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Abstract—Internet-of-Things (loT)-enabled wireless body
area networks (WBANs) are resource-constrained in nature
(energy, bandwidth, and time-slot resources); hence, their
performance in healthcare monitoring often deteriorates
as the number of active loT devices sharing the network
increases. Consequently, improving the network efficiency of
loT-enabled WBAN systems is essential for improving health-
care monitoring. Hence, we propose an energy-efficient
multichannel hybrid medium access control (MAC) (MC-

HYMAC) protocol that combines the benefits of the CSMA/CA and TDMA protocols to improve the overall performance
of loT-enabled WBAN systems. We also proposed an adaptive power control scheme, time-slot management scheme,
channel utilization mechanism, and dynamic back-off time policy to improve the overall network efficiency. In addition,
we applied a finite-state discrete-time Markov model to determine the traffic arrival pattern and analyze the transition
states of biomedical devices to facilitate optimal decision-making for enhanced overall performance of the network.
Standard metrics, such as energy efficiency, throughput, delay, packet drop ratio, and network lifetime, were used to

evaluate and compare the existing MAC protocols.

Index Terms— Adaptive power control, channel selection, CSMA/CA, discrete-time Markov model, IEEE 802.15.4,
Internet of Things (IoT), medium access control (MAC) protocol, multichannel, TDMA, wireless body area network

(WBAN).

|. INTRODUCTION

HE advent of the Internet-of-Things (IoT) technology

has been enhancing the popularity of various wireless
systems, such as wireless body area networks (WBANSs), as a
result of its positive impacts [1]. IoT can be applied to different
domains, such as healthcare monitoring [1], structural health
monitoring [2], environmental monitoring (e.g., water quality
monitoring and weather monitoring) [3], and industry (e.g.,
manufacturing and transportation systems) [4], to create smart
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systems. For instance, integrating IoT into structural health
monitoring helps to continuously collect data from different
sensors deployed on structures (e.g., buildings, railway tracks,
and bridges). With such data, important information regarding
the current state of different structures can be extracted for
safety and maintenance purposes. Integrating IoT into water
monitoring can help to create a smart water quality monitoring
system that can assist in monitoring changes in water quality
to prevent the distribution of unclean water to consumers.
In addition, the integration of IoT in industries, such as
transportation, helps to create intelligent transportation sys-
tems that can enable transportation authorities to track vehicle
locations, predict future locations, and predict current road
traffic. Similarly, combining an IoT technology with WBAN
helps to provide cost-effective services and minimizes frequent
hospital visits. Therefore, integrating IoT technologies into
WBANS is advantageous for healthcare monitoring to improve
patients’ overall health and well-being.

An IoT-enabled WBAN is a special type of network
designed for healthcare applications and operates inde-
pendently to manage the communications between various
biomedical devices that are positioned in, on, and around
the patient’s body. IoT WBAN enables the near real-time
monitoring of patients’ health status and health diagnosis,
and also helps with patients’ information management for
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decision-making purposes. The IoT-enabled WBAN biomed-
ical devices are responsible for sensing and communicating
sensed physiological signals obtained from the patient’s body
to remote medical centers by leveraging IoT technologies.
However, because these devices are small, they have limited
resources, including limited battery power [5]. Therefore,
to manage the limited resources and prolong the lifetime of
biomedical devices, it is essential to address energy wastage,
time wastage, and channel utilization issues. It is notewor-
thy that, among the modules of the biomedical devices, the
communication module consumes more energy during data
transmission. Hence, it is essential to manage energy resources
during data transmissions through the design of an effi-
cient medium access control (MAC) protocol. In IoT-enabled
WBANS, the biomedical devices share a communication chan-
nel for health packet transmission. This shared communication
channel is typically regulated by the MAC protocol [5], [6].
This further indicates that MAC design is key to achiev-
ing an energy-efficient IoT-enabled WBAN system. Such a
system can be achieved by leveraging the optimization of
the MAC protocols to meet the system’s quality-of-service
(QoS) requirements (such as energy efficiency, low delay, high
reliability, and high throughput) using limited resources while
simultaneously maintaining high network utilization. Through
research efforts, a few solutions have been proposed to address
energy and time-slot wastage issues in WBAN using MAC
protocols [7], [8], [9], [10], [11].

Unfortunately, existing solutions are yet to fully address
these issues. Generally, most conventional WBAN MAC pro-
tocols are designed and developed to operate only on a single
channel, i.e., the biomedical devices have only one single
channel available for all communications [12], [13], [14], [15].
In such a system, determining which of the devices to access
the channel first becomes very difficult, and this could greatly
limit the data transportation capacity of the network, conse-
quently resulting in the low acceptance and productivity of the
IoT-enabled WBAN system for healthcare monitoring appli-
cations. Therefore, to address these research concerns, this
study proposes the design of an energy-efficient multichannel
hybrid MAC (MC-HYMAC) protocol combined with different
novel resource management strategies for loT-enabled WBAN
systems.

The proposed WBAN system was built on a multichannel
mechanism that employs multiple channels, i.e., one channel
is used as the control channel, the rest of the channels are
used as the data channels, and the data channels are used
by biomedical devices for transmitting health packets. Based
on the QoS requirements of IoT-enabled WBAN systems,
biomedical devices in the network are categorized into two
categories based on their health packets: category 1 and
category 2. Category 1 devices are assumed to have critical
health packets, whereas Category 2 devices are assumed to
have less-critical health packets. Critical health packets are
emergency-based data packets and are required to be delivered
in a timely manner, whereas less-critical health packets are
normal and periodic data packets. To improve the performance
and solve channel starvation issues, we devised the use of
different channels. This enables the devices in the network to

use separate channels for their communications. Using a sep-
arate channel helps to minimize collisions among the devices,
minimize delay, and improve energy efficiency and system
throughput. Furthermore, to achieve an energy-efficient and
reliable WBAN network, an adaptive power control scheme,
a time-slot management strategy, and a dynamic back-off time
policy were proposed. Also, a discrete-time Markov model
that has a finite buffering capacity for storing the arrival
requests of the devices was introduced. Therefore, to improve
the existing hybrid CSMA/CA and TDMA protocols based
on their shortcomings, such as channel utilization, energy
consumption, time slot, energy wastage, and delay issues, the
following contributions were made in this study.

An energy-efficient MC-HYMAC protocol for
IoT-enabled  WBAN systems. To improve energy
efficiency and prolong the overall network lifetime,
separate channels for the devices’ health packet
transmission and AP control signal transmission were
employed.

The integration of edge Al with IoT-enabled WBAN
system for near real-time communication.

) An efficient channel mapping mechanism for the WBAN
biomedical devices. This mechanism helps the devices
know when to transmit their health packets to minimize
issues such as collision, delay, and energy consumption
in the network.

An adaptive power control scheme to reduce energy
wastage in IoT-enabled WBAN systems.

A dynamic time-slot allocation scheme and a back-off
time scheme for the efficient utilization of the
IoT-enabled WBAN channels.

A novel strategy to minimize delay and packet drop
ratio, and increase the network lifetime and energy
efficiency without affecting the throughput of the
IoT-enabled WBAN system.

\ finite-state discrete-time Markov model to determine
the traffic arrival pattern and analyze the transition states
of the biomedical devices and the state of the channel
for decision-making purposes in order to improve the
lifetime of the network.

> remainder of this study is structured as follows.
Section I introduces this study. Section II presents a literature
review of existing MAC protocols. The system architecture,
mathematical model, channel mapping mechanism, channel
selection policy, back-off time policy, and the time-slot man-
agement scheme are presented in Section III. Section IV
presents the Markov model analysis. Section V presents
a performance analysis of the proposed system in terms
of energy consumption, throughput, and delay. The opera-
tion and description of the proposed protocol are presented
in Section VI. Section VII presents the simulation results.
Section VIII concludes this article.

