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Abstract— Internet of Things (loT) enabled WBAN
systems play a crucial role in healthcare monitor-

ing, enhancing patients’ well-being at an afford-
able cost. However, their primary challenge lies in
energy constraints. To optimize the limited energy
resources and extend the lifetime of devices within
the network, a multi-channel MAC protocol with
Markov decision process (MDP-HYMAC) is pro-
posed. This protocol improves energy efficiency, L
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delays by using separate channels for communication between biomedical devices and access points (APs). In addition,
a Markov decision process is employed to stochastically model the systems’ transition states and explore optimal
communication strategies between biomedical devices and APs. Furthermore, an adaptive power allocation scheme, a
time-slot allocation scheme, and a back-off strategy are designed to minimize time-slot wastage, energy consumption,
and delays. The proposed protocol outperforms the baseline methods by achieving significant improvements in energy
efficiency from 4% to 22%. The findings of this research strongly indicate that the proposed protocol has the potential to
significantly improve the performance of WBAN systems, particularly in the context of sustainable healthcare monitoring.

Index Terms— healthcare monitoring, wireless body area network, Internet of Things, multi-channel MAC protocol design,

reinforcement learning, energy efficiency, channel efficiency

[. INTRODUCTION

NTERNET of Things (IoT) offers promising opportunities

to build smart systems. Wireless networks are important
technologies of IoT and are widely used in different fields
including healthcare, structural health, agriculture, transporta-
tion, and environmental monitoring. In the healthcare domain,
wireless body area networks (WBANSs) are used to achieve
remote healthcare monitoring [1]. An IoT WBAN is a special
network dedicated to healthcare applications for managing
communications between different devices such as biomedical
devices, smartphones, and computers. Biomedical devices are
positioned in, on, and around a patient’s body. They are small,
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lightweight, and smart devices that are responsible for sensing
and collecting vital health signals from the patient’s body. Var-
ious WBAN biomedical devices have been developed for spe-
cific purposes. For example, an electroencephalogram (EEG)
sensor is used to measure brain waves to detect abnormalities
such as blood clot (cerebral venous sinus thrombosis (CVST)),
which is a possible sign of stroke or measure electrical activity
of the brain. An electrocardiogram (ECG) sensor is used to
measure heart rate (that is, PQRST wave) for possible detec-
tion of different heart diseases. Accelerometer sensor is used
to measure patients’ walking pattern in a three-axis motion
to calculate the risk of falling. glucose sensor (glucometer)
measures the level of glucose in a patient’s body to manage
diabetes mellitus. SpO2 readings on a pulse oximeter show the
oxygen saturation in a patient’s blood [2]. However, despite the
unique capabilities of these WBAN biomedical devices, they
face many challenges owing to their size as they have limited
resources such as battery power, memory, and bandwidth.
Among the scarce resources of biomedical devices, the energy
resource is a crucial resource on which most activities of other
biomedical devices are dependent [3]. For instance, during
data transmissions, the communication module consumes more
energy than the other biomedical devices modules. Moreover,
the WBAN devices share a common channel for commu-
nication which is managed or regulated by medium access
control (MAC) protocol. One way to manage these limited
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resources and prolong the lifespan of the biomedical devices
is by designing efficient MAC protocols to prevent energy
wastage, time-slot wastage, and improve channel utilization
[4], [5], and [6]. To achieve this, researchers leverage the
optimization of MAC protocols to meet WBANs quality-of-
service (QoS) requirements such as energy efficiency, delay,
reliability, throughput, and a prolonged network lifetime.

In recent times, through research efforts, different solutions
have been proposed to address energy consumption problems
by using MAC protocols [7] - [11]. However, existing solutions
are yet to fully address these issues. In the literature, most
classic WBAN MAC protocols are designed to operate on a
single channel, i.e., biomedical devices only have one single
channel available for all their communications [12] - [15].
In such systems, determining the mode in which the devices
access the channel becomes difficult and could greatly affect
the performance of the WBAN system in terms of efficiency
and reliability resulting in energy wastage, time-slot wastage,
and channel utilization issues.

Various wireless communication standards such as IEEE
802.15.6 [16], ESTI Smart-BAN [17], and IEEE 802.15.4
[18] have been employed to meet the diverse requirements
and applications of WBANSs. These standards were specifically
designed to address the unique needs of wireless communica-
tion systems. IEEE 802.15.6 focuses on WBANSs, while ETSI
SmartBAN is tailored for medical device communication.IEEE
802.15.4, on the other hand, was developed for devices that
require low-cost and low-data-rate connectivity. Among these
three standards, IEEE 802.15.4 is considered the most fully de-
veloped short-range standard with a wide range of applications
in healthcare WBANSs. To overcome the constraints imposed
by the energy scarcity and processing power of biomedical
devices, IEEE 802.15.4 incorporates appropriate physical and
MAC layers for battery-operated devices. It also supports the
design of mechanisms such as time-slotted access and multi-
channel communication to enhance WBAN performance [19].
Based on the IEEE 802.15.4 standard, this study proposes
a hybrid multi-channel MAC protocol with Markov deci-
sion process (MDP-HYMAC) to improve energy efficiency,
throughput, network lifetime, and minimize delay. The pro-
posed protocol aims to reduce data collisions and beacon
between the biomedical devices and APs by analyzing col-
lision patterns and efficiently allocating frequencies over time
to prevent neighboring nodes from colliding with each other.
The proposed MDP-HYMAC architecture consists of differ-
ent WBAN scenarios integrated with edge Al architecture
composed of multi-access edge computing (MEC) devices.
For each WBAN, a heterogeneous scenario that consists of
various types of devices with different roles and capabili-
ties was considered. Some of these devices act as ordinary
biomedical sensor nodes that can only collect and send health
data to an access point (AP) which can perform an edge
Al task. Consequently, the energy consumption and all the
computational overhead that would have been imposed on
each biomedical device by edge Al based on its complex tasks
related to data collection, processing, analysis, and decision-
making were shifted to the AP side.

In the proposed MDP-HYMAC protocol, separate channels

are used for data transmission and control commands. One
channel is used to send control commands and the remaining
channels are used by biomedical devices for data transmission.
Using a separate channel helps to minimize collisions among
devices, reduce delay, improve energy efficiency, throughput,
and thereby improve the overall system performance. How-
ever, the problem of channel utilization is a big challenge. To
address this, channel utilization was modeled using Markov
decision process and employed dynamic programming method
to find optimal policy to ensure efficient channel allocation
leading to improved data transmission, minimized packet drop-
off or loss, and prolonged the devices lifetime. In addition, the
problems of time-slot wastage, energy wastage, and delay were
addressed by introducing adaptive power allocation, time-slot,
and back-off period schemes to enhance the energy efficiency
and reliability of WBAN networks. The following are the
contributions of the proposed hybrid multi-channel MAC
protocol with Markov decision process (MDP-HYMAC):

o Design and development of a hybrid multi-channel MAC
protocol with Markov decision process to improve energy
efficiency, throughput, network lifetime, and minimize
delay. Integration of edge AI with IoT-enabled WBAN
system to facilitate near real-time communication.

« Adaptive power allocation, time-slot, and back-off meth-
ods were proposed to reduce time-slot wastage, energy
wastage, and delay.

o A Markov decision process (MDP) was used to determine
the traffic arrival pattern, model the transition states of
biomedical devices, the channel status and the buffer
status to prevent congestion, improve energy efficiency,
and the lifetime of the network.

e A dynamic programming method was used to solve the
channel utilization problem by finding the optimal policy
for channel allocation.

« Novel strategies, such as employing wake-up radio, in-
troducing a queuing state, and shifting major overhead
transmissions to the AP, were proposed to minimize
delay, packet drop ratio, increase the network lifetime,
and enhance energy efficiency without compromising the
throughput of IoT-enabled WBAN systems.

e Lastly, the proposed MDP-HYMAC protocol outper-
formed other protocols such as MC-HYMAC, SDC-
HYMAC, MSS-IEEE 802.15.4, MG-HYMAC, and IEEE
802.15.4 protocols using similar methods.

The structure of this paper is as follows. Section I presents
the introduction of the paper. Section II presents a review
of the literature of some existing MAC protocols. Section
IIT presents a discussion on the description of the proposed
MDP-HYMAC protocol. In Section IV, the proposed method
is presented. Section V presents the Markov decision model,
while section VI presents the dynamic programming method.
The performance evaluation of the proposed protocol while
section VIII presents the results and simulation. Section IX
concludes the paper.

[I. RELATED STUDIES

This section begins with an overview of several research
articles on energy-efficient WBAN systems that utilize single-
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channel MAC protocols. Then it delves into the design of
multi-channel MAC protocols for WBAN systems. For exam-
ple, a single channel coordinated superframe duty cycle hybrid
MAC protocol was proposed to improve energy efficiency and
prolong the lifetime of biomedical devices [6].

