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Abstract—Energy efficiency is an important quality-of-
service requirement that needs to be considered when design-
ing an efficient MAC protocol for a WBAN system due to
the limited power resources of biomedical sensor devices.
To address this, an energy-aware multi-group hybrid MAC
(MG-HYMAC) protocol is proposed in this work to improve
energy efficiency as well as the lifetime of the biomedical
sensor devices in a personalized healthcare system. The
proposed protocol combines both the advantages of the
CSMA/CA and the TDMA schemes to enable the biomedical
sensors to efficiently contend for transmission opportuni-
ties and to allow them to efficiently transmit health data.
The MG-HYMAC protocol is combined with a transmission

Personalized healthcare system

scheduling technique to duty cycle the operations of the biomedical devices with less critical data to determine when
and how the biomedical sensor devices will transmit their health data packets in order to reduce collisions to save
energy and prolong the battery lifetime of the biomedical sensor devices so as to improve the overall network lifetime.
Also, a stochastic probability model and a heuristic-based power control scheme are developed to solve time allocation
and power control problems to improve energy efficiency and the biomedical sensor devices lifetime. To validate the
MG-HYMAC protocol, it was compared with other related protocols (including HyMAC and CPMAC) and simulated in
MATLAB. The simulation results proved that the proposed MG-HYMAC protocol outperformed the existing MAC protocols
using standard metrics like energy efficiency, biomedical sensor devices lifetime, and convergence speed.

Index Terms— WBAN, MAC protocols, personalization, stochastic probability, CSMA/CA, TDMA, Internet of Things,

transmission scheduling scheme.

|. INTRODUCTION

ITH the increasing advances of the internet of
Wthings (IoT) technologies and smart devices, wire-
less body area network (WBAN) technology design has
received significant attention from both the academia and
industry [1]-[3]. The IoT technology is a communication
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paradigm that can be integrated into many wireless systems [4]
such as the WBAN systems to seamlessly connect different
types of devices, over the internet to accomplish the critical
tasks of such systems ubiquitously [5]-[8].

In the health domain, IoT technologies can be incorporated
into WBANS to enable real-time monitoring of patients’ health
conditions, patients’ information management, process control,
and to also enable decision making with or without the
intervention of humans remotely [9] and [10]. Additionally,
combining an IoT technology with a WBAN system could help
to provide a cost-effective service as well as help to minimize
patients’ frequent hospital visits. Therefore, integrating IoT
technologies into WBANs are advantageous for healthcare
monitoring purposes to achieve a better productivity [11]
and [12].

An IoT enabled WBAN system is a body-focused type
of wireless network that is composed of various IoT bio-
medical sensors which are characterized as smart, tiny,
light-weight, wearable, and low powered devices. These
IoT biomedical sensors are usually positioned in the body,
on the body or placed around the human body, they include
the gyroscope sensor, electromyography (EMG) sensor,
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electroencephalogram (EEG) electrocardiography (ECG) sen-
sor, pulse oximeter sensor, heart-rate monitoring sensor, blood
pressure sensor, temperature sensor, mental health sensor and
so on. The IoT biomedical sensors are used for diagnosing,
monitoring, and treating patients with health challenges such
as obesity, cancer, diabetes, strokes, myocardial infraction,
and tropical diseases [13] seamlessly. They also gather and
communicate sensed health data through an access point (AP)
such as a smart phone [14] in the body area to designated
healthcare centers [15], [16].

However, despite the unique properties of the WBAN
systems, they are still confronted with an energy scarcity
issue [17] and [18] because the WBAN biomedical sensors
are usually configured to use batteries which have limited
power capacities and they are sometime impractical to replace
or recharge especially when they are implanted in a patient’s
body. Also, it is well established that the energy consumed by
the biomedical devices during data communication to the AP
is typically significant. Because of the limited battery power
concern and the long lifetime requirement of the biomedical
sensors, hence, the need to minimize energy consumption
during health data communications is very important, but then,
this poses a great challenge in designing robust MAC protocols
for a WBAN system [19]-[21]. Therefore, to address this
power consumption issue, we propose a new MAC protocol
that is energy-aware for an effective patient’s health condition
sensing and data communication.

The proposed energy-aware MAC protocol is composed of
two major phases that include the transmission phase (TP)
and the receiving phase (RP). During health data communi-
cation phase, i.e., the transmission and the receiving phases,
the biomedical sensors waste energy through unnecessary
idle listening, collisions, overhearing, and control overhead.
To address this and save energy, we employ a sleep-wake-
up scheduling mechanism, and we also assign the major
transmission overhead to the AP since it can be charged easily
unlike the biomedical sensors. Also, we allocate a specific
time slot to each of the biomedical sensors for their health
data transmission to prevent collisions. A waiting order (WO)
state was introduced as a specific type of idle state that only
occur during the TP of the TDMA period to save energy.
Furthermore, based on the WBAN application requirements,
we classify the health data of the biomedical sensors into two
groups, namely the critical health data and the less critical
health data. To save energy, we as well employ a transmission
scheduling technique to duty cycle the operations of the
biomedical sensor devices with less critical data packets to
determine when and how the biomedical sensor devices will
transmit their health data packets to reduce collisions. The
major contributions of this paper are outlined below:

o The design of an energy-aware hybrid MAC protocol
to reduce the power consumption of WBAN biomedical
sensors during data communication was proposed.