[l. RELATED STUDIES
First, in this section, various research articles on
energy-efficient WBAN systems based on single-channel
MAC protocols are presented, followed by an exploration
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of WBAN systems developed on multichannel MAC proto-
cols. An example of an MAC protocol designed based on
a single channel is [11]. The authors of this study proposed
an energy-aware MAC protocol for IoT-enabled WBAN sys-
tems. They employed a transmission scheduling mechanism
to duty-cycle the operations of devices to improve the energy
efficiency of the network. However, because this protocol is
based on a single channel, more delay and energy consumption
are experienced during data transmission, owing to collisions
that cause several retransmissions (ReTs). Although the system
employed a sleep-wake-up mechanism to increase the lifetime
of the network, the problem of channel starvation experi-
enced by devices with less-critical health packets during data
transmission was not addressed. In addition, the data packets
generated by these devices are usually in large amounts,
and because they have limited channel access, most health
packets are either dropped off or lost. Consequently, the system
became unreliable. In contrast to [11], we proposed a multi-
channel WBAN protocol that uses separate channels for device
health packet transmission and AP control signal transmission.
To enhance the efficiency of the network, we proposed a
channel mapping mechanism and channel selection policy for
the devices in the network to efficiently make use of the
channels.

Zhang et al. [15] proposed an asynchronous duty
cycle mechanism to minimize collisions and energy con-
sumption of the WBAN system. However, this work
focused on a homogeneous-based WBAN system. Another
homogeneous-based WBAN system was proposed in [16]
based on the system and different energy-saving strategies,
which includes moving the major overhead transmissions to
the personal server, introducing a waiting order state, and
enabling a retransmission process at the end of all trans-
missions to reduce the waiting order time and save energy.
However, more packet transmission delays were experienced,
which reduced the overall system throughput. In contrast to
[15] and [16], we propose an MC-HYMAC protocol that can
cater to the heterogeneity of WBAN systems. In addition,
a channel mapping mechanism, channel selection policy, and
dynamic time slot allocation scheme were proposed to enhance
the overall performance of the system.

Sun et al. [17] proposed a priority-based MAC protocol to
improve the efficiency of the WBAN systems. The devices in
the network are prioritized based on their degree of impor-
tance, timeout conditions, remaining energy, and sampling
rate. The total number of device time slots and conflicting
time slots was adjusted to improve the average packet delivery
rate. In addition, a time-slot allocation algorithm was proposed
based on a greedy strategy to improve network performance.
The algorithm assigns a guaranteed time slot to devices with
high priorities.

Thirumoorthy et al. [18] proposed an energy-efficient dis-
tributed queuing MAC protocol for WBANs. The system
employed a distributed queuing technique to enhance radio
channel utilization. In contrast to [17] and [18], we propose a
multichannel MAC protocol to improve the energy efficiency
of IoT-enabled WBAN systems. In addition, different resource
management strategies have been proposed to efficiently utilize

limited WBAN resources, such as energy, time slot, and
bandwidth. For instance, we proposed an adaptive power
control scheme to prevent energy wastage, a channel mapping
mechanism, a channel selection policy for efficient channel
utilization, and a dynamic time-slot allocation scheme to
prevent time-slot wastage.

Employing a single-channel MAC protocol may not be effi-
cient in addressing issues such as energy wastage, delays, and
collisions in WBANSs. Thus, we reviewed relevant research that
employed multichannel MAC protocols to improve WBAN
systems. In this direction, Cho et al. [19] proposed a single
radio multichannel MAC protocol to improve the energy effi-
ciency and reliability of the system, and minimize delay using
a data aggregation technique. However, the data aggregation
technology is only suitable for homogeneous WBAN systems.

Another multichannel MAC protocol was proposed in [20]
to mitigate interference and minimize delays in WBANS.
A channel mapping technique was employed to determine
the channel availability to improve the performance of the
system. However, the back-off time policy, power control, and
time-slot allocation mechanisms were not considered. More-
over, the transition states of the devices were not analyzed.

Kirbas et al. [21] designed a multichannel MAC protocol
to improve the energy efficiency of WBANs. To achieve
this, a collision prevention technique was employed to reduce
the device contention period, thereby minimizing the delay.
In this study, several devices acted as hubs to aggregate
demand. However, updating the real-time information of
devices increases their energy consumption, which, in turn,
affects network lifetime. In addition, channel mapping and
selection mechanisms were not considered, resulting in a high
delay in determining which device would access the channel
first. In addition, the MAC protocol was designed only for
homogeneous WBAN.

A multichannel TDMA-based MAC protocol was proposed
in [22] to address the energy consumption issue. A channel-
mapping technique was employed to analyze the states of the
channel to prevent collisions. In addition, a collision avoidance
mechanism was proposed to mitigate interference and enhance
the efficiency of the system. Nevertheless, the power control
and allocation scheme, back-off time policy, and time-slot
management scheme were not considered; thus, the likelihood
of energy wastage and shortened lifespan of the devices would
occur in this network.

A time-sharing multichannel MAC protocol based on the
TDMA scheme for WBAN systems was proposed [23]. In this
study, the authors considered a channel selection strategy
to mitigate inference, reduce delay, and improve the energy
efficiency of the system. Each device in the network was allo-
cated a time slot and channel for data transmission. However,
because the protocol was not designed for a single WBAN, the
likelihood of collisions was high because a collision-avoidance
mechanism was not considered. In addition, methods to effi-
ciently utilize the limited power resources of the WBAN
system to avoid energy wastage were not considered.

Rasheed et al. [24] proposed a modified superframe struc-
ture (MSS-IEEE 802.15.4) based on the IEEE 802.15.4 stan-
dard to address energy consumption and delay problems.
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A priority-based CSMA/CA mechanism was employed, and
different priorities were allocated to the nodes by adjusting
their data size and data type.

Unlike previous studies (e.g., [19], [20], [21], [22], [23],
and [24]), we propose a heterogeneous-based MC-HYMAC
protocol that combines the benefits of the IEEE 802.15.4 stan-
dard, CSMA/CA, and TDMA schemes to prevent collisions
and allocate time slots according to the priority of the devices.
To effectively and efficiently utilize WBAN-limited resources,
we propose novel resource management strategies, such as an
adaptive power control and allocation mechanism, a channel
selection scheme, and a dynamic back-off time policy. In addi-
tion, we employ a finite-state discrete-time Markov model
to analyze the device transition states and channel states for
accurate decision-making. Based on this model, the probability
of moving from one state to another is determined by summing
all transition probabilities and their frequencies.

[1l. PROPOSED METHOD

In this section, we present the proposed MC-HYMAC
system architecture, mathematical model, channel mapping
mechanism, channel modeling, back-off time policy, and the
time-slot management scheme in the following.

A. System Architecture

Herein, we propose an MC-HYMAC system consisting of
A WBANSs and B biomedical devices that transmit their health
packets in N different channels. For each WBAN, we assume
a heterogeneous scenario, in which the network consists of
different types of devices with different roles and capabilities.
Some devices act as ordinary biomedical sensor nodes that
can only collect and send health data to an access point
(AP) that can perform edge Al tasks. Consequently, all the
computational overhead and energy consumption that the edge
Al would have introduced to individual biomedical devices
based on complex tasks related to data collection, processing,
analysis, and decision-making were moved to the AP side.
In general, the AP acts as a coordinator and local processor.
It collects all the sensed health information from biomedical
devices through IoT communication technology and stores it
temporarily in its buffer. However, to minimize the delays
associated with the time spent by the AP in providing services
to the devices and considering the time-sensitive nature of
the devices, we proposed an edge Al system with mobile
edge computing (MEC) device. MEC is a computing paradigm
that enables computations at the network edge. It has various
advantages, such as low energy consumption, low delay, and
high quality of service.

Consequently, we shifted the major computations of the AP
to the MEC to reduce the computational time and power of
the overall network. MEC has large computational resources,
handles computations faster, and is more efficient than the AP.
The MEC is deployed at the base station to provide real-time
computing services to the WBAN devices. The AP serves as
an intermediary between the MEC and devices. Therefore, the
MEC forwards the processed health information of the devices
to the cloud server and from the cloud server to the hospital
server for timely and accurate decision-making [25]. Fig. 1

Cloud server

A

Base station with MEC device

Data analyst

Fig. 1. Proposed MC-HYMAC architecture with MEC.

presents the system architecture of the proposed MC-HYMAC
system.