Similarly, Olatinwo et al. [12] proposed a MAC protocol
based on a single channel concept. The protocol utilized
a transmission scheduling mechanism to improve network
energy efficiency by duty-cycling device operations.
Thirumoorthy et al. [20] proposed an energy-efficient dis-
tributed queueing MAC protocol for WBANs. The proto-
col employed a distributed queuing technique to enhance
radio channel utilization. However, the paper focused on a
homogeneous-based WBAN system.

Sun et al. [21] proposed a MAC protocol based on device
priority to enhance WBAN efficiency. These devices were
prioritized according to their degree of importance, timeout
condition, remaining energy, and sampling rate. Adjustments
were made to the total number of device time-slots and
conflicting time-slots to enhance the average packet delivery
rate. Also, a time-slot allocation algorithm was proposed to
enhance network performance.

Various energy conservation strategies were employed to
improve the performance of WBAN systems [22]. These
strategies included shifting major overhead transmissions to a
personal server, introducing a waiting order state, and enabling
the retransmission process at the end of a cycle after all
transmissions are completed.

Mkongwa et al. [23] proposed a single channel MAC protocol
for WBANSs to improve the energy efficiency of the network.
The protocol used a clear channel assessment (CCA) algorithm
and a back-off mechanism to minimize the device contention
period, which resulted in a reduction in delay.

In contrast to [3], [12], and [20] - [23], a hybrid multi-
channel MAC protocol with Markov decision process was
proposed to improve energy efficiency, system throughput,
network lifetime, and minimize delay. To enhance channel
utilization efficiency, the transition states of the system were
stochastically modeled using MDP to explore optimal strate-
gies for communication between devices and APs. In addition,
to minimize time-slot, energy wastage, and delay, an adaptive
time-slot allocation scheme and a back-off strategy were
proposed.

It is important to mention that using a single-channel MAC
protocol might not be efficient in resolving concerns such
as collisions, energy wastage, and delay, WBANs. Conse-
quently, a comprehensive review of relevant research endeav-
ors that employed multi-channel MAC protocols to enhance
the WBAN systems was conducted. For instance, Olatinwo et
al. [24] proposed a multi-channel protocol to address issues
related to energy consumption, time-slot management, delay,
and channel utilization in WBAN systems. For this to be
achieved, a time-slot management scheme, channel mapping,
channel selection mechanism, and a back-off time policy was
proposed to improve energy efficiency, channel utilization,
packet delivery ratio, devices lifetime, and reduce delay.
Samal et al. [25] proposed a priority-based traffic scheduling
MAC protocol to minimize packet drop and improve system

throughput. To address energy wastage in WBAN systems,
Li et al. [26] proposed an energy-efficient interference-aware
multi-channel MAC (EI-MAC) protocol that employed a chan-
nel mapping scheme to analyze channel states and mitigate
interference using a collision avoidance technique. However,
power control and allocation schemes, time-slot management
schemes, and re-transmission mechanisms were not put in
place.

To address interference and minimize delay in WBANS, Li et
al. [27] proposed a multi-channel MAC protocol. The protocol
employed a channel mapping technique to check the avail-
ability of the channel to enhance the system’s performance.
Rasheed et al. [28] proposed a modified superframe structure
(MSS-IEEE 802.15.4) to address energy consumption and
delay issues in the WBAN. The structure employed a priority-
based CSMA/CA mechanism to allocate different priorities to
nodes by adjusting their data size and type.

Lastly, Le and Moh [29] improved energy efficiency, through-
put, and delay of WBAN systems by designing a hybrid multi-
channel MAC protocol that employed a channel selection
scheme to prevent collision.

Unlike previous studies such as [23] - [29], this study proposes
a heterogeneous based hybrid multi-channel MAC protocol
with MDP to reduce collisions, energy and time-slot wastage,
delay, and improve the lifetime of the devices. It utilizes an
MDP to determine the traffic arrival pattern, model the tran-
sition states of biomedical devices, channel status, and buffer
status to prevent congestion and improve energy efficiency and
network lifetime. A dynamic programming method was used
to solve the channel utilization problem and find the optimal
policy. In addition, adaptive power and time-slot allocation
schemes were proposed. Table I presents a summary of the
existing protocols, their strengths, and limitations.

[1l. DESCRIPTION OF THE PROPOSED MDP-HYMAC
PrRoOTOCOL

The IEEE 802.15.4 standard has two modes of operation:
beacon and non-beacon. The proposed protocol adopts the
IEEE 802.15.4 beacon mode, in which beacons are used
between the APs and the devices for synchronization. It
also uses a superframe structure that has two phases: active
and inactive. As shown in Fig. 1, BI represents the beacon
interval between two consecutive beacons and is computed
as BI = aBaseSuper framDuration - 2BO where BO is
the beacon order. The superframe duration is computed as
SD = BaseSuper framDuration-250. The SD consists of
16 slots and is divided into two phases including the contention
access phase (CAP) and the contention-free phase (CFP).

BI

sSD

. T il i

Inactive phase

Active phase

Fig. 1. MDP-HYMAC superframe structure
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TABLE |
COMPARISON OF EXISTING METHODS
Reference Method Type of network Performance metric Strength Limitation
[3] Coordinated superframe duty Single channel Energy efficiency, delay, Enhanced energy efficiency = Multiple re-transmissions

cycle scheme based on
devices’ traffic information
and priority

packet drop ratio, and
devices’ lifetime

and prolong the devices’
lifetime

[12] Transmission scheduling Single channel Energy efficiency, devices’ Energy conservation Packet loss and multiple
mechanism lifetime, and convergence re-transmissions
speed
[20] Sleep—wake mechanism with Single channel Delay and energy efficiency Less delay Resource allocation

priority queuing model

mechanism not considered

[21] Time-slot allocation scheme Single channel Delay, delivery ratio, and Enhanced data transmission  Energy conservation and
energy efficiency channel utilization
mechanisms not considered
[22] Energy conservation Single channel Energy efficiency and Minimized energy wastage Time-slot wastage, multiple
strategies devices’ lifetime re-transmission, and packet
[23] CCA algorithms and Single channel Energy consumption, Enhanced energy efficiency, Considered single channel

back-off method

throughput, packet delivery
ratio, and delay

throughput and minimized
delay

[24] Heuristic-based power
control scheme and channel
selection mechanism

Multiple channel

Energy-efficiency,
throughput, delay, packet
delivery ratio, and network
lifetime

Improved energy efficiency
and packet delivery ratio

Channel mapping and
selection mechanisms may
not be efficient enough to
address channel utilization

issue

[25] Traffic prioritized load
balanced scheduling scheme

Multiple channel

Delay, throughput, and
energy efficiency

Minimized packet drop ratio
and enhanced throughput

Multiple re-transmission,
inefficient channel utilization

[26] Channel selection
mechanism and low energy
conservation mechanism

Multiple channel

Delay, throughput, and
energy consumption

Improved Energy efficiency Inefficient channel selection
mechanism

[27] Channel mapping technique Multiple channel Delay, throughput, packet Minimized delay and Energy conservation
error rate and frame error enhanced throughput mechanism not considered.
rate
[28] Wake-up radio-based Multiple channel Energy consumption, Improved energy efficiency Channel selection
mechanism throughput, packet drop and minimized delay mechanism not considered

probability, and average

delay

[29] Channel mapping mechanism Multiple channel

Energy consumption,
throughput, packet delivery
ratio, and delay

Prevent collisions, reduced
delay

Channel mapping
mechanism may not be
efficient for heterogeneous
WBAN system.

At the start of each cycle, the superframe structure of the
system begins with a beacon message from the AP which
includes the address of the AP and devices, as well as the
beginning and end of each phase. The devices in the network
are presumed to be in sleep mode awaiting a ready-to-receive
(RTR) beacon message from the AP. A wake-up radio is used
to turn the devices on and off [30], [31] and this enhance
energy efficiency. The wake-up radio operates by switching
on the main radio of a device when an incoming signal is
sensed and promptly switches the device to an active mode.

In CAP, N and Q devices contend to transmit their H-Info
by applying CSMA/CA scheme using Algorithm 1. Each
successfully contended H-Info contains unique information,
including the device ID that is used during transmission. After
the AP receives the H-Info, a total acknowledgment (T-ack)
message is sent at the end of the CAP instead of after each
received health packet. To reduce device waiting time delay
and save energy, the T-ack message is sent at the end of CAP

instead of after each health packet received. To enable efficient
transmission and energy conservation, a queuing order qorder
state is introduced. Only the devices’ synchronous clock is
enabled to operate in the g,,q4c, State, and all other operations
are disabled. The devices enter the ¢,-4e- State based on
priority. Therefore, in case of critical event occurrence (i.e.,
& = 2), devices with critical data are allowed to transmit
first. An M/M/1 queuing method is adopted using the first-in-
first-out (F/I/F/O) strategy to model the arrival pattern and the
service pattern of the devices.