« We introduced the idea of a multi-variate concept based
on the WBAN application requirements to classify the
health data of the biomedical sensors into critical and
less critical data according to their priority level.

o To address the longstanding energy efficiency design
concern related to the WBAN systems, a transmission
scheduling technique is applied to duty cycle the opera-
tions of the WBAN biomedical devices with less critical
data packets to determine when and how the devices will
transmit their health data packets to reduce collisions in
order to save energy and prolong the battery lifetime
of the biomedical sensor devices to improve the overall
network lifetime.

« Since the major sources of energy wastage issues during
health data communications are idle listening, control
overhead, and collisions, therefore, to save energy and
extend the lifetime of the biomedical sensors, we assign
the major transmission overhead to the AP side. To con-
serve energy during idle listening state, we introduced
a waiting order state to enable only the synchronous
clock of the biomedical sensors to work, while all other
operations are disabled. Also, we adopted a sleep-wake-
up scheduling mechanism to reduce energy wastage issue
to prolong the network lifetime.

o In addition, the biomedical sensors that have health data
to transmit are assigned a specific time slot to prevent
collisions and thereby reducing energy wastage due to
frequent re-transmissions.

o« We harnessed the advantages of the CSMA/CA and
TDMA schemes as well as the state division of the
biomedical sensors to achieve energy efficiency during
health data sensing and communication.

« We developed a stochastic probability model and a
heuristic-based power control scheme to solve time allo-
cation and power control problems to enhance energy
efficiency and prolong the lifetime of the devices.

There is no existing work that has considered a multi-group
hybrid MAC MG-HYMAC) in WBANSs that studied this issue
in literature to the best of authors’ knowledge.

This work is organized in the following manner: The related
works is presented in Section II. Section III presents the
system model. Section IV presents the analysis of time spent
in different states of the proposed MG-HYMAC protocol.
The proposed power control scheme and power consump-
tion model for the MG-HYMAC protocol is discussed in
Section V. Section VI presents the operations of the proposed
MG-HYMAC protocol. Simulation results are discussed in
Section VII, while we conclude the work in Section VIII.

Il. RELATED WORKS
In this section, we discuss some existing articles in liter-
ature that considered MAC protocols to improve the energy
efficiency of the WBAN systems. Examples are [2], [22]-[32].
They are discussed and compared with this work in Table L.

[Il. SYSTEM MODELLING
The proposed system model presents the details on the
system architecture and mathematical modelling. In the mod-
elling of the proposed hybrid MAC protocol, the following
assumptions are made:
o« We assume that not all the biomedical sensors in the
network have data to transmit.
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TABLE |
COMPARISON OF THE EXISTING MAC PROTOCOLS AND THE PROPOSED MAC PROTOCOL

Reference

Contribution of the existing MAC protocol

Contribution of the newly proposed MAC protocol

(2]

A hybrid multi-class MAC protocol that adopts slotted
ALOHA and TDMA mechanisms was proposed. The
proposed protocol consists of two main processes, namely
contention phase and transmission phase. An optimization
problem was formulated to maximize the system sum-
throughput, packet success-access-ratio, and the reservation
ratio to determine the trade-off between the two processes.
The paper employed a concept that efficiently divided the
devices in the network into two classes. In each class, not all
the devices have data to transmit. This helped to improve the
network performance. However, the energy efficiency of the
system was not considered in this work.

Different from [2], an energy-aware MAC protocol that adopts a CSMA/CA
scheme and a TDMA scheme was proposed. The proposed protocol consists
of two main processes, namely the reception phase and the transmission
phase. We developed a stochastic probability model and a heuristic-based
power control scheme to solve time allocation and power control problems.
Unlike [2], the focus of this work is to improve energy efficiency and to
prolong the lifetime of the biomedical devices by addressing energy wastage
and energy consumption problems during data communication. Here, we
employ a multi-variate concept to classify the devices in the network into two
groups. The devices in the first group were all assumed to have data to
transmit, while a few out of the second group have data to transmit.

[22]

An energy harvesting hybrid MAC protocol that adopts a
dynamic scheduling method to improve energy efficiency
was proposed. But then, the latency of the proposed system is
relatively high and could still be improved on.

In contrast to [22], we proposed a new hybrid MAC protocol that exploit the
CSMA/CA scheme and the TDMA scheme to improve energy efficiency.
Also, we tackle energy wastage problems that are generally common during
data communication by introducing some power saving mechanisms such as
low power listening, contention, and transmission scheduling mechanisms.

[23]

An out-of-band wake-up radio was introduced to save energy
during idle listening and the transmission of control
overhead. However, more efficient mechanisms could still be
investigated to reduce energy consumption and energy
wastage issues so as to increase the lifetime of the system.

Contrary to [23], we assign the major transmission overhead to the AP side
since it has sufficient power resource and can be charged. Also, to cater for
energy wastage during idle listening we employ a sleep-wake-up scheduling
mechanism as well as introduce a waiting order state which works by only
allowing the synchronous clock of the biomedical sensors to function while
other operations are disabled.