B. System Model

In each WBAN, one channel is dedicated to the AP for
sending control signals, such as the distribution of channels
and time slots. Biomedical devices use the remaining chan-
nels for health packet transmissions. Biomedical devices are
assumed to have two types of health packets: critical and
less critical. The critical and less-critical health packets are
dynamically grouped into category 1 (C;) and category 2
(C»), respectively, based on their data type, payload size,
and priority. The critical health packets are emergency-based
data that need urgent attention, while the less-critical health
packets are normal health data. We assumed that not all the
devices in the network have data to send. Therefore, (C,)
devices that have data to send would contend for transmission
opportunities using the CSMA/CA protocol. For critical health
packet generation, the devices will send an emergency beacon
message to the MEC through the AP without contention since
they are delay-intolerant. In addition, if the control channel
is free and has no available data channels, then the control
channels can be used by biomedical devices with critical
health packets to transmit their data. The modeling of the
proposed MC-HYMAC protocol is based on the following
assumptions. In each WBAN, one channel is dedicated to the
AP to send control signals, such as the distribution of channels
and time slots, while the biomedical devices use the remaining
channels for health packet transmissions. Biomedical devices
are assumed to have two types of health packets: critical and
less critical. The critical and less-critical health packets were
dynamically grouped into category 1 (C;) and category 2
(C»), respectively, based on their data type, payload size,
and priority. Critical health packets are emergency-based data
requiring urgent attention, while the less-critical health packets
are normal health data. We assumed that not all the devices
in the network have data to send. Therefore, (C,) devices that
have data to send would contend for transmission opportuni-
ties using the CSMA/CA protocol. For critical health packet
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generation, the devices send an emergency beacon message
to the MEC through the AP without contention because they
are delay-intolerant. In addition, if the control channel is
free and has no available data channels, then the control
channels can be used by biomedical devices with critical health
packets to transmit their data. The modeling of the proposed
MC-HYMAC protocol is based on the following assumptions.

1) A sense-and-send approach was used.

2) The traffic arrival follows a Poisson process.

3) The devices in the network are assumed to have a fixed
power level for a particular state, but, then, different
power levels are used across the different states.

4) The devices are assumed to perform two types of oper-
ations including the transmission of health packets to
the MEC through the AP and the reception of control
commands from the MEC through the AP.

C. Mathematical Model

In the proposed MC-HYMAC protocol, the total number of
WBANS is modeled as a set of A = {ay, as, ..., aa}, the total
number of biomedical devices is modeled as a set of B =
{by, by, ..., bp}, and the total number of channels is modeled
as CH = {chy, chy, ..., chcy}. Consequently, all the APs in
all the WBANSs transmit the control signal from the MEC to
the biomedical devices using the first channel, denoted by a
set of CH, and the remaining CH—1 channels are allocated to
the WBANSs biomedical devices for communication. Following
this, suppose that, out of the CH total channels in the network,
‘R channels are dedicated to a WBAN; therefore, the first R
channel is used by the AP to send the control signals, whereas
the remaining R—1 channels are used as data channels by
biomedical devices with C; and C,. The devices with C; are
modeled as D = {dy,d»,...,dp} V d € B, and the devices
with C, are modeled as G = {g1, g2,..., 86} Vg€ B.In a
WBAN, only devices that have data to send are allocated
channels, whereas others switch to sleep mode to save energy.
Moreover, resources are allocated to the devices based on their
priorities (¢) using the following equation:

y >\r P]en

where dr is the data type, A, is the rate at which the traffic
is generated, and Py, is the length of the packet.

% (D

D. MC-HYMAC Channel Access Mechanism

A channel access mechanism is used to divide the available
WBAN channels between the WBAN devices and AP by
regulating the channels used. The C; and C, channel access
mechanisms are shown in Figs. 2 and 3, respectively.

1) Channel Mapping Mechanism: In this study, we propose
a channel-mapping policy with which WBANs’ biomedical
devices access the channel based on the availability of the
channels. Recall that, in a WBAN, the first /R channel is
used as the control channel, whereas the R—1 channels
are used as data channels. Therefore, we denote when a
WBAN device gains access to the channel as 1 and when a
WBAN device fails to access the channel as 0. Consequently,
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Fig. 2. Critical channel access mechanism.
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Fig. 3. Less-critical health packet channel access mechanism.

the channel-mapping matrix for accessing the channels is
expressed as

17
a;’y = [ 0’
(2)

Assuming that WBAN a, and a,; simultaneously transmit
their packets using the same frequency spectrum, interference
would occur. The interference matrix is modeled as

if a, accessed ch,
.ax i Y VxeAVYyeCH.
if a, failed to access ch,

if a, interferes with a
. X . x+1 . Ve A
if a, does not interfere with a4

3)

In the proposed protocol, 1 denotes the possibility that
two WBANSs interfere with one another, and 0 denotes the
possibility of no interference. However, the focus of this study
is not on interference mitigation but on improving energy
efficiency and throughput, prolonging the network lifetime,
and minimizing delay and packet drop ratio.

2) Channel Selection Policy: In the proposed MC-HYMAC
protocol, we assumed there are nine channels. Each channel
is allocated a sequence number that ranges from 1 to 9. For
each WBAN, before any communication commences, the AP
checks the channels to determine free channels and creates a
list of channel states. We assume that 11 in the list denotes
that the referenced channel is available, whereas 00 denotes
that the reference channel is unavailable, as shown in Fig. 4.
Therefore, among the free channels, the AP selects a channel
that is not occupied as the control channel, and all the devices
listen to the channel for an incoming control command. It is
important to note that other available channels can also be
used as communication channels. The devices with C, health
packets to transmit employ the CSMA/CA scheme to obtain
contention allocations for the transmission of their health
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WBAN 1 WEAN 2 WEAN 3 time, the higher the possibility of contending for a channel.

However, a short back-off time increases the number of ReTs;

Channel therefore, an efficient back-off time scheme is required. The
number| 1 2 3 4 5 [i] 7 8 9

-

>
Frequency

channel channel 1 channel 2

Fig. 4. Channel plane of multichannel in the MC-HYMAC protocol.

information (H-Info). H-Info does not contain the payload (i.e.,
actual intended health data). Consequently, after each channel
is allocated to a device, the AP updates the channel list to
prevent collisions [26].

E. Channel Modeling

In this section, we mathematically model the effect of the
communication channel used to propagate generated health
data from the patient’s body to the AP. To achieve this,
in the proposed system, we considered the effects of path loss,
shadowing, fading, and power decay in a WBAN setting when
modeling the WBAN communication channel. We consider
the characteristics of WBAN communication channel path
loss, which includes a distance-dependent path loss model
with a path loss exponent of the considered communication
environment and a small-scale fading effect modeled using a
Rayleigh fading model. We modeled the path loss between a
biomedical device and the AP using the empirical power decay
law [26] as follows:

d
Ps (dB) =Py, + 10 nlog, - )
o

where P, represents the path, P, denotes the distance, and
n denotes the path-loss exponent. In general, the shadowing
effect is introduced in the communication channel as a result
of human body variation based on the environment. Therefore,
combining shadowing with (4) gives a total path loss, which
is modeled as

P =Pa+ Sy (5)

where S, represents the shadowing factor.