Devices in the g,-q4er State are only activated to other active
states by using an active beacon and the ID of the device.
After each transmission process (TP), the devices employ the
TDMA scheme to send their packets and send an end beacon
to the AP. On the other hand, the AP sends a beacon message
to the devices after receiving their health packets. The beacon
message has an order ack (O-ack) to activate the next device.
The next device in q,,qe, Starts its transmission as soon as an
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O-ack message is received. Conversely, if transmission fails,
then an O-ack message will not be received. Failed health
packet transmission can happen due to packet loss, interfer-
ence, or congestion in the network. Therefore, to conserve
energy, devices with failed packet transmission remain in the
Qorder State until after all transmission processes are completed
before transmitting a retransmission (reT) beacon to get the
AP ready for the re-transmission process. The operation of
the proposed MDP-HYMAC protocol is presented in Fig. 2.

APsend RTR
Inttiahize

b, cwg, 8™

JE

B ——
Start CAP using Send T-ack after
CSMA/CA CAP

—

Assign Gorder 1O

Check the channel
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Algorithm 1
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Start CFP vsing
TDMA
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. en aﬂ:ezp A ssign TDMA slots
eacon to the 2 using Algerithm 2
Femain in the Jarder

state until the end of
all TP

Is packet
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Send data packet to
the AP and an end
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the devices

Fig. 2. Flowchart illustrating the operation of the proposed MDP-
HYMAC protocol

IV. PROPOSED METHOD

This section presents the proposed MDP-HYMAC architec-
ture, system and mathematical modelling, event occurrence,
channel status, buffer status, time-slot management scheme,
back-off strategy, and adaptive power allocation scheme in the
subsequent subsections.

A. System Architecture

The proposed MDP-HYMAC architecture in this study
consists of Z WBANSs, G APs, and D biomedical devices that
transmit their health packets in M different channels. The

communication processes in each WBAN are divided into
three basic tiers: intra-WBAN, inter-WBAN, and beyond-
WBAN. Intra-WBAN communication is established between
the biomedical devices and the AP. The biomedical devices
are positioned in, on, and around the patient’s body. They
perform sensing tasks, gather sensed health data, and send
them to the AP. The AP coordinates the operation in this tier
and could act as a gateway or a local processor. To minimize
delays associated with the time that the AP spends providing
services to devices and considering the time sensitive nature
of these devices, the MEC technology was introduced. The
MEC technology brings the functions of the cloud server to
the edge network. It is closer to users and helps minimize
transmission delays and energy consumption. The major tasks
of the AP are shifted to the MEC technology which is in the
next communication tier, i.e., inter-WBAN communication.
The MEC is very efficient, handles computations faster
because it has more computational facilities than the AP. The
MEC devices receive data from the AP, analyze and process
it, and then forward processed data to the cloud server, which
is beyond the WBAN communication tier. Patients’ processed
data are stored in the cloud database, from which medical
experts get patient information for decision making purposes,
diagnosis, and treatment administration. The proposed MDP-
HYMAC protocol architecture is shown in Fig. 3.

Base station with

MEC device

Base station with
MEC device

Cloud server

y

4.7 f
‘Mn_ﬂh

Data analyst

/é station with

MEC device

L

2 T as
Intra-WBAN communication Inter-WBAN communication Beyond-WBAN communication

Fig. 3. Proposed MDP-HYMAC system architecture with MEC

B. System and Mathematical Modeling

The MDP-HYMAC system consists of a total number of
WBANs modeled as a set of K = {k1, k2, ks, ..., ki }. There
are also a total number of G = {¢1,92,93,...,9c} APs and
D = {di,ds,ds,...,dp} biomedical devices. The biomedical
devices in all the  WBANS send their health packets using
different channels modeled as M = {my,ma, mg3,...,mpr}.
Consequently, for all the WBANs in the proposed MDP-
HYMAG, the first channel in a set of M is used by all the
APs to transmit the control commands from the MEC to the
biomedical devices. The biomedical devices are assigned the
remaining M—1 channels for communication. Assuming that
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W of the total M channels are dedicated to a WBAN, the
AP uses the first channel VW as the control channel to send
control commands to devices. The devices are assigned the
remaining ¥V —1 channels as data channels to send their health
packets to the AP. In each WBAN, biomedical devices are
dynamically categorized based on priority and payload size
into two classes such as class 1 (C1) and class 2 (C3). The C4
devices are assumed to have less-critical health packets and are
modeled as a set of X = {x1,2z9,23,...,2x}, V x € D while
the C, devices are assumed to have critical health packets and
are modeled as a set of Y = {y1,92,y3,...yv}, ¥V y € D.
The less-critical health packets are normal data that are delay
tolerant, whereas the critical health packets are emergency data
that are delay intolerant.

In addition, not all devices on the network have packets to
transmit. Only devices that require channel access to transmit
data are assigned channels, while other devices enter a low-
power sleep mode to conserve energy. It was assumed that
devices with critical health packets do not always have data
packets to transmit. In addition, channel resources such as
energy, time-slots, and bandwidth are allocated to devices
based on their priority levels (®) expressed using Eqn. 1.

DT
DV

where DT represents the type of data, \ represents the
traffic rate, and L represents the packet length. Consequently,
in each WBAN, all C; and C5 devices that have health
packets to transmit apply the CSMA / CA scheme to
contend for transmission opportunities to send their health
information (H-Info) to the AP. The H-Info does not contain
the actual intended health data, i.e., the payload. Afterward,
the successfully contended devices are assigned transmission
slots using the TDMA scheme. It is important to mention that
if there are no available data channels and the control channel
is free then, the C5 devices can use the control channel to
transmit their health packets.

P D

C. Fundamental Requirements of MDP and
Assumptions

The fundamental requirements for applying MDP in this study
are as follows:

1) States: MDPs require well-defined states representing
the system’s conditions. In the context of WBANS, these
states could represent channel conditions, energy levels,
or other relevant parameters.

2) Actions: MDPs involve sequential decision-making,
where actions are taken based on the current state of
the system. In WBANS, these actions could include
channel selection, data communication, and sleep/wake
decisions.

3) Transition Probabilities: These probabilities represent
the likelihood of transitioning from one state to another
when an action is taken. In a WBAN system, transitions
depend on various factors including channel conditions,
interference, and energy constraints.

4) Rewards: MDPs use rewards to quantify desirability of
different actions. In a WBAN system, rewards could
represent energy efficiency, successful transmission de-
livery, collision avoidance, back-off strategy, and the
overall system performance.

5) Discount Factor: The discount factor plays a crucial
role in balancing immediate rewards with long-term
goals. In WBAN context, discount factor could help to
achieve a trade-off between immediate rewards (e.g.,
high throughput) and long-term objectives (e.g., energy
efficiency).

Based on these insights, the proposed WBAN MAC protocol
and MDP assumptions are as follows:

e The proposed protocol leverages MDP principles and
considers channel status when allocating channels to
biomedical sensor.

o The reward value guides decisions, e.g., optimizing en-
ergy efficiency or minimizing collisions.

« By interacting with the environment, the protocol gener-
ates an optimal channel allocation strategy.

o The devices are expected to perform two types of opera-
tions: transmitting health packets to the AP and receiving
control commands from the AP.

¢ The network devices are presumed to maintain a constant
power level for a specific state, but they employ varying
power levels across distinct states.

o The devices utilized a sense-and-transmit approach.

 The traffic arrival pattern is modeled as a Poisson process.

D. Event Occurrence

As shown in Figs. 4 and 5, the generation of less-critical or
critical data packets for transmission is not certain, as this
depends on a patient’s physical condition. Assume a device
in the network in each time-slot ¢ has a health packet of a
given priority to transmit then this implies an event occurrence
denoted as &; such that & € {0, 1,2}, where & =0, & =1,
& = 2, denotes an event occurrence, a less-critical event
occurrence, and a critical event occurrence, respectively. Each
device transmits at most one health packet at every time
interval. Consequently, the system checks periodically for an
event (i.e., & = 1, & = 2), but there is a temporal relationship
between the generation of such data packets. If & = 1 in a
current time-slot ¢, then the occurrence of £ = 1 in the next
slot t + 1 is uncertain. This can be modeled by the conditional
probability P,, which indicates the likelihood that another
& = 1 would occur in the next time slot t+1 given that & = 1
occurred in the current time-slot {. However, the probability
of generating either & = 0 or & = 2 (that is, there is no
occurrence of & = 1) in the next time-slot is expressed as
1— P,.. Since both occurrence and non-occurrence outcomes
of a normal event can be equally likely in the next time-slot
t + 1 given that it takes place in the current time-slot ¢, then
the conditional probability is expressed as 0.5 < P, < 1.