[24]

An investigation on a hybrid MAC protocol in the context of
energy efficiency and delay was carried out in [24]. However,
more investigations that focus on the development of new
mechanisms are required to address energy wastage and
energy consumption issues.

Different from [24], a multi-variant hybrid MAC protocol which combines
the benefits of the CSMA/CA and the TDMA schemes was introduced to
enhance energy efficiency. The operations of the WBAN biomedical sensors
were divided into different states to tackle energy wastage issues such as
collisions, idle listening, and control overhead during data communication.
Furthermore, we apply a transmission scheduling and a sleep-wake-up
scheduling mechanism to conserve energy.

[25]

A SmartBAN. hybrid MAC protocol was introduced to mix
the slotted ALOHA and the TDMA scheme to improve
energy efficiency and minimize delay in the network in an
attempt to enhance periodic and emergency traffic. However,
the proposed system is not scalable and this calls for further
improvements.

In contrast to [25], we exploited both the CSMA/CA and the TDMA schemes.
For instance, the CSMA/CA scheme was employed to handle collision
problem during data communication to reduce the energy wastage associated
with frequent retransmissions of health data. In addition, to reduce energy
wastage issues we allocate specific time slots to the biomedical sensors to
prevent collisions. Also, a transmission scheduling technique was employed
to duty cycle the operations of the biomedical sensors to save energy.

[26]

A MAC protocol that is based on the IEEE 802.15.6 protocol
was proposed to handle normal and emergency traffic. A slot
reallocation technique was employed to conserve energy.
However, this has a negative influence on the latency of the
system. Therefore, the latency of the system needs to be
improved on.

Contrary to [26], we introduced a multi-variant technique based on the
WBAN application requirements to classify the health data of the biomedical
sensors into critical and less critical data according to their priorities. We
introduce some power saving mechanisms such as a low power listening,
contention and transmission scheduling mechanisms to minimize energy
consumption.

(27]

An energy efficient MAC protocol that exploits the
advantages of the body area network static nature was
introduced to implement a TDMA scheme that saved a
reasonable amount of energy with a little idle listening and
overhead. But then, the data transfer reliability and the
flexibility of the system are still considered low and could
still be improved on.

Unlike [27], the advantages of the CSMA/CA and the TDMA schemes were
combined to improve energy efficiency and extend the lifetime of the
network. To achieve an energy efficient WBAN system, the major
transmission overhead was observed at the AP side, a waiting order state
which only allow the synchronous clock of the biomedical sensors to work
was introduced while other operations are turned off.

(28]

Authors proposed a RFID-enabled MAC protocol to adjust
the wakeup and the sleep state of the body nodes dynamically
based on their traffic pattern to address energy consumption
problem. However, the proposed system is yet to fully
address energy wastage and energy consumption concerns.
Hence, the work is still limited in terms of the lifetime of the
system.

In contrast to [28], we introduced the idea of a multi-variant technique which
harness the CSMA/CA and the TDMA benefits to address energy
consumption problems. Furthermore, a transmission scheduling technique
was employed to duty cycle the operations of the biomedical sensors such
that only the biomedical sensors that have data to transmit are assigned
specific time slots, while others go into a sleep mode to conserve energy.

[29]

A traffic adaptive MAC protocol that is based on the traffic
information of the sensor nodes was designed. To conserve
energy, the duty cycles of the nodes were adjusted based on
their traffic pattern. Unfortunately, the proposed system has
a relatively high latency that resulted to energy wastage
issues. Therefore, the energy efficiency of the proposed
system could still be improved on.

Contrary to [29], we addressed the energy consumption issues during data
communication by dividing the operations of the biomedical sensors into
different states and minimizing the energy consumed in each state, for
example, we employ a transmission scheduling mechanism to duty cycle the
operations of the biomedical sensors based on their data type.

[30]

Here, authors designed a MAC protocol based on a TDMA
scheme where nodes are allocated time slots to transmit
packets and goes into a Q-sleep mode at others time slot to

Different from [30], we designed a new MAC protocol that is based on the
CSMA/CA and the TDMA mechanisms which adopts a sleep-wake-up
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TABLE |
(Continued.) COMPARISON OF THE EXISTING MAC PROTOCOLS AND THE PROPOSED MAC PROTOCOL

save energy. But then, the throughput and lifetime of the
system decreased due to time slot wastage. As a consequence,
the utilization of time slot could still be improved on.

scheduling method. We introduced some power saving mechanisms such as
low power listening, contention and transmission scheduling mechanisms.

CSMA/CA protocol and the TDMA protocol was proposed
to improve energy efficiency. An awaiting order state was
considered to save energy. Also, energy wastage due to
packet overload was addressed by setting the major overhead
transmission at the PS side. However, the mechanisms
proposed are yet to fully tackle the longstanding energy
consumption and energy wastage issues. Hence, there are still
needs for improvements.