F. Back-Off Time Policy

To prolong the lifetime of the network and minimize
energy consumption and delay, the benefits of IEEE 802.15.4,
TDMA, and CSMA/CA protocols were combined in this study.
We employed the IEEE 802.15.4 standard due to its potential
to provide solutions for low-rate low-power wireless networks,
such as WBANs. The TDMA scheme was used to allocate
time slots to the devices. The CSMA/CA scheme is employed
as a collision avoidance scheme to prevent repeated periodic
collisions. After a collision occurs in the CAP, the devices
perform a random back-off and contend to access the channel
again. The back-off time determines the possibility of the
devices gaining access to the channel. The shorter the back-off

conventional back-off schemes adopt an exponential back-
off method. In this case, if a device transmits when the
channel is busy, it performs a random back-off process by
selecting from interval (0, CW). The contention, denoted
by CW(2® — 1), depends on the number of failed health
packet transmissions, and the back-off exponent, denoted by
8, is set to a minimum of 3. For the first packet transmission
attempt in a WBAN, the devices CW are set to a minimum
value denoted by CWyN, whereas, in the case of a failed
transmission, CW is doubled to a maximum value denoted by
CWumax(2® x CWwmn). Therefore, the back-off time counter
decreases when the channel is idle. Moreover, the devices back
off immediately after transmission is sensed on the channel
and then retransmit the packets again when the channel is
idle until the back-off time is 0. Thus, the probability of
collision is reduced. However, the devices would have to
back off several times to achieve successful transmission.
Consequently, we propose a new back-off time method for
devices by setting a threshold for the contention value (CWy,).
Assume that the bit error rate is 0. Then, CWy, is expressed
as

1
CWy = 3 (CWun + CWhiax). 6)

A WBAN is configured to have a maximum value of § =
5 based on the IEEE 802.15.4 standard, which allows five
back-off slots ranging from 0 to 31, i.e., 0-1, 0-15, 0-31, 0—
31, and 0-31 [27]. This implies that the proposed back-off
algorithm allows devices to contend five times for a channel.
Suppose that the back-off time is uniformly distributed; then,
the optimal time for accessing the channel is computed. For
example, in the proposed protocol, § is a random value
ranging from O > 5. Therefore, the back-off time slot and
the mean value of the back-off time (Col) are expressed
as

CW=2"—1 (7)

1 a
E|Col| = a—HZm. (8)
m=0

Let us assume that, in a WBAN, we averaged three colli-
sions, and then, a is determined

a=2-1=2-1=7. 9)
Substituting (9) in (8) gives

a 7
1 1
ECI:—E =—EOl...7
|Col| a+1m:0m 7+1m:0(+ +...+7)

(10)
Y

With respect to the optimal value given in (8), CWy, is the
corresponding back-off time slot. It is important to mention
that the C; devices have less delay than the C, devices
during transmission. The back-off scheme is presented in
Algorithm 1.

.. E|Col| = E3) ~ 3.
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Algorithm 1 Proposed MC-HYMAC Back-Off Time Scheme

Algorithm 2 Time-Slot Management Scheme

Require: = Biomedical devices that have data packet to transmit,
back-off time-slot, §, CW, CWax, CWyrn, CWyy
Ensure: MINs =3, MAXs =5
1: locate the boundary slot
2: check channel state
3: if channel is idle then
4: perform clear channel assessment (CCA)
5: else channel state is busy
6: assign § =3
7 back-off using CW 1w
8: check channel state
9: end if
10: if channel state is still busy then
11: back-off using CWjyrax
12: assign § =5
13: reset CW with a default value of 2
14: back-off again
15: wait for acknowledgment (ack)
16: end if
17: if channel state is idle then
18: decrease CW by 1 until it reaches 0
19: end if
20: if a, access the channel chy successfully then
21: assign 1 using (2)
22: else set back-off time as CW sy
23: end if
24: if a, failed to access chy then
25: assign 0 using (2)
26: go to step 2 and step 3
27: repeat until channel contention is successful
28: end if

G. Time-Slot Management Scheme

In the proposed MC-HYMAC protocol, we consider
a heterogeneous-based WBAN system, in which WBAN
biomedical devices have different priorities, data types, and
data rates. The data rates of the devices usually vary from
one device to another. For instance, a blood pressure sensor
has 1.92 kb/s, an electrocardiography (ECG) sensor 192 kb/s,
an electromyography (EMG) sensor 1536 kb/s, and a tem-
perature sensor 1 kb/s. MEC allocates slots to the devices
based on their data rate [28]. The MEC computes the num-
ber of slots to be allocated to each device and sends the
details of the computations to the AP to avoid time-slot
wastage

Dy 12

¢ = 3, (12)

Cffr= (13)
50 fr/sec

Soum = [51 (14)
w
where D,, ¢, S;, ¢/fr, Sum, and @ denote the data rate, the
number of symbols, the length of symbols, the number of
symbols per frame, the number of slots, and the number of
symbols per slot, respectively. Therefore, based on (12)—(14),
the MEC assigns a time slot to each WBAN device through
the AP. For example, two slots are allocated to an EEG sensor
device, and one slot is allocated to the pulse rate device.
Thereafter, the AP stores the time-slot values for each device
in the form of an array. In the case of C; detection, the device

Require: {d{,d>,...,dp} with Cy, {g1, g2, ..., &g} with C»
Ensure: ¢, D;, Sy, ¢, ¢/fr, Snum, @
1: for each d in C; do:
2: use (1) to calculate their ¢
3 compute ¢, ¢/fr using (12) and (13)
4 compute an optimal time-slot using (14)
5: AP store time-slot values V d € D
6: end for
7: for each g in C do
8 use (1) to calculate their ¢
9: compute ¢, ¢/fr using (12) and (13)

10: compute an optimal time-slot using (14)
11: AP store time-slot values V g € G
12: end for

Fig. 5. Proposed MC-HYMAC state transition diagram.

with C; is assumed to have a higher priority based on (1),
and the MEC assigns a time slot through the AP. We assume
that the devices with C, have low priority and are assigned a
CAP slot. The time-slot management scheme is presented in
Algorithm 2.

IV. MARKOV ANALYSIS
To determine the different states of biomedical devices,
we propose a discrete-time finite-state Markov model. Based
on this model, the following holds.
1) Control and data requests arrive independently at their
respective destinations.
2) The devices have the capacity to store a finite number
of health packets.
3) The biomedical devices cannot transmit health packets
to the AP and receive control packets/signals from the
AP, simultaneously.
4) Ineach WBAN, the devices in the network have different
transmission probabilities based on their priority class.
5) The proposed system supports an ReT process and is
regarded as a truncated Poisson distribution process.

The proposed Markov model has a finite number of states that
denote different statuses of a device. The devices can change
their status at any time in correspondence with the transitions
between all possible states.

A. Discrete-Time Markov Chain

In the proposed model, the states of the devices are modeled,
and all possible transitions and their probabilities are iden-
tified. The proposed Markov model with different transition
probabilities and the transition states based on the time interval
are presented in Figs. 5 and 6, respectively.

Based on the Markov property, the future states depend only
on the present state and not on the past, that is, the past state
does not have anything to do with how a state gets to its present
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t=n-1

t=1

Fig. 6. Different transition states versus time intervals (t).

state or future predictions [29]. However, the past state could
be helpful in determining future states more accurately.

Let the discrete time be represented as n such that n =
0,1,2,3,...,00. The arrival requests are modeled using the
Bernoulli distribution process and are denoted as p, whereas
the service time is represented as g and follows a geometric
distribution. Thus, we represent the system state as X, where
n is the number of transitions or time. Assuming that X is
the starting state of the system, X, can be assumed to be a
given or random variable. As a consequence, the probability
of transitioning from one state to another and the probability
of arriving at state j after n 4 1 transitions V past transitions
are modeled in (15) and (16), respectively, while the state
transition matrix is shown as

pii=PXps1 = j1Xa=i) ¥Yn=01,273... (5
pij =PXur1 = jlXy =0, PXy1 =i — 1)
PXp2=i—-2),..., XVt >0,i,j,i—1,...€8

0 1 2 3

(16)

0 [ poo por P2 Po
I | po pu pr2 Pi
2 P20 P21 P2 P23
P® =3 P30 P31 P2 D33 (I

In (15) and (16), p;; denotes the discrete-time transition
probability function where i is the source state and j is the
final or destination state, while S = {SOC"CZ, S]C"CZ, SZC"CZ,
S3C"C2, Sf"cz} is a set of finite sample spaces [30]. Here, SOC"C2
is the sleep state, SIC 1€ s the idle state, SZC €2 i the active
state, S3C €2 s the receive state, and S4C 1:€2 is the transmit state.