Additionally, if & = 1 does not occur at the current time-slot
t, then the probability that such event would occur in the next
time-slot ¢ + 1 is expressed as 1— P, where 0.5 < P, < 1
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is the conditional probability and P, indicates that no & =1
occurred in the current time-slot ¢ and also the next time-slot
t + 1. If a less-critical event occurs in successive time-slots,
the probability of it occurring ¢ times is expressed using Eqn.
2.

PIX' =il = (P H(1-P,) )

Based on Eqn. 2, the average period duration (A7) for a
continuous less-critical event (i.e., & = 1) is expressed using
Eqn. 3.
Ar[X') = A -P) = ——
7[X] ;m W-P)==p O
while the average period duration without a less-critical event
is expressed using Eqn. 4.

1
/
Ar[X] = 1= P.
Similarly, the occurrence of critical events (£; = 2) is modeled
as a two-state process with probabilities P, and P, where
0.5 < P,, Py < 1. Therefore, if a less-critical event occurs in
a current time-slot ¢ but then a critical event occurs in the next
time-slot t+1, the input parameters will be (1—P,.)+ (14+Pp).

“4)

no event
occurrence |

event

| occumence | |

no event
oCCurrence ,'

event
', oCCurrence ,'

Fig. 5. Conditional probability for critical event occurrence .

E. Channel Status

The channel status of the proposed system is determined using
a channel mapping strategy such that all biomedical devices
in the network use the strategy to access the channel. For
each WBAN, the first M channel is used by the AP as a
control channel and the M; remaining channels are used for
data transmission by the biomedical devices. Consequently, M

channels are allocated based on a sequence number ranging
from 1 to M. The AP checks the channel status before
the commencement of any communication to find out if the
channel is free or busy. Following this, the AP makes a list
of the channel status. In this list, it was assumed that 1
and O represent that the reference channel is free or busy,
respectively, as shown in Fig. 6.

‘ WBAN 2 ‘ WBAN 3 ‘ WBAN 4 |

6 7 8 9
1 o |1

Control channel

| WBAN | WBAN K

Channel

number | 1+ 2 3 | 4 5 12| - I .. M

110 0 [

10 11
1
Frequency

Data channel 1

£/

Data channel 2

Fig. 6. MDP-HYMAC channel plane

To avoid collisions, the AP updates the channel list after
allocating channels to the devices [32]. The mapping matrix
CH used to access the channel is represented in Eqn. 5.

0 if channel is busy,

CH, = VCH, e M (5)

1 if channel is free

If CH; is 1 at a given time-slot ¢, then the probability of
having a free channel at the next time-slot CH; 1 is denoted
by CHfree such that 0.5 < CHfree < 1 and the probability
of having a busy channel at the next time-slot CH;y1 =
1 — CHyyq. Similarly, if CH; is O in a current time interval ¢
then the probability of having a busy channel in the next time
interval CH;41 is denoted by CHpysy while the probability
of having a free channel in the next time interval CH; 11 =
1 — CHpusy Where 0.5 < CHpusy < 1.

F. Buffer Overflow Analysis

APs generally have limited buffer space. In the proposed
MDP-HYMAC system, the buffer status of the AP is
considered before transmission to prevent congestion, which
could lead to packet loss or drop-off issues. To model the
buffer status of the AP, we set a threshold denoted by Byy,.
Therefore, at a given time-slot ¢ the buffer status denoted by
B? and modeled as a two-state process in Eqn. 22.

VB eg

5 - {;
(6)

Therefore, if By = 1 in the current time-slot ¢, then the
probability that the buffer does not have space in the next
time-slot £ + 1 is denoted by w and the probability of having
space in the buffer is 1 — w where 0.5 < w < 1. Conversely,
if Bf = 0 in the current time-slot ¢, then the probability of
having space in the buffer in the next time-slot £+ 1 is denoted
by w and the probability of not having space in the buffer is
1 —w where 0.5 < w < 1.

Zf B? < Bth7
Zf B® Z Bth7

no buf fer space

buf fer has space
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G. Back-off Strategy

The proposed MDP-HYMAC protocol is designed based on
the IEEE 802.15.4 standard with four major phases such as
the contention access phase (CAP), contention free phase
(CFP), active period, and inactive period (IP). The CSMA/CA
protocol is employed as a collision avoidance scheme to
prevent repeated periodic collisions and the TDMA protocol
is used to allocate time-slots to the devices. When a collision
occur in the CAP, the devices perform a random back-off
and contend to access the channel again. The back-off period
determines the probability of devices accessing the channel. A
shorter back-off time increases the probability of contending
for a channel. In contrast, it also increases the number of
retransmissions. Therefore, it is important to efficiently design
a back-off period scheme. It is important to mention that the
traditional back-off schemes adopt an exponential method and
this increases the collision probability as explained in [33].
Therefore, a new back-off period strategy is proposed for the
biomedical devices by introducing a contention threshold value
(cwyp, ). Assuming a bit error rate of 0, then, cwyy, is expressed
in Eqn. 7.

cwih = = (CWmin + CWmaz) (7

2

Based on the IEEE 802.15.4 standard, a WBAN is configured
with a § = 5 where ¢ is a random value ranging from 0 > 5
which enables five number of back-off slots ranging from 0
to 31, ie., 0—1,0—15, 0—31, 0 — 31, and O — 31 [33].
This indicates that the proposed back-off scheme enables the
devices to contend for a channel up to five times. Assuming the
back-off period is uniformly distributed, then, the optimal time
for accessing the channel can be calculated. Consequently, the
back-off time-slot as well as the mean value of the back-off
period (C,) is modeled in Eqn. 8 and Eqn. 9, respectively.

cw=2"—-1 ®)

1 €
E|CO|=6+—1271 €))
n=0

Assume that three collisions are averaged in a WBAN, then e
is determined using Eqn. 10

e=2-1=23_1=7 (10)

Substitute Eqn. 10 in Eqn. 9 to give Eqn. 11 and Eqn. 12.

e 7
1 1
FElC,)| = —— = — 1+ ... 11
|C,| Hln:on 7“;0(% +..47) A1)
. E|C,|=E(3)~3 (12)

Therefore, back-off time-slot cwy, corresponds to the optimal
value given in (4). Algorithm 1 presents the back-off period
strategy. Note, CCA denotes clear channel assessment.

Algorithm 1 Proposed MDP-HYMAC Back-off Period Strat-
egy
Require: = X and ) that have data packets to transmit, back-
off time-slot, §, cw, CWmaz, CWmin, CWiL

Ensure: mins = 3, maxs = 5

1: locate the boundary slot
2: check channel status
3: if channel = CHf.. then
4: perform CCA
5. else channel = CHpysy
6: allocate 6 = 3
7
8
9

back-off with cw,in
: check channel status
. end if

10: if channel = CHy,qy then

11: back-off with cw,,qz

12: allocate 6 = 5

13: assign a default value = 2 to reset cw
14: back-off

15: wait for beacon ack

16: end if

17: if channel = CH f,c. then

18: decrease CW by 1 until it reaches 0

19: end if

20: if either z; or y; access the channel CH; successfully
then

21: assign 1 using Eqn. 5

22: else set back-off time as cw,,;n,

23: end if

24: if either x; or y; failed to access CH; then

25: assign 0 using Eqn. 5

26: go to step 2 and step 3

27: repeat until a successful channel contention

28: end if

H. Time-Slot Management Scheme

In this study, the proposed MDP-HYMAC is a heterogeneous-
based WBAN system where the devices have different data
types, priorities, and data rates. These data rates varies from
one device to another. For example, an electromyography
(EMG) sensor has 1536 kbps data rate, a heart rate sensor
has 2.4 Kbps data rate, a temperature sensor has 1 kbps data
rate, and an electrocardiography (ECG) sensor has 192 kbps
data rate. Following this, using Eqns. 13, 14, and 15, the
MEC calculates the number of slots to allocate to each device
according to their data rate [34] and sends the computation
details to the AP to prevent time-slot wastage.

L= N 13)
sppr_ L
L1F = 50 Fr/sec (14)
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where D", L5, N5, L5/F", S™™ and o represents the
data rate, symbol number, symbol length, number of symbols
per frame, slot number, and number of symbols per slot,
respectively. Consequently, based on Eqns. 13, 14, and 15, 32
slots are allocated to the EMG sensor, ECG sensor is allocated
4 slots while heart rate and temperature sensors are allocated
1 slot, respectively. Then, the values of the time-slot are stored
as an array by the AP for each device. In case of critical and
less-critical event occurrences i.e., & = 2 and & = 1, the AP
assigned a high priority and a low priority, respectively, using
(1). The time-slot allocation scheme is presented in Algorithm
2.

