

5. Results and Discussion

In this section, we present the validation of the proposed analytical model given in Section 4
compared to the simulation results presented in this section. In addition, we evaluated and compared
the performance of the proposed mechanism with the IEEE 802.15.6 in terms of throughput, energy
efficiency, and normalized average delay via extensive simulations.

5.1. Simulation Configuration

We developed simulations in MATLAB, considering the IEEE 802.15.6 MAC/PHY layers evaluation
methodology. The simulation parameters that are used in this study are listed in Table 2. In the evaluation,
we assumed the steady-state condition, i.e., every node always had data to send and every node had
the same and fixed transmission rate.

Table 2. Parameters used in performance evaluation and comparison.

Parameters Values Parameter Values

Payload size (Lp,k) 100 bytes Data Rate 151.8 kbps

Ts 0.0069 s Tc 0.0064 s

Pridle 267 µW Prtx 414 µW

Prrx 393 µW TSIFS 75 µs

ρCCATime(ψ) 252 µs ρCSMAMACPHYTime (α) 40 µs

Slot time (Tslot) 292 µs

We considered the following scenarios for performance analysis.

• Scenario 1: There are three UPs (UP0, UP6, and UP7) and each UP has varying number of nodes,
i.e., n = 2, 3, and 4. The value of performance factor β = 1.

• Scenario 2: There are 8 UP nodes and each UP has a single node and β = 1.
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• Scenario 3: There are 8 UP nodes and each UP has a single node; however, we vary the
performance factor β from 1 to 8.

Furthermore, we examine the performance in terms of throughput, energy efficiency, and normalized
average delay with validation of the analytical model and comparisons averaged for 30 instances
of simulations.

5.2. Analysis Validation

To validate the analytical model, we match the simulation results with the analytical results for
both IEEE 802.15.6 and the proposed mechanism. Table 3 presents the analytical and simulation results
of the IEEE 802.15.6 for Scenario 1. The analytical results are compared with simulation results using
three parameters: throughput, energy efficiency, and normalized average delay, where all parameters
are computed using Equations (17), (18) and (28), respectively. We also compute the relative difference
between the analysis and simulation results given by:

ε =
| AnalyticalResults− SimulationResults |

AnalyticalResults
(45)

Table 3 shows the precision of analytical models, i.e., throughput, energy efficiency, and normalized
average delay, obtained from simulations closely match with that attained from the analysis. For UP 0
and n = 2, throughput, energy efficiency, and normalized average delay for simulations and analysis
results are equal to 2.532 kbps, 0.155 µ J/bit, 0.978, 2.502 kbps, 0.138 µ J/bit, and 0.978, respectively.
Their ε is equal to 0.012, 0.109, and 0.001, which is a small value. Hence, these results affirm the
rationality of the analytical model for the IEEE 802.15.6 as there is a trivial difference between the values
of simulations and analysis results.

Table 4 compares the analytical and simulation results of the proposed mechanism. We validate
the analysis model of the proposed mechanism by observing the throughput, energy efficiency,
and normalized average delay is given in Equations (34), (35) and (28) respectively. Similar to IEEE
802.15.6’s analysis results, the validation results are computed for Scenario 1. For UP 7 and n = 4,
throughput, energy efficiency, and normalized average delay for simulation results are equal to
13.866 kbps, 0.028 µ J/bit, and 0.880, respectively. These results closely match the analysis results with
ε equal to 0.061, 0.026, and 0.009 for the three performance matrices. These results confirm the accuracy
of the analytical model as there is a negligible difference between the simulation and analysis results.

Table 3. Comparison of simulation and analytical results for IEEE 802.15.6.