Following this, the possible state of transitions are modeled as

Poo=(1—p)p (18)
Po=0-q)p (19)
Po=(1—p)yq (20)
Pyy= (10— p)1—¢q)+ pg (21)
[l =P X1 = jlXo = ). (22)

where X, denotes the final state after n iterations, and
X denotes the initial state. Moreover, there could be several
transitioning states between i and j; thus, to find the final state
J, the state before the final state must be identified first, which
is modeled as

ifi=j

o)L

Yoolo, ifis
It is noteworthy to mention here that the number of transitions
involved in getting to the n — 1¢h state is insignificant and the
system starts from the initial state Xy and not the n — 1th
state. Following this, the probability of one step transition is
modeled as

Vi jes. (23)

fy="Pij. (24)

Therefore, the probability of going back to its own state is
expressed as

fii=1.

Based on the law of total probability, we modeled the n-step
transition as

P(Xn-H :J|X0=l):7D(Xn=J|X0:l) Vn:f;yl)
(26)

(25)

Moreover, the final state can be computed once a state n — 1 is
reached, and this is also known as a recursion equation and is
modeled as

r

-1 .
i’j:Zfi(: )Pej Vi,j €8

e=i

27)

where the start or initial state is denoted by Xo =i after f};
transition numbers. Consequently, the final state, denoted by
X, = Jj, can be calculated. The random initial state and the
sum of all the transition states after the first state are modeled
as
,
PXy=j)=D PXo=1i) f} (28)
i=1

r

=2V Py Vi es.

i=1

(29)

The probability of the transition state for n number of transi-
tions is modeled as

r

=X P Yam0n2

e=1

(30)

Furthermore, to determine the probability that a Markov chain
after n number of transitions with some initial state X7,
converge to a steady state 7; can be modeled by taking the
lim,,_, o, of both sides in (30) to form (31) [24] as

n—oo J n—oo

lim f/= lim » £V Py ¥n=0123,... (3D
e=1
Thus, from (31), we derive

7= Py Y (32)
e=0
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where 7 denotes the frequency of the transition from all
possible states in the system to the final state j. From Fig. 3,
it can be deduced that the steady-state transition probability of
any state can be determined by changing j’s value such that
71 Pao, T2 Pag, and 3Py are some of the transition frequencies
to state 0, whereas the sum of the transition frequencies to state
0 is modeled as

mo= > M Pu ¥Yn=0123...
u=0

(33)

V. PERFORMANCE ANALYSIS OF THE
PROPOSED SYSTEM
In this section, we analyze the proposed system based on
the energy consumption of the devices and the time spent by
the devices to transmit health packets and delays. In addition,
we presented an adaptive power control and allocation scheme.
This is described in detail in the following.

A. Energy Consumption and Time Analysis

In practice, energy consumption is related to the device’s
behavior. A network with less busy traffic has lower energy
consumption compared to a network with busy traffic. First,
we present the total time spent when the channel is busy in
a WBAN for devices with C; and C,. We assume that the
total numbers of devices that have C; and C, to transmit are
denoted as k and h, respectively, Vk € D and V h € G,
respectively. The average arrival times of devices with C; and
C, are denoted by Ty = (1/N)r and T3 = (1/Mr,
respectively. We assume that, during the first CCA, the channel
is busy when other devices transmit their health packets. Thus,
let kr represent the total number of health packets that are
served when the channel is busy and is modeled [24] as

1

kr = —.
T=1o,0

(34)
The total time spent when the channel is busy (n°!) is modeled
as
1
nC = /\—(Tvi1 + T8 + 18 + 218 +21S + Tgl) (35)
.
where Tvg‘, TBC ' TSC ' TRCT‘, TCC ', and Tg ' represent the wake-
up time, the back-off time when the channel is busy, the
startup time from SIC1 to S, the random waiting time to
receive an acknowledgment (ack) message, the control packet
transmission time, and the data transmission time. The time
interval in which k£ — 1 devices spent in the channel is modeled
as

TS = (k— DT
x (T + TS+ TS +21G +218 + 75
x(1—1) (36)

where 7' and © denote the total time spent in the channel
and the probability of packet loss, respectively. Consequently,
the total time spent by a device with C; traffic in each state
is modeled as

TOTOATO R T AT AT Vd € D 6

where ’]}f‘ is the time spent in the sleep state, which includes
the wake-up time; Ts?l is the time spent in the idle state, which
includes the random waiting time; Tsfl is the time spent in the
active state, which includes the back-off time 2nd the CCA
time; TSS‘ is the time spent in the receiving stic. ‘or receiving
control packets from the MEC through the AP; and ’]}f‘ is
the time spent in the transmission state, which includes the
startup time, the data transmission time, the beacon time, and
the acknowledgment time. Thus, the total power spent by a
device in each state is modeled as

P =Pg (150) + P (1) + P (7))
+Pg(15)) + PS5 (T5)) vd e D (39)

The average energy consumed by devices with C; (£©) is
modeled as

£ = (P! (A — (T + T8 + 271G + 278 + T,
5+ Tyeon9) ) + PETS + P T
+PS (T + 21 +278) + PEATEANG) [ A

+ 551 (¢Cl Tbi;con + TBC]) (39)
i pC pCi ol

where Pg', Pg', Pg,', and Pce, represent the power con-
sumption in the idle state, the receive state, the transmission
state, and CCA, respectively. In addition, ¢!, Tbiécon, ché A
Ar, and N&., represent the probability that the channel
is busy, the time taken to transmit a beacon message, the
CCA transmission time, the average arrival time, and the
total number of CCA until the health packet is transmitted
successfully to the destination, respectively. The CCA was
assumed to have a maximum number of 2.

For the devices with C,, we denoted the number of health
packets that are served when the channel is busy as A7 and is
modeled as

1

hy = ———.
T 1_7/]C2

(40)

Therefore, the total time spent by the C, devices when the
channel is busy 1< is modeled as

1
nCz (TSC2 + TCz

C C
= )\_ beacon T 2TRT2 + 2TC ’
T

TGN+ TS + TG+ T+ T0™) (D)

where TPC2 and Taséb are the propagation and average arrival

times between the two beacons, respectively. Following this,
the total time and power spent by a device with C, traffic in
each state are modeled and (43) as
IO =TI IO IO TS Ve €
C, G (C G (rC
S =Pg(157) + P (757)
+ P (1) + P (152) + P (157) e € g
(43)

(42)
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The average energy consumed by the devices with C, (£€?) in
the receive state, transmit state, and during the back-off period
is modeled as

EC =ER + &5 +E50 +E5” (44)

where ng denotes the energy consumed during the idle state,
startup, back-off, CCA, data transmission, and average beacon
arrival time. Egz is the energy spent during back-off, ESC; is
the energy spent in the receiving st and £ SCA * is the energy
consumed in the transmission state. Therefore, ng, 552, 5;2,
and Escf are expressed as

£ =P5 (= (157 + Tn + T8
F TS+ TG+ T56) )
¢ =P (1) &

From (45) to (48), we derive (49), which is the average
energy consumed by the C, devices

£ = (P§ (Ar = (T + Tin + T

15009)) + (P TS
+ (PE TG ™) + (PETE 4200 +2787)
+ (PSCngz)) / Ar

where T is the extra time spent transmitting the beacon.
Furthermore, we optimize the time spent by the devices in
each state by setting a time constraint (¢) to assign different
time to a biomedical device in the different states, i.e., S
= (§5rC, §C g gEC gChOY ysing the following
equation:

+ Tp" + Tk

(49)

th =ts, + s, + 15, + 15, + 15, =1 (50)

where fg,, ts,, ts,. ts,, and tg, are the total time spent during
the sleep, idle, active, receive, and transmit states, respectively.
The power spent by the devices in each state is optimized by
computing a power resource allocation solution to optimally
assign power to devices. Therefore, we present an adaptive-
based power-resource allocation scheme in Algorithm 3.