[31] Authors proposed a polling-based MAC protocol where | Unlike [31], we proposed the idea of a multi-variant technique which harness
sensors can efficiently utilize the channel in such a way that | the advantages of the CSMA/CA and the TDMA mechanisms to address
the sensors are waked up to transmit their packets only when | energy consumption problem due to collisions, idle listening, overhearing,
the channel is strong to enable a fast and reliable transmission | and control overhead. In addition, we employ a transmission scheduling
to enhance energy efficiency, transmission reliability as well | technique to duty cycle the operations of the biomedical sensors such that a
as data rate performance. But then, this resulted to a high | particular time slot is assigned to a biomedical sensor device that have data
latency which technically led to energy wastage and a | to transmit, while others go into a sleep mode to save energy.
decrease in the lifetime of the system.

[32] A homogenous hybrid MAC protocol involving the | In contrast to [32] that only considered a homogenous WBAN system, i.e.,

they do not provide any scheme to cater for a heterogeneous network, where
the biomedical sensors in a network may have different properties like the
consideration of critical health data and less critical health data. For this
reason, we extend the work done in [32] by introducing the idea of a multi-
variant concept to cater for network heterogeneity. To further improve energy
efficiency and extend the battery lifetime of the biomedical sensors, we apply
a transmission scheduling technique to duty cycle the operations of the
WBAN biomedical sensors with less critical data packets to determine when
and how the biomedical sensor devices will transmit their health data packets
to reduce collisions in order to save energy and prolong the battery lifetime
of the biomedical sensor devices so as to improve the overall network
lifetime. Also, we developed a stochastic probability model and a heuristic-
based power control scheme to solve time allocation and power control
problems to enhance energy efficiency and prolong the lifetime of the

devices. Furthermore, we employed a sleep-wake-up scheduling mechanism
which helped in saving a reasonable amount of power and increasing the
network lifetime. Thus, the protocol design, proposed algorithmic methods,
and the mathematical formulation proposed in this work are different
compared to [32].

o We assume that the system uses a sense-and-send
approach.

o The data packet arrival is based on a Poisson process,
while the retransmission of the data packets is considered
as a truncated Poisson distribution process.

« We assume two types of events for the biomedical sensor
devices (i.e., the transmission of data packets to the AP
and the reception of control signals from the AP) data
in the TP and the amount of energy consumed in these
events are different in a fixed TP.

« We also assume that a biomedical sensor device consumes
different amount of power across the states, but then, all
the biomedical sensors in the network operates using a
fixed power in a particular state.

A. System Architecture

Here, we introduce a new personalized WBAN system
architecture that is made up of a low power AP device (i.e.,
a mobile cell phone) that can be charged easily as well as
various biomedical devices that are uniformly distributed all
over a patient’s body for health condition(s) monitoring as
shown in Fig 1. Each of the biomedical devices perform health
condition(s) sensing and send their sensed health data to the
AP. The AP acts as the coordinator as well as an intermediary
between the biomedical devices and other components of the
system, including the medical experts, health centers, and the
health data analysis platforms.

B. Mathematical Modelling
Let K denote the total number of the biomedical sensor
devices in the network. The biomedical sensor devices within

Remote
hospital

o)

Phy4sician

3

Data analyst

pressure
sensor

Wound healing
sensor

Fig. 1. A typical personalized WBAN system architecture.

this network are classified into a multi-group (for example,
group P, group @, and so on) using a multi-variate concept
according to their health data priority-level using (1). Note,
we assume that each device will have to assign a priority-
level (n) to its health data to provide a high priority and a low
priority to the critical health data and less critical health data
respectively based on (1) [33].

Dr
ArateX Plen

n= (1)
where D7 is the health data type, 1,4, is the traffic arrival
rate, and Pj, is the packet length. Based on the priority-level,
the devices and the AP takes decision during the allocation of
resources and transmission.

As a consequence, the biomedical devices with critical
health data packets are categorized into group P and are
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d(l-¢)

Fig. 2. Proposed state transition probability of the biomedical sensor
devices.
denoted as A in a set of A = {m,mp, m3,...ma}, while

the biomedical devices with less critical health data packets
are categorized into group Q and are denoted as B in a set of
B ={ni,no,n3,...ng}

In each TP, we assume that not all the biomedical devices
with less critical health data packets in group Q have data
packets to send based on the applied transmission scheduling
method. Meanwhile, only the ones that have data packets to
send are enabled to contend for channel utilization opportuni-
ties for transmission purposes. While we assume that all the
biomedical devices in group P all have health data packets to
send to the AP, hence, all of them are allowed to contend for
channel utilization opportunities.

It was assumed that each of the biomedical devices in
the network follows a stochastic process with five states.
Consequently, S,f’Q = {Sé)’Q, Sf)’Q, S;’Q, Sf’Q, Sf’Q was
used to represent the five states of a biomedical sensor device,
where we denote the set of all the device states as S,‘ZD 0
while S(f’Q, SIP’Q, S;’Q, S3P’Q, and Sf’Q represents the sleep,
idle, sensing, receiving, and transmitting states respectively in
groups P and Q as shown in Fig. 2.

IV. ANALYSIS OF TIME SPENT IN DIFFERENT STATES

In this section, we present the analysis of the average time
spent in each state of the proposed MG-HYMAC protocol. For
this to be achieved, we use a continuous-time Markov chain
to estimate the time a device spent in each state [34].