Algorithm 2 Time-Slot Allocation Scheme
Require: X = x1,29,23,...,xx and Y = y1,y2, Y3, ..
Ensure: D", £5, N5, L5/ F", S™v™ o
1: for each z do:
2: determine the priority ¢
calculate £°, && L°/F", using Eqns. 13 and 14
use Eqn. 15 to compute an optimal time-slot
store the time-slot values V x € X
end for
: for each y do
determine the priority ®
calculate £°, && L£5/F", using Eqns. 13 and 14
10: use Eqn. 15 to compute an optimal time-slot
11: store the time-slot values V y € )
12: end for

y Yy

R A A

. Power Allocation Scheme

The amount of power allocated to each biomedical sensor
device based on the action a; € {s, s, sh, 5,5} and the
time spent by the devices to perform the action a; is optimized
by setting a time constraint (7;,) to assign different times to
biomedical devices in different states using Eqn. 16.

Ten=Tey + Ty + Ty + Ty +To, =1 (16)

The power spent by the devices for each action performed is

expressed using 17.

0<Tin<1
a, = Va, €eX,Y
Prin < 0 < Pras

a7

V. MARKOV DECISION MODEL FORMULATION

Markov decision process (MDP) is an optimization model
for making decision under uncertainty. It is used to model
a stochastic decision making process where an agent, i.e.,
the biomedical devices interacts with a system or an envi-
ronment i.e., the MDP-HYMAC. The system remains in a
particular state S; while the agent chooses an action A, per
decision time. For each WBAN, MDP was employed to model

the interaction between a biomedical device and the MDP-
HYMAC system. The system process is modeled as a five-
tuple: (Sy, A}, P’, R’,~) where
o S represents a set of finite state s} at any time instant ¢
such that s} € S;.
o Aj is a set of finite actions a} such that a; € Aj.
o P’ is the transition probability from one state to another
state.
e R’ is the reward obtained after performing an action a;
such that ' € R’.
e 7y is the discount factor.

A. Modeling the System States and Actions

The main goal of the MDP is to determine an optimal
strategy that either minimizes or maximizes a specific objec-
tive function. In this study, the proposed system is modeled
with five states, and the current state of the devices can be
any of these states. These states are represented as S, =
{8ty 5ty 5ty Sty St} Where s} . sy, sy, sp., s;, denotes
the sleep state, the idle state, the sensing state, the receiving
state and the transmission state. Consequently, the biomedical
devices states and the different actions performed are shown
in Fig 7.

R(S;n! atu)

R(s;p ah)

R(S;ga atx)

ransmit Receive

'
8,

R(S;u “ta)

R(S;a 1 ais)

Fig. 7. Markov decision process of the proposed system illustrating the
five states and their associated actions

where the major actions performed by the agents are:

o Sensing action: This action instructs the biomedical de-
vice to sense the channel.

o Receiving action: This action instructs the biomedical
devices to receive control commands from the AP.

o Transmission action: This action instructs the biomedical
devices to transmit data to the AP.

The state of the system at any time t is represented as a
combination of three state parameters modeled in Eqn. 18.

S; = {&,CHy, B} (18)
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where &, CH;, By, represents the occurrence of an event, the
channel status, and the buffer overflow status. Moreover, the
transition of a system’s state from s; to s;y; is represented
using Eqns. 19, 20, 21, and 22.

Sty = {41, CHet1, By} (19)
where &1 is predicted as:
2 wp. [(E-Pa-0.5)+ (1 &)1 —Pp),
Eir1 =91 wp. [(& Pr-05)+(1—&)1—P.)
0 otherwise vVX,YeD
(20
And CH,11 can be predicted as:
1 w.p. [(CHf 'CHfree) + (1 — CHt)
CHip1 = (1 — CHbusy)]
0 otherwise vVX,YeD
2D
In addition, Bj_ , is predicted as:
o1 wp (B @)+ (1= B)(1 - )
i 0 otherwise VX, YeD
(22)

Note, w.p. represents with probability.

The state transition probability matrix values recorded from
each current state to the next state based on the action a; is
stored as [P]mxm and [R'];xm is the reward matrix where
the generated corresponding reward r’ is stored while the
matrices represented in dimensions m x m denotes all possible
state changes [33]. The [P'];xm and [R'];xm matrices are
modeled in Eqns. 23 and 24, respectively.

! / / / /
Sty Sty Sty Stq Sty

/

/ / / /
Sto [ Poo Por1 Po2z Pos Pos
! / / / / /
St, | Piro P11 P12 P13 Pia
/ _ / / / / / /
[P lmxm = Sty | P20 P21 P22 P23 Poy
Vi / / / ! /
Sts | Pso P31 P32 T33 DPsg
/ / / / / /
Sts \Pa0 P41 Pa2 P43 Py4
(23)
A ! A ! /
Sty Sty St, Sty St
! ! / ! A !
Sto [ Too Tor To2 Tosz Tos4
! ! / ! / !
. St ] "o Tin Ti2 Tz T
_ ! ! / ! ! !
[R']mxm = Sto | T20 T21 To2 T2z Tog
! / / ! ! !
Sts | Tso 731 T32 T33 T34
! ! / ! ! !
Sty \Ta0 Ta1 Ta2 Taz Tys
(24)

For every action aj, a [P']nxm is generated as modeled
in Eqn. 23. As a consequence, the transition probability
from a current state s} to the next state s;, is represented
as p(s},siyq) such that si, si,; € S/. The state transition
probability of a system can be evaluated by combining the
probabilities of individual state variables. Furthermore, for
every action a; performed, the generated corresponding

reward matrix [r]/,..,.. is modeled using Eqn. 25. In Eqns. 23
and 24 the rows, i.e., sy s; ,St,,5t,,5;, is the system state
sgo at a current time-slot ¢, respectively, and the columns
represent the next state s, in time-slot ¢ + 1. For example,
pe,(0,1), pe3,(0,1), and pp:(0,1) are the probabilities of
transition of each of the system variables to transit from the
current state s; to the next state s; with action aj.

B. Reward Evaluation

The reward for each action performed by an agent is quantified
in the context of the probability of the successful delivery
of the health packets () and the generated reward r/(s}, a})

assigned to carry out the action a} in state s} is expressed
using [35] Eqn. 25.

CHpusy(Pr + (1 = Pe)) - ¢
IfCH:=0,B; =0,&) =1,
CHyusy(Pa + (1 —Py)) - 2
IfCHy=0,B; €(0,1),&)=2
CHfree(Pa+ (1 —=Pp)) ¥

If CH:=1,B;€(0,1),&)=2
CHfree(Pa +(1=Pp) v
IfCH,=1,B; €(0,1),&) =2

w(l—w)
CHfree(Pr+(1-P)) v

IfCH, =0,B,=1,6)=1

w(l—w)
CHfTee(Pr""(l_PC)) ' ,l/]

IfCH, =0,B;=1,6) =1

w(l—w)
CHfree(Prt(1—Pc)) ¥

IfCH,=1,B; =1,&) =1

r(si,a;) =

(25)

VI. DYNAMIC PROGRAMMING METHOD

Dynamic programming is a promising optimization technique
that can be used to find optimal solutions to problems such as
routing and multi-channel problems. In this study, the dynamic
programming method is used to find an optimal policy for
channel utilization issues by enhancing system performance
and minimizing energy costs. A policy determines the se-
quence of actions that a device occupying a specific state
should carry out. An optimal policy (7*) provides appropriate
actions for each state, given a specific combination of input
probability values. For each action, a pair of [P']m x m
matrix and [R']m X m matrix are provided as input to the
value iteration process, subject to a given input condition
that is determined by the probability values and discount
factor . The optimal policy is obtained as the outcome. Note
that the value iteration method uses the backward induction
mechanism [36] to calculate the sum of discounted rewards
V(s}) earned by state s; while following the policy in time-
slot t. For each action a; € Aj the state value function for state
s} satisfies the Bellman equation [37] and the stationary policy
denoted as m = (mp, 71, e, ...) are expressed using Eqns. 26
and 27, respectively.
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Vi(s') =
V7™ (sh) =r'(s}, s,
(/t) ( t ! t/) I\ / (26)
+7 Zpﬂs; (84 St1) £V (8141)
S£+1
m(sy) =
arg (lrfleaz

D sty st (r'mey (54, 5140) + 7 V(s141))
St
27

At the beginning of the value iteration process, an arbitrary
value V) is assigned to each state s} during initialization. The
process then iterates through all the states s} until convergence
is achieved and Bellman equation is used to compute the
next iteration on the state s;. The iteration continues until
convergence maxy |Vy+1(s") — Vu(s')| < e. The value itera-
tion method result to the number of iterations as well as the
discounted utility values expressed using Eqn. 28.

F 1y, (r6, 74,75, )] = 1+ ) 97 + 9715+ (28)

The discount factor + is responsible for determining how
much future rewards impact the current reward estimation.
Additionally, after taking the number of iterations, P’, R’ and
~ as input, the finite-horizon method halts after a fixed number
of executions. The method also ensures that a terminal state
is reached for every policy [38]. The optimal policy scheme
is presented in Algorithm 3. The objective of this algorithm is
to obtain optimal channel resource utilization by minimizing
the total energy cost while enhancing the system throughput.