B. Delay Analysis
We employ an M/M/1 queuing model [29] to formulate the

average delay (Dacv‘g) experienced during C; transmission. The

D, is modeled as

A2 Var(S)

2(1=p)

(s + T + (151 + 21 +278)) 5

DC1 =¢TBCI +

avg

where the utilization is p = (\,/u), the mean service time
distribution (S) is 4 = (1/S), and the variance of the service

Algorithm 3 Adaptive Power Control Scheme

Require: D = {d|,ds,...,dp}, G = {g1.82,---,8G} th =
{t1, 12, 13, 14}
. Cl,éz C1,C2 C1,C2 C1,C2 C1,C C1.Cy .
Ensure: Pso ,’PSI ,7352 ’PS3 ,7734 1 PSz is the

power spent during the active state
1: for each d with C; do:

2: set a time constraint using (45)

3: find an optimal power allocation for SOC I'st.0< tsy <
1 and Ppin < Pg! < PnarVd € S5

4: calculate an optimal power allocation for Slcl stt. 0 <
ts; <1 and Ppin < Pgl < Ppav,¥d € Si*

5: find an optimal power allocation for Szc lst.0< ts, <
1 and Ppin < P <Ppar.Vd € S

6: determine an optimal power allocation for S3C st 0<
ts; <1 and Ppiy < Pg! < Ppar,Vd € S5

7: calculate an optimal power allocation for S4Cl st. 0 <

ts; <1 and Ppiy < Pgl < Puar,Vd € S
8: end for
9: for each g with C» do:

10: set a time constraint using (45)

11: find an optimal power allocation for SOC 25t.0< sy <
1 and Ppiy < Pg2 < Par,Vd € S5°

12: determine an optimal power allocation for Slc2 s.t. 0 <
ts; < 1and Ppin < P52 < Ppax.Vd € Si°

13: calculate an optimal power allocation for SQC Zst.0<
ts, <1 and Pyin < P;’;z < Ppax,Vd € SZC2

14: find an optimal power allocation for S_,)C 2st.0< g, <
1and Ppin < Pg? < Pax.Vd € S5°

15: get an optimal power allocation for S4C2 st.0<tg <
1and Ppin < P§> < Puax.Vd € 8,7

16: end for

time is Var(S). For the C, transmission, the average delay is
modeled in (52) as

DS, = o(T5 + TG0+ TG) + (157 + 2155 +275°).
(52)

VI. PROTOCOL DESCRIPTION

Several standards, including IEEE 802.15.6 [31], ESTI
SmartBAN [32], and IEEE 802.15.4 [33], have been used
to cater to different WBAN requirements and applications.
These standards were designed to address specific require-
ments and use cases of wireless communication systems.
The IEEE 802.15.6 focuses on WBANSs, whereas ETSI
SmartBAN is tailored for medical device communication.
The IEEE 802.15.4 standard was designed for devices that
require low-cost and low-data-rate connectivity. Among these
three wireless communication standards, IEEE 802.15.4 is
regarded as the most fully developed short-range standard
with a wide range of applications for WBANs in health-
care [34]. Moreover, to address the constraints posed by
energy scarcity and processing power of biomedical devices,
the IEEE 802.15.4 standard incorporates suitable physical

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829


latdo
Sticky Note
Please, kingly help to change "receiving state" to "receive state"


830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

880

881

882

883

884

885

886

OLATINWO et al.: ENERGY-EFFICIENT MC-HYMAC PROTOCOL FOR IoT-ENABLED WBAN SYSTEMS 1

and MAC layers for battery-operated devices. In addition,
IEEE 802.15.4 supports the design of mechanisms such
as time-slotted access and multichannel communication to
improve the performance of WBAN [34].

In this work, based on the IEEE 802.15.4 [35] standard for
WBAN, we proposed a new hybrid CSMA/CA and TDMA
protocol different from [11], [15], [16], [17], [18], [19], [20],
[21], [22], [36], [37], [38], [39], [40], and [41] to address dif-
ferent shortcomings, such as channel utilization issue, energy
consumption issue, time slot and energy wastage issues, and
delay issue, in the existing MAC protocols. The proposed
protocol consists of four phases, namely, the contention access
phase (CAP), the contention free phase (CFP), the extended
access phase (EAP), and the inactive phase (IP). We introduced
an EAP for the transmission of C;. In addition, the proposed
MC-HYMAC protocol operates in beacon-enabled mode, and
we assumed that the major operation of the devices is to trans-
mit their health packets to the AP. The superframe structure
of the system starts with a beacon message from the AP; it
has the address of the AP and the devices at the start and end
of the phases.

At the beginning of a cycle, all devices in the network
are assumed to be in the sleep state, waiting for a ready-
to-receive (RTR) beacon message from the AP. We employ
a wake-up radio to switch the devices on and off [42],
[43] to enhance the energy efficiency of the system. The
wake-up radio operates by switching on the main radio of
the device when an incoming signal is sensed. Consequently,
the devices promptly switched to the active state. During the
CAP, the devices with C, that has health packets to trans-
mit would contend to transmit their H-Info by applying the
CSMA/CA scheme using their own CW. Every successfully
contended H-Info has its own unique information, including
the device ID that will be used during transmission. After the
AP successfully receives the H-Info, a total acknowledgment
(T-ack) message is sent. The T-ack message has the channel
number allocated to the devices, the transmission order, and
the GTS. It is sent at the end of the CAP instead of after each
received C, to reduce the device waiting time delay and save
energy.

When C; is generated, the device with C; sends an emer-
gency information (E-Info) to the AP without any contention.
The AP sends a T-ack message to the devices upon reception
of the E-Info. The T-ack message has a transmission order
and specific time slot that would be used during the EAP. The
transmission of E-Info is performed using the EAP, so as not to
interfere with the C; transmission. The superframe structure of
the proposed protocol is presented in Fig. 7, where the beacon
interval is BI = aBaseSuperframDuration x 2B° and the
supframe duration is SD = BaseSuperframDuration x 25°. The
operation of the proposed MC-HYMAC scheme is presented
in Algorithm 4.

A queuing order Qe State is introduced for efficient
transmission and energy conservation. In this state, only the
synchronous clock of the devices is allowed to work, whereas
all other operations are stopped. The devices were assumed
to enter the Qqer State based on their priority. An M/M/1

Algorithm 4 Proposed MC-HYMAC Operation Scheme

Require: C; and C; ready to transmit
Ensure: back-off time, S, CW;j

1: for the beginning of a cycle do

2: AP send RTR to the devices

3: C, devices start the CAP to send H-Info

4: use the Chy for the CAP

5: apply the CSMA/CA scheme

6: for C, successful contended devices (o) do

7: AP send a T-ack at the end of the CAP

8: check the channel status using algorithm 1

9: assign a Qurger Y0 €G

10: allocate time-slot in the CFP using algorithm 2
11: transmit C to the AP and send an end beacon
12: AP send an O-ack V successfully received C;

13: end for
14: if a Cy is detected then

15: send E-Info to the AP using the TDMA scheme

16: AP transmit T-ack

17: check the channel status using algorithm 1

18: assign a Qorger Yd € D

19: allocate a time-slot in the EAP using algorithm 2

20: transmit C to the AP and send an end beacon

21: AP send an O-ack V successfully received C

22: else

23: go back to step 3

24: end if

25: for each failed transmission do

26: remain in the Q,rq4er state until the end of all the
transmission process

27: send a ReT beacon to the AP

28: repeat step 8 to 11 until an O-ack is received

29: end for

30: end for

queuing model is employed by using the first-in—first-out
(F/1/F/O) approach to model the arrival and service rates of
the devices. Devices in the Qe State can only be activated
to another active state with the device ID and their active
beacons. In addition, the devices transmit their packets using a
TDMA scheme, and at the end of each transmission, they send
an end beacon to the AP. Upon receiving the health packets,
the AP sends a beacon message to the devices that contain
an order acknowledgment (O-ack) to activate the next device
with an ID and active beacon. Then, we assume that the next
device in the Qqer Starts its transmission as soon as an O-ack
message is received, whereas no O-ack message is sent in the
case of a failed health packet transmission. In this case, the
devices involved would remain in the Q4 state until the end
of the transmission process, before sending an ReT beacon
to prepare the AP for the ReT process to save energy. The
AP transmits an O-ack message after receiving an end beacon
from the device.