Therefore, the probability that there is at least a sensing
event occurrence is expressed in (2) and the probability that
there is at least one transmission event occurrence is expressed
in (3) respectively as:

*Asen Tt

)
3)

where T, represent the maximum time spent by a device in
the idle state during the CSMA/CA period of the TP, while
Asens and A;rqn denotes the average arrival rate of the health
data packets for the Poisson process in the sensing as well as
the transmission phases, respectively.

Recall that the biomedical devices in the network are
classified into multi-groups including group P that contains

c=1-—e
— 1_eflltranTt

the critical health data packets and group Q that contains the
less critical health data packets. Hence, the time spent by a
device in group P on the Sf state is denoted as TS}; , while

E [TS': ] = u§ represents the 7§ mean value.

For example, the time a biomedical sensor spends in the
sleep state is represented as TS}; . The expected value of TS}; is
assumed to be equal to its mean value as expressed in (4):

E [Tsf)] = ug,

If a device switches from S(f to SfD , then, the time spent in
S 1P , 1s denoted as TS}; . For each transmission event occurrence,
the TS}.) mean value is expressed in (5) as:

“)

R, +T; 1
E [Tsll)levent] =,u§1 levent :/ (p—R)) /Tta(p — (ET’)
Ny
&)

In (6), 8, denotes the period that the biomedical sensor
device switches from S{D to an active state, i.e., either the
transmitting or the receiving state.

We denote the maximum time and the minimum time a
biomedical sensor device spends in SJ as ¢f . and ¢, |
respectively. Thus, the mean value of TS‘Z is computed in (6)
as:

1
P P P P
E [T82] = Hg, = 5 (gmax + gmin)

While, for the receiving and transmitting states, we denote
the time spent in each state as TS[; and TS‘Z , respectively and
their mean values are expressed in (7) and (8) as:

(18] = uf, ™

P P P P P
E [TS4] =E [Tprep] + E[Tdata + Tbeacon + TACK] (8)

(6)

In (8), Tgrep, TF 0 T . and Th ., denotes the time a
biomedical sensor device prepares to transmit, the time spent
on health data packet transmission, the time spent on sending
all end-beacons, and the time spent on sending all ACKs,
respectively. Note, we assume that the T;’, ¢p begins from when
a biomedical sensor device enters the transmitting state till
when it successfully delivers its health data packets. Thus, the

P P P P ; ;
Treps Taarar Theacons a1d Ty can all be determined using

F len/g{, where R is the transmission rate.

From (4) — (8), the total time spent by a biomedical sensor
device in group P on the transition states is modelled in (9)
as:

Tl = TS‘E +(c+d—cd) Tsfl’|event +c (TS‘Z + Tlfmc)
+d (TSIZ) +e+d—cd)TE )

where T ,o¢ is the processing time.
And the mean value of T;Oml is determined in (10) as:

1 1
elr) =1 e va e (5m) v+ )

+dug, + (c+d—cdyu§, (10)
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For group Q, the time spent by a biomedical sensor device
on the S,ZQ state is denoted as ng and its mean value is
[ng] = ,u?n. Consequently, TS% is the time spent in S(? and
the expected value of TSQ0 is assumed to be equal to its mean
value as given in (11):

E [TS%] —ul (11)

The time spent in SIQ is denoted as TS?. If 3 a transmission

event occurrence, then, the TSQl mean value is determined in
(12) as:

0 0 R, +Ty
E [Tsl |event] = g, levent :/& (p — Ry) /T,6¢
1

(i)

Recall that not all the biomedical devices in group Q have data
packets to send and/or will not participate in data transmission
in each TP cycle, hence, for no transmission occurrence,
we model the mean value of TSQ1 in (13) as:

12)

E [TSQl|none] = ,uSQl|none =T (13)

The time a biomedical sensor device spend in the sensing state

is TS% and the mean value is expressed in (14) as:

1
0
E I:TSQ:I = Iu.% = 5 (grgax + Cn%n) (14)

While the time spent by a biomedical sensor device in either
the receiving and transmitting states are represented as TSg

and Ts% respectively and their mean values are modelled in
(15) and (16) as:

0] _ 0
E[18] = u

ol _ ) 0 0]
E [TS4] =E I:Tgrep] +E [Tdata + Tbeacon + TACK] (16)

15)

To determine the total time spent by a biomedical sensor
device in group Q, we combine (11) — (14) to model (17)
as:
0
TTotal
= TS%—i—(l—(c—kd—cd)) TSQI|n0ne+(c+d—cd)TSQl|event

+e(T8+18,) +d (1) + (¢ +d =) TE5 (17)
While the mean value of T%t .1 is computed in (18) as:
E[T8,0] = T¢+Ti—(c+d - cd) (%T,) +e (MSQI +%)

+dud +(c+d—cdypul (18)

The total time spent by all the biomedical devices A and B is
computed from (9) and (17) in (19) and (20), respectively as:

A

ZalefT’oml Ve, a=1,2,..., A (19)
B0
D Trowa Vo b=12,....B (20)

The total mean value of the time spent by all the biomedical
devices A and B is computed from (10) and (18) in (21) and
(22) respectively as:

A P

> (E [TTW]) Ve, a=1,2,..., A
B 0

> (E [Tmal]) Vo, b=1,2,....B

Furthermore, to calculate the overall time spent by group P
and group Q, we add (19) and (20). The overall time spent by
all the biomedical devices in both groups P and Q is defined
by @Oy, and expressed in (23) as:

A _p B 0
Osum = Za:l TTotal + Zb:l TTotal
Also, their overall mean value (i.e., groups P and Q) is defined
by $Hsum and computed in (24) by adding (21) and (22).