IEEE 802.15.6 MAC

Throughput (Kbits/s) Energy Efficiency (µ J/bit) Delay (Fraction)

No. of nodes n = 2 n = 3 n = 4 n = 2 n = 3 n = 4 n = 2 n = 3 n = 4

UP 0 Simulation 2.532 1.370 0.856 0.155 0.287 0.459 0.978 0.988 0.992

Analysis 2.502 1.393 0.926 0.138 0.267 0.412 0.978 0.988 0.992

ε 0.012 0.017 0.082 0.109 0.070 0.103 0.001 0.000 0.000

UP 6 Simulation 10.207 5.461 3.382 0.039 0.073 0.117 0.910 0.952 0.970

Analysis 10.143 5.588 3.674 0.037 0.070 0.107 0.913 0.952 0.968

ε 0.006 0.023 0.086 0.047 0.040 0.084 0.002 0.000 0.002

UP 7 Simulation 20.381 10.917 6.653 0.020 0.037 0.060 0.822 0.905 0.941

Analysis 19.845 11.000 7.184 0.021 0.037 0.057 0.829 0.905 0.938

ε 0.026 0.008 0.080 0.061 0.025 0.046 0.008 0.000 0.004
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Table 4. Comparison of simulation and analytical results for the proposed mechanism.

Proposed Mechanism

Throughput (Kbits/s) Energy Efficiency (µ J/bit) Delay (Fraction)

No. of nodes n = 2 n = 3 n = 4 n = 2 n = 3 n = 4 n = 2 n = 3 n = 4

UP 0 Simulation 2.025 1.350 1.000 0.193 0.288 0.388 0.983 0.988 0.991

Analysis 2.302 1.266 0.882 0.198 0.302 0.406 0.980 0.989 0.992

ε 0.137 0.062 0.117 0.030 0.048 0.048 0.002 0.001 0.001

UP 6 Simulation 9.179 5.782 4.105 0.043 0.067 0.095 0.921 0.950 0.965

Analysis 9.344 4.889 3.256 0.040 0.062 0.085 0.919 0.958 0.972

ε 0.018 0.154 0.207 0.061 0.082 0.099 0.001 0.008 0.008

UP 7 Simulation 33.927 20.003 13.866 0.012 0.020 0.028 0.707 0.827 0.880

Analysis 33.136 18.856 13.017 0.014 0.021 0.029 0.714 0.837 0.888

ε 0.023 0.057 0.061 0.209 0.082 0.026 0.011 0.012 0.009

Tables 3 and 4 confirms the validity of our analytical model for both IEEE 802.15.6 standard
and proposed mechanism. The analysis results of three performance parameters throughput, energy
efficiency, and delay closely match with simulation results.

5.3. Performance Comparison

In this section, we compare the performance of the proposed mechanism with IEEE 802.15.6 for
different scenarios via simulations.

5.3.1. Throughput

Figures 3 and 4 show the throughput of IEEE 802.15.6 and proposed mechanism for Scenario 1
and Scenario 2, respectively. In Figure 3, the throughput of all mechanisms decreases with the number
of nodes due to the increase in contention and channel shared among the increasing number of nodes.
For UP 7, the throughput of the proposed mechanism is improved by 1.66 to 2.08 times for varying
the number of nodes. The outstanding performance of the proposed mechanism is due to avoiding
retransmissions for higher priority nodes. The proposed mechanism avoids collisions among different
UPs by employing a differentiated ρCCATime and a proactive approach to reduce contention between
nodes with a similar UP. However, for the lower priority nodes, the proposed mechanism performs
similar to the IEEE 802.15.6 standard. The rationale behind this performance is when the backoff counter
of two different priority nodes become zero at the same time, the node with higher priority has a better
chance to access the channel while the lower priority one follows the backoff process using ABEB.
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Figure 3. Throughput comparison of IEEE 802.15.6 and proposed mechanism for different UP.
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Figure 4 shows the throughput of IEEE 802.15.6 and the proposed scheme for Scenario 2. It is
obvious from Figure 4 that a higher priority node has higher throughput as compared to a lower
priority one. For the proposed mechanism, nodes with different UPs with the same minimum CW
achieve similar throughput, which confirms that there is no collision between nodes with different UPs.
It is important to note that the throughput of UP 0 for IEEE 802.15.6 is 0.70 kbps, which means that
the node with UP 0 almost starves in the presence of all other UP nodes. However, for the proposed
mechanism, the UP 0 node has throughput 4.16 kbps. The percentage increase in the proposed
mechanism as compared to IEEE 802.15.6 for UP 0 and UP 7 is 492% and 41%, respectively. Hence, the
throughput is improved due to collision reductions among UPs and within the same UP.
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Figure 4. Throughput comparison of IEEE 802.15.6 and proposed mechanism for different UP (Scenario 2).