Algorithm 3 Optimal Policy Scheme
Require: CH ¢rce, CHousys Prs Pes Pas P, w, @
Ensure: [P'] && [R’] matrices

1: for each X && each ) do:

2: using Eqns. 20, 21, and 22, evaluate [P’]

3 using Eqn.25, evaluate [R’]

4 initialize V),

5: configure v = h, such that h € (0,1)
6: initialize € && configure u = 0

7 repeat

8 for each s’ € &’ do:

9: using Eqn. 26, evaluate V*(s')
10: compute v = u + 1

11: until convergence

12: return 7*(s’)

13: end for

14: end for

VIl. PERFORMANCE EVALUATION

This section evaluates the proposed system’s performance in
terms time and energy analysis, delivery ratio, throughput,

delay, and QoE analysis. It also presents the adaptive power al-
location scheme. The following subsections provide a detailed
performance analysis of the system.

A. Time and Energy Analysis of the Proposed System

Assuming there are N and Q number of C; and Cy devices,
respectively, that have data packets to transmit in each WBAN,
the average packet inter-arrival time for both C; and Co are
expressed as A} = 1= and A3 = L=, respectively. During
the first CCA, it was assumed that the channel is busy when
other devices transmit their health packets. Therefore, the total
number of health packets served during CHy,sy is represented
by Ha and Ho, which are modeled in Eqns. 29 and 30,
respectively.

1
Hy = ———— 29
VT Zeng,, 9
1= CHpysy

where the total time spent when the channel is busy denoted
by C?—léusy and C’ngsy for both C; and Cs, respectively, are
modeled using Eqns. 31 and 32, respectively.

C,Héusy =
)\T - (Tsp + Tbe + 2T7’t + 2/I‘con (31)
+ TCCA + Tdata + Tack' + Tprop + th(Q)
Tw T, T 2T, 2Teon + Tdata
CH3,,, =~ et S Lot £ Sheon £ dute (3

AT

where Tprop’ T’wps Ty, Q, Tsps Tyes Twts Trts Teons and Tyata
denotes propagation time, wake-up time, back-off period,
probability that channel is busy, startup time from s} to s,
average time between two beacons’ arrivals, random waiting
time to receive an acknowledgment (ack) message, control
packet transmission time, and the data transmission time. The
time interval in which ) — 1 devices spent in the channel is
modeled using Eqn. 33.

T | =
(Q-1)Tq (33)
(Twp +Toca + Tsp + 2101 + 2Teon + Taata)
(1-a)

In Eqgn. 33, o and T denotes the packet loss probability and
total time spent in the channel, respectively. Therefore, Eqn. 34
computes the total time spent by the C; and Cs traffic denoted
as ﬁi’fal in each state.

12
7;otal —7:;6 +7;'1 +7;’2 4—7;,'3 +7;:1

In 34, the time spent in the sleep state, which includes the
wake-up time is denoted by 7;6; the time spent in the idle
state, which includes the random waiting time, as 7'5/1 ; the
time spent in the active state, which includes the CCA and the
back-off period, as 7'3/2; the time spent in the receive state for

VX,V €D (34
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receiving control commands through the AP from the MEC,
as ’7;(3_; and the time spent in the transmit state, which includes
the startup time, beacon time, data transmission time, and
acknowledgement time as 7, . In each state, the total power
spent by a device C; and a Cy device is modeled Eqn. 35 as:

1,2
0 =
QSB(ng) + Qs'l (Ts/l )+
0s,(Tsy) + 05, (Ts,) + 05, (Ts,) VXY € D
(35)

where 0s(,, 0s}, 0sh, 0s5, 0s}, denotes the power spent in
the sleep, idle, sense, receive, and transmit states, respectively.
Therefore, the average energy consumed by a C; device during
transmission, reception, control packets, and ack is modeled
using Eqn. 36.

' = G+ Gon + Cop + G (36)

where (¢ is the total energy spent when the channel is busy
and in idle state, (3 is the energy consumed during back-off
period, (g, is the energy consumed during reception, and
is the energy spent during transmission. Moreover, (e, (pk,
CS/S, and ng are further expressed in Eqns. 37, 38, 39, and 40,
respectively.

(e = 05y - (CHpusy) (37)
Coke = 053, (0Twt) (38)
Csy, = 05, * (Tsp + 2Tcon + 2T prop) (39)
Cs, = 04, (Taata) (40)

The average energy consumed by the C; devices is modeled
in Eqn. 41 from Eqns. 37, 38, 39, and 40.

¢ =
(99’1 ()\T - (Tsp + Tbe + TCC’A+
Tdata + Tack + th . Q)) + (Qsé . th) +
(ng “Tye - Q) + (Qsé : Tsp + 2Tp7"0p + 2Tcon)+
(stl : Tdata))/)\T

The average energy consumed by the Cy device is modeled
Eqn. 42.

(41)

¢ =
(Qs’l ()‘T - (Twp + Tsp + 2Trt + 2Tcon + TCC’A+
Tdata + Tbe . Q)) + 9521 : Twp + QSQIS : Tbe ‘ Q+
QSé(Tsp + 2T + 2Teon) + 0CCA - Toca - ECCA)/)\T

+ To(¢The + Tok)
(42)

where Toco 4 and ecc 4 represents the CCA transmission time
and the total number of CCA. Note, the devices performs two
CCA to check the channel status.

B. Packet Delivery ratio

Here, the delivery ratio of the proposed MDP-HYMAC is
analyzed. For a WBAN system, the delivery ratio (Djqi0) is
defined as the ratio of the number of transmitted data packets
that are successfully received by the AP (Tguccess) to the total
number of transmitted data packets (7;-qns). The delivery ratio
is expressed in Eqn. 43

D _ 2;021 7;uccess (Z)
ratio — w4 [\

- 43
1=1 Tirans (Z) *3)

C. System Throughput

The system throughput is determined based on the total
number of data packets that are successfully received and
total time. The system throughput is expressed using Eqn. 44.

Th = Zi:l 7;uccess (Z) (44)
7;otal

D. Delay Analysis

The system delay was analyzed using a M / M / 1 queuing
model [39]. The average delay 9. , 92  experienced during
C; and C, transmissions are modeled using Eqns. 45 and 46,

respectively.

oL, =
o(Tyr, + Tcap +Torp)+ (45)
(Tdata + 2Trt + 2Tcon)
92, =
A\E(S?)
OTor + ————= + (Tpe (46)
21—p)

+ Twp + (Tdata + 2Trt + 2Tcon))

In Eqgns. 45 and 46, the utilization is p = %, the mean service

time distribution (S) is p = 4, and E(S ?) denotes the variance
of the service time.

E. Quality of Experience

Quality of experience (QoE) is a subjective measure of the
degree of users’ perception based on the QoS parameters [40],
while QoS is an objective measure of the network’s perfor-
mance. In WBANs, QoE and QoS are two important metrics
used to evaluate the network’s performance. The relationship
between QoE and QoS in WBAN:S is heterogeneous for various
users, as it depends on different factors that includes the
user’s application type, physiological state, and the network’s
topology. Additionally, user’s QoE is related to the data
transmission demands and is influenced by throughput. The
QoE is defined [41] using Eqn. 47

c; Th(i)
Qi = 5 — 5 . eTh:nam

(47)
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where the system QoE is denoted by ¢, is defined as the
average of all users’ ¢;, where ¢; denotes user i's QOE,
Th(i) is the user i’s throughput, The . is the maximum
throughput that user ¢ needs, which reflects the heterogeneous
transmission requirements of different users, and ci is the

sensitive parameter to the throughput of user ¢ [40].

VIIl. SIMULATION RESULTS

This section presents the simulation results of the proposed
MDP-HYMAC protocol. The system is composed of differ-
ent WBANSs, APs, and devices denoted as IC, G, and D,
respectively. A total of six WBANs and twelve channels
were assumed. Additionally, ten devices with one AP were
considered in each WBAN. A single-hop topology was used
for intra-WBAN communication, and MATLAB simulation
tool was employed for simulation purposes. Based on the
IEEE 802.15.4 standard, a unit back-off duration of 20 sym-
bols was used, which is equivalent to 320u for 2.4 GHz.
The proposed protocol was compared with baseline protocols
like MC-HYMAC, SDC-HYMAC, MSS-IEEE 802.15.4, IEEE
802.15.4, MG-HYMAC, and HYMAC using standard perfor-
mance metrics like energy efficiency, throughput in terms of
total packet received by the AP, packet drop-off, delay, and the
devices’ lifetime in MATLAB. Table II presents the simulation
settings employed in this study.