Soum =D (E[TFoma]) + > (£[1%u]) @

To solve the problem of the overall time spent by
all the biomedical devices in the system, we employed
the proposed stochastic probability scheme presented in
Algorithm 1.

21

(22)

(23)

V. PROPOSED POWER CONTROL SCHEME AND POWER
CONSUMPTION MODEL FOR THE MG-HYMAC
PrRoTOCOL

In this section, we propose a power control scheme
for the MG-HYMAC protocol and model the power con-
sumption of the biomedical sensor devices in the network.
The amount of power allocated to each biomedical sen-
sor device in the five states by the AP is controlled by

the power control scheme. The schemes apply a set of

P, P.0 PO PQ PO P, P,
On ¢ - {Qo Q»Q] Q;Qz Q,Q3 Q»Q4 Q} and a set of S, =

S(f’Q, Sf)’Q, SZP’Q, S;’Q, Sf’Q}to process the optimal con-
trol and the allocation of power during each TP cycle.

The biomedical devices in the network have their opera-
tional power fixed for each state and we denote the power
consumed by each biomedical sensor device when switching
from 8¢ to 7 %ase79 and as £7;¢ when switching from

0 1 01 13 g
Sf) 2 10 S3P = Following this, the total power consumed is
represented as @7y, and modelled in (25) and (26) for both
groups P and Q, respectively as:

P P P PP, P P P, P P
Q7o = Tsp00 + T 01 + o1+ 75 (TszQz + TS4Q4)

+efy+ 0,75 05 (25)

[ _ 79 0 o 0 9 0 o
Proar = Tsyeo + Tsjor +egy + 7 (T52 02+ T, Q4)

+ed+ 0 TL0f (26)

In (25) and (26), 7, and 7, are used to show the occurrence
of transmission event in the sensing and receiving states,
respectively. So, if 3 a transmission occurrence it turns to
1 otherwise it turns to 0. The mean value of the total power
consumption for both groups P and Q is modelled in (27) and
(28) respectively as:

1
E I:(Diotal] = T£Q(§) (c+d—cd) (ETthD) +85’1
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Algorithm 1 MG-HYMAC Stochastic Probability Scheme + efg + (c+d —cd)ug,0;

PO _ 1
Requ1re A B> b10med1ca1 sensors in group P and group Q, S, E [CDQ ] + T Q
c+d—cd T
{ o Q, S1 Q, S2 Q, SP Q S4’Q}> transition states, AP, Ogum && Total th ( ) 1
f.)sum

1: [Initialize: biomedical devices with data packets to transmit

1
+80Q1 +c (ﬂszgz &l QProc) + ,ug;Q:gQ

2: Assign 5 to each group based on their data type using (1)
3: fora=1,..., Ado 0
4 let TSZ denote time spent by each a in S,f states tept+ (c+d— Cd)'u S4Q4 (28)
2: f"rl 501 do e of 7 P A Therefore, the total power consumed by all the biomedical
7 eiilc;loite mean value o as (49 devices A and B is computed from (25) and (26) in (29) and
8: if a switches from S0 to S1 then (30) as:
9: time spent in § P_— TSP A
10 for each transmission event do Z (DTotal Vo, a=1,2,...,A (29
11: calculate mean value of TP as (5) aB 0
12: end for (] Vp, b=1,2,...,B 30
13 endif Zb=1 Total *b> o (30)
14: for S5 do » Then, the total mean value of the power consumed by all the
15: assign the ¢ €y IS,Z , biomedical devices A and B is computed from (27) and (28)
16: compute mean value of TS2 using (6) in (31) and (32) as:
17 endfor m 3 as:
18: for S¥ && SP do A
3 4 P
19: calculate mean value of TS && TS using (7) && (8) za:l E [q)Total] Vo, a=1,2,...,A (31
20:  end for B 0
21:  for each ain A= {my, my,m3,...mu} do Z E[(DTotal] Yy, b=1,2,...,B (32)
22: compute total time spent in the transition states as (9) b=1
3‘311 dc‘;mP“te total mean as (10) To calculate the overall power (Jgm) consumed by all the
25 elf:; foro lioop biomedical devi.ces in both groups P and Q, we combine (29)
26: for b= 1, ..., B do and (30) to derive (33).
27: let TQ denote time spent by each b in S,,Q states A B 0
~ P

28 for 560' Tsum =2 Plorar + D Phorar (33)

. Q N -
29: compute mean value of T sing (11
30 end ﬁf: v ' 4 And the overall mean value (Y, ) of both group P and group
31: if b switches from SOQto SIQ then Q is calculated in (34) as:

0 0
32: time spent in S| == T§g A B
P

33: if 3 a transmission event then Ysum = Za—l E I:(I)Total] + Zb— E [(DTotal:I (34)
34: compute mean value of TSl as (12) - -
35: else 0 To optimize the time spent by each biomedical sensor device
gg: dcefmpute mean value of TSl as (13) in states S,I,D’Q SO ,0 SP 0 S; ,0 Sf ,0 Sf’Q}, we set

: en 1 . . . .
38  end IfQ a time constraint in (35) to allocate dlffereunt time (¢) to a
39:  for S5 do biomedical device in the different state of S, 0 as:
40: assign the g,gax, r%n in SQ _ 1 35
41: calculate mean value of TS using (14) t=t+h+h+i3+i= (35
jgf ::rdeOJ v TQ do Also, to reduce the power spent by the devices in each state

. Q 0 of sH¢ — lghQ gP0 SPQ Q sPOL we compute
44: compute mean value of T§, && TS using (15) && (16) n 0 >4 > k
45:  end for a power resource allocatlon solutlon to allocate an optimal
46:  for each b in B ={ny, ny,n3,...ng} do power to a device in the different S,f ‘@ states based on
47: compute total time spent on the transition states as (17) Aleorithm 2
48: compute total mean value as (18) g : . .
49:  end for Also, the power consumption computation scheme for the
50:  for all biomedical sensor devices in A && B do MG-HYMAC is present in Algorithm 3.
51: compute total time spent on the transition states sing

(19) && (20)

52: c?mpute total mean using (21) && (22) A. Comp/exity Analysis
53: end for . .
54:  for all the biomedical devices in the two groups do To improve the proposed scheme (MG-HYMAC stochastic
55: calculate @gyym using (23) probability scheme), we optimize the time spent by each
gg en dc‘;(l)crulate Dsum vsing (24) device in the different states of the system to reduce power
58 end for consumption and increase the lifetime of the devices using
59: end Algorithm 2.

60: return Ogym
61: return Hgym

1
we bk + gore) +dufof

To investigate the implementation of the proposed scheme
(i.e., MG-HYMAQC) in real health devices, we analyze the time
complexity of Algorithm 2. Basically, the time complexity of
an algorithm is used to determine the execution time (i.e.,
speed) of an algorithm of an input size n [35].
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Algorithm 2 A Heuristic-Based Power Control Scheme

1: Require: States S,{’ 0 =
{S(T’Q, Sf)’Q, SZP’Q, Sf’Q, Sf’Q power allocation solution
of0 = (a0, o2, o0, of2. 000

2: Initialize biomedical sensors in the five states

30 for a=1,..,AinSE ={sf, sf, sP, sf.sF} do

4: sett = to+t1+n+t3+1u=1

5:  compute pf'3 19 = [0, 1] && Ppin < 0f < Pnax, Va € S¥
6: compute Q(})El 1 =10, 1] && Puin <07 < Ppax, Va € S(})
7: compute Q}JH tr = [0, 1] && Ppin < 05 < Ppnax, Va € S5)
8: compute Q?El 13 =10, 1] && Ppin < 03 =< Puax, Va € S?

Nel

: compute g} 3 t4 = [0, 1] && Pyin < 0f < Pmax.Va € S}
10:  end for
1:for b=1,.., BinS2=1s¢, 52, s2,

52,52} do
12: sett=to+Hn+n+n+Hu=1

13:  compute QOQEI to = [0, 1] && Ppin < Q(? < Ppax, Vb € SOQ
14:  compute QIQH 11 =10, 1] && Pyin < Q]Q < Puax, Vb € SlQ
15:  compute 023 15 = [0, 1] && Pyin < 02 < Prax, Vb € S2
16:  compute 936 313 = [0, 11 && Prin < 02 < Pmax, Vb € 52
17:  compute 023 14 = [0, 1] && Ppin < 02 < Prax, Vb € S2
18: end for

19: end

Biomedical sensor devices

q
Tl
1

TP RP

SB TP: Transmission phase
RP: Receiving phase
Access Point SB: Switch beacon

GTI: Guard time interval

o

3 P s e

Fig. 3. The proposed MG-HYMAC protocol slot allocation.

For this to be achieved, we applied the Big-O (O) notation
and the time complexity of Algorithm 2 is O (A + B). Thus,
Algorithm 2 has a linear time complexity. Now, we further
validate our contribution with respect to HyMAC and CPMAC
and we discovered that our proposed scheme has a similar lin-
ear time complexity with both HyMAC and CPMAC. But then,
the proposed scheme requires a smaller computational time
compared to both HYMAC and CPMAC. This contribution
makes the proposed scheme more efficient for implementation
in real health devices.