VIl. SIMULATION RESULTS
The simulation results of the proposed MC-HYMAC proto-
col are presented in this section. We evaluated the performance
of the proposed MC-HYMAC through extensive computer
simulations using MATLAB and compared it with existing
protocols, such as MSS-IEEE 802.15.4, IEEE 802.15.4, MG-
HYMAC, and HyMAC. The network consisted of A WBANs
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Fig. 7. Proposed MC-HYMAC superframe structure. £
&1
TABLE | 5 sl
SIMULATION PARAMETERS KT T MC-HYMAC
=t VI SS-IEEE 802,154
Parameter Setting 100 MG-HYMAC
Number of devices 10 IEEE $02.15.4
Data rate 250 Kbps % HyMAC
5 BI . 15360 Zymbols N ) 3 4 5 6 7 3 o 10
cacon order Number of Devices
Superframe order 3
back-off period 20 symbols Fi En nsumoti inst the number of .
D 7860 symbols ig. 8. Energy consumption against the number of devices.
ack packet size 104 bits
CWM IN 32
CWMAX 256 protocol, we assume that D devices = 4 and G devices = 6.
](;ICF/'; 4(? Syllgbglg However, we assume that not all devices have data packets to
SIS B i ) 6:*6;5 be sent in each cycle. Therefore, the MC-HYMAC algorithms
w 60 symbols were enabled during the simulations and disabled during the
Payload 624 bits simulations of existing protocols.
Receiving power L8 W Also, the MC-HYMAC and other existing protocols are set
Receiving voltage 09V t t .. bability of 0.8 d t th It
Transmission voltage 15V 0 a transmission probability of 0.8, and we present the results
Transmission power 1315 W of the simulations in Fig. 8.
Distance between devices and AP 2-10m We observed from Fig. 8 that, as the number of devices

and CH channels. In each WBAN, we assume two types of
devices: D and G, where D devices generate C;, whereas
G devices generate C,. Also, we assumed a total number of
nine channels for the three WBANs considered. Each WBAN
consisted of one AP and ten devices. In addition, we assumed
that, in each WBAN, three channels were deployed for intra-
WBAN communication, that is, communication between the
devices and the AP. The devices communicate with the AP by
using a single-hop topology. The same unit back-off duration
of 20 symbols as the IEEE 802.15.4 standard was used,
that is, 320 wus for 2.4 GHz. The simulation parameters
employed [24] are listed in Table I. For evaluation and valida-
tion sakes, the proposed MC-HYMAC protocol was compared
with some existing protocols, such as MSS-IEEE 802.15.4,
MG-HYMAC, IEEE 802.15.4, and HyMAC, using standard
performance metrics, such as energy efficiency, delay, packet
drop and packet received (throughput) ratio, and the devices
lifetime.

A. Energy Consumption Impact on Number of Devices
We investigate the impact of energy consumption on the
number of devices as the devices were varied from 1 to
10 in this section. The proposed MC-HYMAC was com-
pared and evaluated with existing protocols, such as MSS-
IEEE 802.15.4, MG-HYMAC, IEEE 802.15.4, and HyMAC,
in a transmission cycle. To achieve this, the proposed
MC-HYMAC and existing protocols were configured with ten
devices in a WBAN system. For the proposed MC-HYMAC

varies from 1 to 10, more energy was dissipated. However,
because of the proposed algorithms and the different energy
resource management strategies considered, the devices saved
a reasonable amount of energy during their operations. In addi-
tion, it was observed that the MC-HYMAC protocol performed
better than the existing protocols; for instance, when the
devices were set to 6, approximately 225.5 mJ of energy was
consumed, whereas, for MSS-IEEE 802.15.4, MG-HYMAC,
IEEE 802.15.4, and HyMAC protocols, approximately 238,
250.5, 261, and 271 m], respectively, were consumed.

Consequently, the MC-HYMAC protocol consumed a
lower amount of energy compared to MSS-IEEE 802.15.4,
MG-HYMAC, IEEE 802.15.4, and HyMAC, with energy
reductions of approximately 6%, 11%, 16%, and 20%, respec-
tively. The improvement is due to the fact that the proposed
MC-HYMAC protocol employs a multichannel concept for
communication between the devices and the AP, and also
employs a channel utilization mechanism to efficiently utilize
the channels. The mechanism helped the devices know when
to transmit their health packets and, therefore, reduce energy
consumption, delay, and collisions. Also, we proposed an
adaptive power control scheme, a dynamic time-slot manage-
ment scheme, and a back-off period policy for the efficient
utilization of the proposed channels.

B. Energy Consumption Impact on Transmission
Probability

The performance of the proposed MC-HYMAC protocol
was compared and evaluated using the existing protocols.
For this experiment, we investigated the impact of energy
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Fig. 9. Average energy consumption against transmission probability.

consumption on the transmission probability of devices in
a WBAN system. Consequently, we configured the pro-
posed MC-HYMAC, MSS-IEEE 802.15.4, MG-HYMAC,
IEEE 802.15.4, and HyMAC protocols by varying the number
of devices from 1 to 10. Therefore, we set D devices = 4 and
G devices = 6. Also, we performed different experiments, and
the outcomes of the experiments are shown in Fig. 9.

From Fig. 9, we noticed that the higher the transmission
probability, the higher the amount of energy consumed. How-
ever, MC-HYMAC is advantageous compared to the other
protocols because of the different energy management strate-
gies that were considered, for example, the sending of a T-ack
at the end of the CAP rather than sending the T-ack after
each received H-Info or E-Info to save energy. Consequently,
when the transmission probability of the system was set to
0.8, the MC-HYMAC protocol achieved significant energy
reductions of approximately 2%, 5%, 9%, and 10% over
the MSS-IEEE 802.15.4, MG-HYMAC, IEEE 802.15.4, and
HyMAC protocols, respectively. These improvements could be
attributed to the fact that the devices and the AP used separate
channels for their communications, thereby reducing energy
consumption and delay, enhancing transmission efficiency,
increasing the packet delivery ratio, and improving the lifetime
of the WBAN network. In addition, the improvement was also
a result of the proposed adaptive power allocation scheme, the
dynamic time-slot allocation scheme, and the back-off period
policy that was employed to prevent energy wastage and time-
slot wastage, and improve the lifetime of the network.

C. Energy Consumption on the Number of Devices
Based on Different Back-Off Periods

In this section, we compare and evaluate the proposed
MC-HYMAC protocol with the existing MSS-IEEE 802.15.4,
MG-HYMAC, IEEE 802.15.4, and HyMAC protocols based
on the energy consumption of the devices at different number
of back-off periods. For the experiments, we varied the number
of devices from 1 to 10, and configured the D devices as
4 and the G devices as 6. The experimental results are shown
in Figs. 10-12. From Figs. 10 to 12, it can be observed that
the proposed MC-HYMAC protocol consumed less energy
compared to other existing protocols. For example, in Fig. 10,

——MC-HYMAC
—— MSS-IEEE 802.15.4
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1EEE 802.15.4
—+—HyMAC
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Fig. 10. Average energy consumption against the number of devices at
back-off 1.
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Fig. 11. Average energy consumption against the number of devices at
back-off 2.

when the devices were set to 7, the MC-HYMAC protocol
consumed about 14.40 mJ amount of energy compared to
other existing protocols, such as MSS-IEEE 802.15.4 with
about 14.42 mJ, MG-HYMAC with about 14.43 mlJ, IEEE
802.15.4 with about 14.46 mJ, and HyMAC with 14.48 mJ.
The improvement is due to the proposed back-off period
policy, which was able to reduce the probability of collisions,
thereby conserving energy and minimizing delay. In addition,
the proposed adaptive energy control scheme helped allocate
optimal energy resources to the devices, thereby prolonging
the lifetime of the devices.