TABLE I
SIMULATION PARAMETERS [23], [28]
Parameter Setting
SD 7860 symbols
BI 15360 symbols
o 60 symbols
CWmin 32
CWmaxz 256
DIFS 40 x 16e=%p
SIFS 12 x 16e %1
CCA 8 symbols
Payload 624 bits
Distance 2-10m
Data rate 250 Kbps
Beacon order 4
back-off period 20 symbols
ack packet size 104 bits
Receiving power 1.8 W
Receiving voltage 09V
Transmission voltage 1.5V
Transmission power 1315 W
Number of devices 10
Superframe order 3

A. Impact of Transmission Probability on Energy
Consumption

The performance of the proposed MDP-HYMAC protocol was
compared with that of baseline protocols. The experiment
investigated the impact of energy consumption based on the
transmission probability of devices in a WBAN system. The
MDP-HYMAC protocol, along with baseline protocols such
as MC-HYMAC, SDC-HYMAC, MSS-IEEE 802.15.4, MG-
HYMAC, and IEEE 802.15.4 protocol, was configured using

different numbers of devices that varied from 1 to 10. The
system’s transmission probability was set to 0.8, while X
and )Y were set to 7 and 3, respectively. Various simulation
experiments were conducted, as illustrated in Fig. 8. During
the simulation experiments, the proposed MDP-HYMAC al-
gorithms were enabled and disabled for the baseline protocols.
The results indicated that the higher the transmission proba-
bility, the more energy is consumed. Conversely, the MDP-
HYMAC protocol has an advantage over other protocols due
to the different efficient schemes, such as an adaptive power
allocation scheme and time-slot allocation scheme, that were
considered. Therefore, when the transmission probability was
set to 0.7, a significant improvement of about 5%, 12%, 15%,
17%, and 19% in terms of energy reduction was achieved
for the proposed MDP-HYMAC protocol over MC-HYMAC,
SDC-HYMAC, MSS-IEEE 802.15.4, MG-HYMAC, and IEEE
802.15.4, respectively. This improvement was due to the
Markov decision process that was employed to model the
traffic arrival pattern, state transition of the devices, channel
status, and buffer status which helped to improve energy
efficiency and prevent congestion. Additionally, the dynamic
programming method that was employed helped to find an
optimal solution to the channel utilization problem and thereby
minimized energy cost.

——MDP-HYMAC

) MC-HYMAC

450 SDC-HYMAC

—e— MSS-IEEE 802.15.4

I MG-HYMAC
—o— IEEE 802.15.4

Energy Consumption (mJ)
™ w
n h
[—] [—]

200 -

150 . , . . . . . .
01 02 03 04 05 06 07 08 09 1
Transmission Probability

Fig. 8. Comparing the proposed MDP-HYMAC with the baseline MAC
protocols to demonstrate its superiority in energy utilization efficiency
based on the proposed adaptive power allocation scheme

B. Impact of Number of Devices on Energy Consumption

In this section, the number of devices from 1 to 10 are varied
and investigated based on how energy consumption impact
the proposed MDP-HYMAC and baseline protocols such as
MC-HYMAC, SDC-HYMAC, MSS-IEEE 802.15.4, MG-
HYMAC, and IEEE 802.15.4. In a WBAN, a transmission
probability of 0.8 was assumed for the MDP-HYMAC
protocol and the devices were set as X = 7, while ) =
3. Following this, different simulation experiments were
performed, and the proposed algorithms were enabled only
for the MDP-HYMAC protocol and disabled for the other
protocols. The outcome of the simulation experiments is
presented in Fig. 9. The experiment results show that more

Authorized licensed use limited to: University of Pretoria. Downloaded on August 05,2024 at 08:02:29 UTC from IEEE Xplore. Restrictions apply.

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Sensors Journal. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JSEN.2024.3426666

IEEE SENSORS JOURNAL, VOL. XX, NO. XX, XXXX 2017

energy was consumed as the number of devices increased.
However, the proposed MDP-HYMAC protocol consumed
less energy compared to the baseline protocols. For instance,
when the devices were 10 (ie., X = 7 and Y = 3),
the proposed MDP-HYMAC outperformed MC-HYMAC,
SDC-HYMAC, MSS-IEEE 802.15.4, MG-HYMAC, and
IEEE 802.15.4 protocols with a significant improvement of
about 4%, 13%, 16%, 19%, and 22% in terms of energy
efficiency, respectively. This improvement was due to the
proposed optimal channel resource allocation scheme and the
modeling of device transition states, channel status, and buffer
status to improve energy efficiency and prevent congestion.
Additionally, the proposed adaptive power allocation scheme
efficiently allocated power to the devices based on time spent
in each state to minimize energy consumption. The C; and
C5 devices are compared as shown in Fig. 10. Notably, the
energy consumption of the C; devices is significantly higher
than that of the C5 devices. This difference could be attributed
to the fact that, during each cycle, the C; devices are assumed
to have more data to transmit compared to the Cy devices.
For example, in case 4, when the total number of devices
in a WBAN network was configured to 10, with C; = 6
and Cy = 4 devices, the amount of energy consumed by the
C1 devices and Cy was approximately 150 mJ and 110 mJ,
respectively. The observation depicted in Fig. 10 aligns with
the understanding that the more devices in the network, the
higher the energy consumption. Furthermore, the impact of
different priority traffic (high-priority traffic and low-priority
traffic) on network performance was investigated in the context
of energy consumption. For example, as shown in Cases 1,
2, 3, and 4 in Fig 9 where C represents less-critical health
packets (i.e., low-priority traffic) and C5 represents critical
health packets (i.e., high- priority traffic), it was observed
that the high- traffic priority class consumed less energy due
to the fewer devices participating in data transmission. While,
the low traffic priority class consumed more energy because
of the higher number of devices involved in data transmission.

—e— MDP-HYMAC
450 [ |—e—MC-HYMAC
SDC-HYMAC

400 | |—=—MSS-IEEE 802.15.4
+—MG-HYMAC

350 | |—*—IEEE 802.15.4

Energy Consumption(mJ)

4 5 6 7 8 9 10

Number of Devices
Fig. 9. Comparing the proposed MDP-HYMAC with the baseline MAC
protocols to demonstrate its superiority in terms of energy utilization

efficiency attributed to the proposed adaptive power allocation and time-
slot management schemes
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Fig. 10. Comparison of C1 and C2 based on energy consumption. For
cases 1, 2, 3, and 4, it was assumed that C1 = 9, 8,7, and 6 while
C2 =1, 2,3, and 4, respectively

C. Impact of Different Back-off Attempts on Energy
Consumption

The simulation experiments here investigate the impact of
energy consumption based on different back-off attempts
for the proposed MDP-HYMAC protocol. The devices were
varied from 1 to 10 for all protocols, and for the MDP-
HYMAC protocol, X devices were set to 6 and ) devices
to 4. The results of the experiments are presented in Fig.
11. Based on the results, it was observed that the energy
consumption of the system increased with the number of
devices. However, a slight energy reduction was noticed in the
fifth back-off attempt compared to the first, second, third, and
fourth attempts. For instance, when the number of devices was
set to 5, 4.35 MJ, 4.30 MJ, 4.26 MJ, and 4.24 MJ of energy
were consumed in the first, second, third, and fourth attempts,
respectively, while about 4.21 MJ energy was consumed in
the fifth attempt. Consequently, the proposed back-off period
strategy, the optimal channel resource allocation scheme, time-
slot allocation, and adaptive power allocation schemes led to
this improvement.

D. Impact of Different Number of Devices on Packet
Delivery ratio

In this experiment, the proposed MDP-HYMAC protocol and
baseline protocols including MC-HYMAC, SDC-HYMAC,
MSS-IEEE 802.15.4, MG-HYMAC, and IEEE 802.15.4
were compared in terms of packet delivery ratio against the
number of devices. To achieve this, the devices were set to
X = 6 and )Y = 4. Following this, the proposed algorithms
were disabled for the baseline protocols and enabled for the
proposed protocol. Different simulation experiments were
conducted, and the results of the experiment are shown in
Fig. VIII-C. The results in Fig. VIII-C indicate that as the
number of devices increases, the delivery ratio of the system
gradually decreases. However, it was noticed that the delivery
ratio of the MDP-based MAC protocol is higher compared to
that of MC-HYMAC, SDC-HYMAC, MSS-IEEE 802.15.4,
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Fig. 11.  Evaluating the proposed MDP-HYMAC protocol in terms
of energy utilization efficiency based on different back-off attempts to
investigate the efficiency of the proposed back-off and adaptive power
allocation schemes

MG-HYMAC, and IEEE 802.15.4. For instance, when the
devices were increased to 8, the MDP-HYMAC protocol
achieved a significant improvement of about 4%, 13%,
22%, 27%, and 32% over MC-HYMAC, SDC-HYMAC,
MSS-IEEE 802.15.4, MG-HYMAC, and IEEE 802.15.4,
respectively. Therefore, the proposed MDP-HYMAC protocol
outperformed the baseline protocols. This improvement was
a result of the proposed optimal policy scheme which helped
to reduce collisions and enhance packet delivery ratio.
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=——e—MSS-IEEE 802.15.4
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—o—IEEE 802.15.4