5.3.2. Energy Efficiency

In this section, we compare the energy efficiency (J/bit) of the proposed mechanism with that of the
IEEE 802.15.6 for different scenarios. Figure 5 shows the energy efficiency of the proposed mechanism
and IEEE 802.15 for Scenario 1. For both mechanisms, when increasing the number of nodes, the
energy efficiency increases as throughput decreases. The throughput decreases due to the increase in
the collision probability. In addition, the energy efficiency of lower UP is greater than that of higher
priority as a lower priority node receives less channel access and hence lower throughput resulting
in an increase in energy efficiency. The energy efficiency for UP 0 of IEEE 802.15.6 standard when
n = 2, 3, and 4 is equal to 0.155 µ J/bit, 0.287 µ J/bit, and 0.459 µ J/bit, respectively. However, the same
for the proposed mechanism is 0.193 µ J/bit, 0.288 µ J/bit, and 0.388 µ J/bit. Except for n = 4, IEEE
802.15.6 has slightly better energy efficiency. Furthermore, for UP 6 and 7, the proposed mechanism
has lower energy efficiency as compared to IEEE 802.15.6. This is the case as the proposed mechanism
reduces heterogeneous and homogeneous collisions.

Figure 6 shows the energy efficiency for the proposed mechanism and IEEE 802.15.6 standard for
Scenario 2. We can see from the figure that a lower priority node has higher energy efficiency, and a
higher priority node has lower energy efficiency. This is due to the fact that a lower priority node
sends fewer bits and due to the contention process. Also, we can see that the energy efficiency of every
UP in the case of the proposed mechanism is decreased as compared to the IEEE 802.15.6 standard.
For all UPs, on average, the energy efficiency decreases by 3.75 times due to collision avoidance in the
proposed mechanism.
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Figure 5. Energy efficiency comparison of IEEE 802.15.6 and proposed mechanism for different UP.
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Figure 6. Energy efficiency comparison of IEEE 802.15.6 and proposed mechanism for different UP
(Scenario 2).

5.3.3. Normalized Average Delay

In this section, we discuss results obtained for normalized average delay. Normalized average
delay is the fraction of time spent in the backoff procedure, collision, and waiting for channel to be idle.

Figure 7 shows the normalized average delay for Scenario 1. It is obvious from the figure that
with the increase in the number of nodes, the normalized average delay increases, which is due to
an increase in the contention. For UP 0 and 6, the proposed mechanism is almost similar to the IEEE
802.15.6. However, for UP 7, the normalized average delay is decreased by 0.05 to 0.1. We give more
chances to high UP nodes in the proposed mechanism to avoid collisions. Secondly, we also increase
the value of minimum CW with the number of nodes.
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Figure 7. Delay comparison of IEEE 802.15.6 and proposed mechanism for different UP.

Figure 8 shows the normalized average delay for the proposed mechanism and IEEE 802.15.6
following Scenario 2. It is important to note that for the proposed mechanism, some UPs have the
same normalized average delay because they have similar minimum CW. In addition, in the proposed
mechanism, there is no collision among/between nodes of different UPs. Also, for all UPs, the proposed
mechanism has better performance than the IEEE 802.15.6 standard.
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Figure 8. Delay comparison of IEEE 802.15.6 and proposed mechanism for different UP (Scenario 2).

The proposed mechanism outperforms the IEEE 802.15.6 standard in terms of throughput, energy
efficiency, and delay. The outstanding performance stems from the fact that the proposed mechanism
avoids collision between/among nodes with different UPs by assigning different ρCCATime. Also,
the collision between/among nodes with the same UPs is reduced by scaling minimum CW with the
number of nodes in that UP.