Furthermore, for the proposed MC-HYMAC protocol,
we investigated the amount of energy consumed by the devices
based on the number of back-off attempts during the busy
channel period. The results of the simulation experiments are
presented in Fig. 13.

From Fig. 13, we observed that, as we increased the number
of devices, the amount of energy consumption also increased.
However, we noticed a slight energy decrease in the second
and third back-off attempts compared with the first attempt.
For instance, when the devices were set to 9, for the first
attempt, the devices consumed approximately 4.55 mJ, and
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protocol based on different back-off attempts during the channel busy
period.

for the second attempt, approximately 4.57 mJ of energy was
consumed, while approximately 4.40 mJ of energy was con-
sumed for the third attempt. This improvement is a result of the
multichannel concept proposed for communication between
the AP and devices. Also, the improvement could be attributed
to the efficient channel access mechanism and the back-off
time scheme that were employed to identify the channel busy
and channel idle periods for the efficient utilization of the
channels.

D. Delay Impact on the Number of Devices Based on
Different Back-Off Periods

In this section, the average packet delivery delay with
respect to the number of devices based on different back-off
periods in a WBAN system is investigated. To achieve this,
the proposed MC-HYMAC protocol and the existing MSS-
IEEE 802.15.4, MG-HYMAC, IEEE 802.15.4, and HyMAC
protocols were configured with ten devices. For the MC-
HYMAC protocol, when the total number of devices is 10, D
devices = 4, and G devices = 6. Consequently, different exper-
iments were performed, and the results of the experiments
are presented in Figs. 14-16. From Fig. 14, we can deduce
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5 | |[——MSSIEEE 802.15.4
MG-HYMAC
IEEE 802.15.4
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Fig. 14. Average delay versus the number of devices at back-off 1.
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Fig. 15. Average delay versus the number of devices at back-off 2.
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Fig. 16. Average delay versus the number of devices at back-off 3.

that, as we vary the number of devices participating in the
data transmission process from 1 to 10, the delay experienced
increases.

In general, the average delay of a system can be deter-
mined from the packet generation time interval to when the
packets are successfully received at the side of the AP. How-
ever, during the transmission process, devices can experience
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Fig. 17. Number of packets dropped based on the number of cycles.

delays during CCA, back-off periods, waiting for acknowl-
edgment, and so on. In addition, devices can experience
delays during CAP when the channel idle probability is low.
Therefore, for each failed channel attempt, the unit back
duration is doubled, which would require extra energy for
the channel to be reaccessed again. In practice, this process
requires additional energy and results in a delay in packet
transmission. We addressed this problem in the proposed
MC-HYMAC protocol by designing a back-off time scheme
and channel-selection mechanism for efficient channel utiliza-
tion. In addition, in the proposed MC-HYMAC protocol, the
D devices are allocated a specific time slot in the EAP as they
need to transmit their emergence-based packets as urgently as
possible without having to contend for channel access oppor-
tunities to enable the successful delivery of their health packets
and minimize delay. The proposed MC-HYMAC protocol
outperforms the existing MSS-IEEE 802.15.4, MG-HYMAC,
IEEE 802.15.4, and HyMAC protocols in terms of delay reduc-
tion. As an example, for the first back-off period, as shown in
Fig. 14, when the number of devices is 7, the MC-HYMAC
protocol outperforms existing protocols with a delay reduction
of approximately 1%.

E. Investigation of the Total Number of Health Packets
Dropped and the Total Number of Received Health
Packets

In this section, we investigate the performance of the
MC-HYMAC protocol based on the total number of health
packets dropped and the total number of health packets
successfully received at the AP, that is, throughput, and com-
pare it with existing protocols, such as MSS-IEEE 802.15.4,
MG-HYMAC, IEEE 802.15.4, and HyMAC. Consequently,
we performed different simulation experiments with different
numbers of cycles, as shown in Figs. 17 and 18.

In practice, it is possible that the total number of health
packets transmitted by the devices is not the same as the
total number of health packets received by the AP owing to
the packet drop issue. Based on this fact, we analyzed the
total number of dropped health packets during transmission
for the proposed MC-HYMAC and the existing protocols by
employing a uniform random model, where the probability of
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Fig. 18. Number of packets received (throughput) based on the number
of cycles.

a good link is 70% and the probability of a bad link is 30%.
From Fig. 16, we observe that the number of packets dropped
when the proposed MC-HYMAC was enabled was lower
than that of the existing protocols. As an example, in cycle
35, the MC-HYMAC protocol achieved an improvement of
approximately 10% over the MSS-IEEE 802.15.4, 19% over
the MG-HYMAC protocol, 45% over the IEEE 802.15.4, and
49% over the HyMAC protocols.

Throughput is determined by computing the total number
of health packets that are successfully received at the AP.
From Fig. 18, we can infer that the proposed MC-HYMAC
protocol has a higher number of packets successfully received
at the AP than the existing protocols. For example, in cycle
35, MC-HYMAC achieved a significant improvement of
approximately 14% over MSS-IEEE 802.15.4, 50% over
MG-HYMAC, 63% over IEEE 802.15.4, and 75% over
HyMAC.

F. Investigation of the Impact of Transmission Probability
on the Lifetime of the Devices

The impact of transmission probability on the device’s
lifetime is presented in this section. To achieve this, different
experiments were performed on the proposed MC-HYMAC
protocol and MSS-IEEE 805.15.4, MG-HYMAC, IEEE
802.15.3, and HyMAC protocols. We set the five protocols to
ten devices and battery power to 1200 J. In addition, we set
the D devices to 4, while the G devices are set to 6, and
the outcomes of the simulation experiments are presented in
Fig. 19. From Fig. 19, we can infer that, as the transmis-
sion probability increases, the device lifetime decreases for
all protocols. However, the proposed MC-HYMAC protocol
performed better than the existing protocols. For instance,
when the transmission probability was set to 0.8, the proposed
MC-HYMAC protocol achieved a significant improvement of
approximately 10% over the MSS-IEEE 802.15.4 protocol,
21% over the MG-HYMAC protocol, 39% over the IEEE
802.15.4 protocol, and 45% over the HyMAC protocol. The
improvement achieved by the MC-HYMAC protocol is due to
the multichannel concept, the channel selection mechanism,
the back-off time scheme, the time-slot management scheme,
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Fig. 19. Impact of devices lifetime versus transmission probability.

and the adaptive power allocation scheme that we employed,
which minimizes energy consumption and delays, improves
channel utilization efficiency and throughput, and prolongs the
lifetime of the devices.

VIII. CONCLUSION

This article addresses the energy consumption, time-slot
management, delay, and channel utilization issues in a WBAN
system. To address these issues, we propose a multichan-
nel concept in which the AP and the devices use separate
channels for communication. To efficiently utilize the chan-
nels, a channel-mapping mechanism and a channel-selection
policy were introduced. The mechanism helped the devices
know when to transmit their health packets, thus improving
the energy efficiency, throughput, and overall lifetime of
the network. In addition, a back-off time policy scheme,
a time-slot management scheme, and an adaptive power
control scheme were designed to minimize energy wastage
and time-slot wastage, and enhance channel utilization effi-
ciency. Furthermore, we propose a finite-state discrete-time
Markov model to identify the traffic arrival pattern of the
devices, analyze the state transitions of the devices, and
analyze the state of the channel for decision-making pur-
poses to improve the lifetime of the network. The proposed
MC-HYMAC protocol was validated and compared with some
existing MAC protocols, including the MSS-IEEE 802.15.4,
MG-HYMAC, IEEE 802.15.4, and HyMAC protocols, based
on their energy efficiency, delay, packet drop and received
ratio, and device lifetime. Consequently, MC-HYMAC per-
formed better than MSS-IEEE 802.15.4, MG-HYMAC, IEEE
802.15.4, and HyMAC.
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