90t

80
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s v
Number of devices
Evaluating the proposed MDP-HYMAC and the baseline
MAC protocols based on successfully delivered packets. The
evident improvement of the MDP-HYMAC can be attributed
to the dynamic programming method employed for optimal
channel allocation

1 2 3

E. Impact of Different Number of Cycles on System
Throughput

In this section, the performance of the proposed MDP-
HYMAC protocol is examined in terms of system throughput
against different numbers of cycles, along with baseline pro-
tocols that include MC-HYMAC, SDC-HYMAC, MSS-IEEE

802.15.4, MG-HYMAC, and IEEE 802.15.4. The experiments
were conducted for about 50 cycles, and the results are
presented in Fig. 12. From Fig. 12, it was observed that
the proposed MDP-HYMAC protocol performed better than
the baseline protocols. For example, at cycle 10, the MDP-
HYMAC achieved a significant improvement of about 15%,
33%, 36%, 70%, and 82% over MC-HYMAC, SDC-HYMAC,
MSS-IEEE 802.15.4, MG-HYMAC, and IEEE 802.15.4, re-
spectively. This improvement was as a result of the proposed
optimal channel resource allocation scheme (dynamic pro-
gramming method), along with the modeling of the device
transition states, channel status, and buffer status using MDP,
which helped to determine channel status to prevent collisions.

1000 " . :
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Fig. 12.  Comparing the proposed MDP-HYMAC and the baseline

MAC protocols based on the successfully received packets. The MDP-
HYMAC outperformed the baseline protocol and this can be attributed
to the proposed channel allocation scheme

F. Impact of Different Number of Cycles on Health
Packets Loss

Generally, packet loss refers to a situation where data packets
are lost before reaching their destination. In this study, the
performance of the proposed MDP-HYMAC protocol and
baseline protocols (MC-HYMAC, SDC-HYMAC, MSS-IEEE
802.15.4, MG-HYMAC and IEEE 802.15.4) was investigated
based on the number of packets that were transmitted but
did not receive successfully in the AP. The total number of
packets lost during transmission was also analyzed. Various
simulation experiments were conducted for about 50 different
cycles, and the results are presented in Fig. 13. Based on the
results, it was observed that at cycle 20, the MDP-HYMAC
protocol had fewer packet losses compared to MC-HYMAC,
SDC-HYMAC, MSS-IEEE 802.15.4, MG-HYMAC, and IEEE
802.15.4 protocols. Therefore, a significant improvement of
about 30%, 39%, 57%, 67%, and 71%, respectively. This
improvement could be attributed to the optimal channel
selection scheme and MDP employed to model the transition
states of devices, channel status, and buffer status.
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protocols to investigate packet loss ratio. The evident packet loss reduc-
tion of the proposed MDP-HYMAC can be attributed to the proposed
channel allocation scheme

G. Impact of the Number of Devices on Delay

In this section, the average packet delivery delay is examined
based on the number of devices in a WBAN system. The pro-
posed MDP-HYMAC protocol and baseline protocols (MC-
HYMAC, SDC-HYMAC, MSS-IEEE 802.15.4, MG-HYMAC,
and IEEE 802.15.4) were configured by varying the number of
devices from 1 to 10. For the MDP-HYMAC protocol, it was
assumed that X devices = 7 and ) devices = 3. The average
delay of the system was determined by calculating the time
interval between packet generation and successful reception at
the AP. Following this, different experiments were conducted,
and the results are presented in Fig. 14. The results indicate
that as the number of devices increases, so does the delay.
Conversely, the proposed MDP-HYMAC protocol has a lesser
delay compared to the baseline protocols. For instance, when
the network was configured with 5 devices (i.e., X =2 and X
=3), a delay reduction of about 0.2%, 0.5%, 1.6%, 2%, and
3% was achieved over MC-HYMAC, SDC-HYMAC, MSS-
IEEE 802.15.4, MG-HYMAC, and IEEE 802.15.4 protocols,
respectively. This improvement is due to efficient modeling
of channel status, transition states, and buffer status using
MDP as well as the channel utilization optimal policy that
was proposed.

H. Investigation of Lifetime of the Devices Based on
Transmission Probability

The impact of transmission probability on the devices’ lifetime
is investigated in this section by the experiments conducted
on five protocols: the proposed MDP-HYMAC, MC-HYMAC,
SDC-HYMAC, MSS-IEEE 802.15.4, MG-HYMAC, and IEEE
802.15.4. The number of devices was varied from 1 to 10 and a
battery power of 1200 J was employed. For the MDP-HYMAC
protocol, the X devices were set to 7 and the ) devices to
3. The results of the different experiments conducted are pre-
sented in Fig. 15. The transmission probability was varied from
0.1 to 0.9 and it was observed that the higher the transmission

is evident. This reduction in delay results from the proposed back-
off scheme, which adjusts the contention window based on network
conditions to minimize collisions and retransmissions, ultimately leading
to reduced delay

probability the lower the lifetime of the devices. Conversely,
the MDP-HYMAC protocol outperformed the baseline pro-
tocols. For example, when the transmission probability was
set to 0.5, a significant improvement of about 7%, 23%,
31%, 43%, and 46% was achieved over the MC-HYMAC,
SDC-HYMAC, MSS-IEEE 805.15.4, MG-HYMAC, and IEEE
802.15.4 protocols, respectively. The achieved improvement
was due to the different energy efficient strategies such as the
adaptive power allocation scheme, time-slot allocation scheme,
back-off strategy, and the optimal channel utilization scheme.

x 10
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45 s MC-HYMAC
.SDC-HYMAC

—e—MSS-IEEE 802.15.4 | |
MG-HYMAC

—e—IEEE 802.15.4
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Fig. 15. Evaluating the proposed MDP-HYMAC and baseline MAC pro-
tocols based on the devices lifetime. This suggests that MDP-HYMAC
achieved optimal device lifespan by managing the balance between data
transmission and energy efficiency which impacts device longevity

1. Investigation of Quality of Experience Based on
Different Number of Devices

QoE reflects the average level of user satisfaction with data
transmission performance, while QoS is an objective mea-
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sure of network performance. The simulation experiment
conducted here investigates the QoE against the number of
devices. To achieve this, each WBAN (i.e., user) was con-
figured with 10 devices, and the proposed schemes were
enabled for the MDP-HYMAC and disabled for MC-HYMAC,
SDC-HYMAC, MSS-IEEE 805.15.4, MG-HYMAC, and IEEE
802.15.4 protocols. For MDP-HYMAC, it was assumed that
X = 7 and Y = 3 devices. The results of the simulation
experiments presented in Fig. 16 indicates that as the number
of devices increased, the throughput of a user decreased and
caused the QoE to gradually decline. However, it was ob-
served that the QoE of the proposed MDP-HYMAC is higher
compared to the baseline protocols when the network has
9 devices. Therefore, MDP-HYMAC outperformed the MC-
HYMAC, SDC-HYMAC, MSS-IEEE 805.15.4, MG-HYMAC,
and IEEE 802.15.4 protocols with a significant improvement
of about 9%, 20%, 22%, 27% and 33%, respectively. This
improvement is due to the proposed optimal policy, which
enables efficient allocation of channel resources to reduce the
probabilities of collision and congestion. As a result of this,
time wasted on retransmission is reduced while throughput is
enhanced.

1 T T T T T T T T
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0.9 —MC-HYMAC ]
) SDC-HYMAC
—e—MSS-IEEE 802.15.4
0.3 MG-HYMAC 1

——o—IEEE 802.15.4

0.2 . n n n L n n .
1 2 3 4 5 6 7 8 9 10

Number of devices

Fig. 16. Comparing the proposed and baseline protocols to understand
how the number of devices influences the quality of user experience in
terms of throughput

IX. CONCLUSION AND FUTURE WORK

This study addressed critical challenges related to energy
consumption, time-slot wastage, delay, and channel utiliza-
tion in WBAN systems. To achieve this, a multi-channel
hybrid MAC protocol based on Markov decision process was
proposed. The proposed MDP-HYMAC leveraged a Markov
decision process to optimize traffic arrival pattern, channel
usage, and buffer management to prevent congestion, improve
energy-efficiency, and prolong network lifetime. The multi-
channel approach enabled the AP and devices to communicate
on separate channels. This reduced collisions and enhanced
system throughput. To prevent time-slot wastage, a back-off
period strategy and a time slot allocation scheme was de-
signed. Additionally, an adaptive power allocation scheme was

designed to minimize energy wastage. The proposed MDP-
HYMAC protocol demonstrated superior energy efficiency, re-
duced delay, improved packet delivery ratio, enhanced system
throughput, minimized packet loss, extended device lifetime,
and enhanced QoE. Future work will focus on incorporating
additional resource optimization methods such game theory
[42] and machine learning [43], [44] to further improve
WBAN system efficiency.
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