5.4. Effects of β on the Performance

As given in Equations (1) and (2), β ≥ 1 is a scaling factor of the backoff slots. As the value of β

increases, the performance gain decreases because more time will be wasted in the backoff. However,
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smaller values of β reduce ρCCATime and ρCSMAMACPHYTime, which may lead to a failure in
sensing the state of the channel. Thus, β can be used to tune the trade-off between performance gain
and time for sensing the state of the channel. In this research work, we did not address the trade-off
between the performance and sensing time, which will be considered part of our future work. Due to
the available facts, we suggest setting the value of β between one and three. To further investigate this
fact, we present the results in terms of throughput, energy efficiency, and normalized average delay
for different values of β.

Figure 9 shows the throughput for the value of β ranges from 1 to 8 for 3. As we know in
Scenario 3, we have a node from every UP; however, for a better presentation of the results, we show
the results in two figures. As we can see, the performance gain of the proposed scheme decreases as
we increase the value of β, but still, it is better than the IEEE 802.15.6 standard. For UP 6 and UP 7, the
throughput is equal to 8.54 kbps and 25.07 kbps for IEEE 802.15.6, and on the other hand, for these two
UPs, the throughput of the proposed mechanism for β = 1 is 23.59 kbps and 35.38 kbps, respectively,
and for β = 8 is equal to 18.08 kbps and 27.13 kbps, respectively. We can see that there is a significant
gain for both small and large values of β.
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Figure 9. Throughput comparison of IEEE 802.15.6 and proposed mechanism for different UP (Scenario 2).
(a) Throughput comparison for UP 0, 2, 4, and 6; (b) throughput comparison for UP 1, 3, 5, and 7.
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Figure 10 shows the energy efficiency of the proposed mechanism and IEEE 802.15.6 by varying the
performance parameter β. There are 8 UP nodes, thus, we split the results into two figures (i.e., Figure 10a,b).
The relative gain decreases as we increase β. However, for all UPs and smaller values of β, the proposed
mechanism has better performance. For UP 6, 7, and β = 2, the energy efficiency of the proposed
mechanism is 0.02 µ J/bit and 0.01 µ J/bit, respectively. However, IEEE 802.15.6 has the energy
efficiency 0.05 µ J/bit and 0.02 µ J/bit, which is at least 2 times greater than the proposed mechanism.
Hence, similar to the throughput, in case of energy efficiency, the proposed mechanism outperforms
IEEE 802.15.6 because in the proposed mechanism, we vary the minimum CW with the number of
nodes and avoid inter UP nodes’ collisions.
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Figure 10. Energy efficiency comparison of IEEE 802.15.6 and proposed mechanism for different UP
(Scenario 3). (a) Energy efficiency comparison for UP 0, 2, 4, and 6; (b) energy efficiency comparison for
UP 1, 3, 5, and 7.
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Figure 11 depicts the delay of the proposed mechanism and IEEE 802.15.6 standard by varying
performance parameter β. It is evident from the results that the proposed mechanism has better
performance as compared to the IEEE 802.15.6 standard in terms of delay. Figures 9–11 shows the effect
of β on throughput, energy efficiency and delay, respectively. Based on these results we recommend β

value ranges from one to three.
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Figure 11. Delay comparison of IEEE 802.15.6 and proposed mechanism for different UP (Scenario 3).
(a) Delay comparison for UP 0, 2, 4, and 6; (b) delay comparison for UP 1, 3, 5, and 7.
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6. Conclusions

In this paper, we focused on the issue of energy efficiency, throughput degradation, and network
delay due to collisions in IEEE 802.15.6-based WBAN. We categorize collisions into two categories:
collision among the same UP and collisions between different UPs. To resolve the problem, we suggested
a novel mechanism, which consists of two parts. First, we presented differentiated channel access
mechanisms by introducing different ρCCATime for different UPs, which reduce collisions between the
nodes with different UPs. Secondly, to reduce the collision between nodes of the same UP, we scaled the
minimum CW with varying number of nodes in that UP. Therefore, the proposed mechanism improves
energy efficiency, increases throughput, and reduce delay. An analytical model was derived, and to
validate its results, we compared them with simulations results. We compared the proposed mechanism
with the IEEE 802.15.6 standard to confirm its outstanding performance in terms of energy per bit,
throughput, and delay.
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