VI. DESCRIPTION OF THE PROPOSED MG-HYMAC
PRoTOCOL OPERATIONS

In this section, we describe the operations of the pro-
posed MG-HYMAC protocol and the wake-up scheme that
we employed to reduce energy consumption. The biomedical
sensor in the network performs two major operations such
as the transmission of health data to the AP as well as the
reception of control signals from the AP. Consequently, the
AP acts as a gateway to the internet and can also send
data, including health data, query requests/health alert or
configuration changes from the healthcare service providers
to the biomedical sensors [36]. In this work, we assume that

Algorithm 3 MG-HYMAC Power Consumption Computation
Scheme

P.0

1:  Require: o1 = {QO PQ PO PO PO

s Ql > QQ > Q3 524

: P, P P
consumed by the devices, €01 ?, €13 s> rrd)Toml && (I)7Q~omll>
total power consumed by a device in group P and groug 0
)

} power

2: Initialize biomedical sensors in the five states (S,llD

3: fora=1,..,A,b=1, .., Bdo

4: compute the total power consumption using (22) && (26)

5: compute the mean value of (DIT)(M] && (I)%)ml using (27)
&& (28)

6: if 3 a transmission event then

7: assign 1

8: else

9: assign 0

10: end if

11 for A && B do

12: compute the total power consumed using (29) && (30)

13: compute the mean of the total power consumed

using (31) && (32)

14:  end for

15:  for the overall power consumption of group P && group
0 do

16: compute Jg,, using (33)

17: compute Yy, (34)

18: end for

19:  end for

20: end

21: return Jgym
22: return Ygum

the major function of the biomedical devices is to transmit
sensed health data to the AP, and so we assign most of the time
slots to the biomedical devices for health data communication.
However, to guard against overlapping in time slots when the
AP tries to send control signals to the biomedical sensors,
a GTI is applied, and a SB message is sent first at the end
of AP’s receiving phase before transmission can take place as
described in Fig. 3.

The two major operations of the biomedical sensor devices
are discussed in detail in the following subsection.

A. Wake-Up Scheme

A wake-up radio is a special type of radio attachable with
the main radio circuit of the biomedical device to trigger off
its main radio when it is not transmitting data to circumvent
unnecessary power wastage, such as idle listening. A wake-up
radio can be used to monitor the environment as well as sense
any incoming control signals from the AP and generate an
interrupt signal to switch on/off the main radio [37] and [38].

There are two types of wake-up radios, namely active and
passive wake-up radios. The active wake-up radio consumes
more energy compared to the passive wake-up radio. The
passive wake-up radio can harvest energy from the incoming
wake-up signals and does not use the energy of the biomedical
sensors [3] and [39]. A passive wake-up radio only consumes
about 50 uW energy [3] and [40] which makes it reasonable
for a WBAN system.

In our proposed system, we equipped the biomedical devices
with a passive wake-up radio to improve the efficiency of the
biomedical devices and we assume the power of the wake-up
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radio to be negligible since it relies on power harvesting.
Note, at the beginning of a cycle we assume that all the
biomedical devices are in the sleep state and when the AP
sends the request to receive (RTR) beacon, the wake-up radio
immediately generate an interrupt signal to switch on the main
radio of the biomedical devices, then the devices that have
health data packet to transmit contend for transmission slots,
while others with no health data packets goes into the sleep
state.

B. Transmission Phase of the Biomedical Sensors

In this phase, we discuss the operations of the hybrid
CSMA/CA+TDMA scheme as follows.

1) CSMA/CA Period: At the beginning of the CSMA/CA
period which can also be called the contention period, RTR
beacon is sent by the AP to all the biomedical sensor devices in
the network informing them of its availability to receive health
data. Thereafter, only the biomedical devices that have health
data to transmit will contend for transmission opportunities
based on their own CW length. Other biomedical devices that
have no packets to transmit goes into the sleep state to save
energy.

The contending biomedical devices will send a request to
transmit (REQ-T) message randomly to the AP. If more than
one device sends the REQ-T messages simultaneously to the
AP without a GTI, there is a likelihood of collision occurrence.
However, if only one device sends the REQ-T message to the
AP at a given time, contention is successful.

Each successful contended device’s health data contains its
own information, such as the device ID number. This unique
number is useful during communication with the AP. To con-
serve energy, the AP broadcast an overall acknowledgment
(Oack) message to all the biomedical devices at the end of
the contention period or CSMA/CA period informing them
about the reception of their health data packets rather than
sending the message each time it received their data packets.
In addition, the Oack message contains the biomedical sensor
devices order of transmission such that each device is given
a specific time slot by the AP for its health data transmission
during the TDMA phase. Furthermore, the Oack sent by
the AP helps to reduce the delay often experienced at the
biomedical sensor’s side, such as the transmission congestions
and waiting time, resulting to a shorter delay compared to the
conventional ACK used in most literature.

2) TDMA Period: As said earlier, we introduce a WO state
in this phase. The WO state is regarded as a kind of idle state
in which only the synchronous clock of a biomedical sensor
device in this state is enabled while all other operations are
disabled to save energy. A device is activated from the WO
state to any other active states only through active beacons
with the device ID. A biomedical sensor device switches to an
active state promptly immediately it receives an active message
from the AP or when it wants to transmit health data packets
to the AP.

During health data packet transmission, the biomedical
sensor devices are modelled using a transmission queue and
they transmit their health data after a successful contention.
The AP knows all the biomedical sensor devices in the network

within its coverage zone, just like a Wi-Fi router having
knowledge of all the biomedical devices connected to it, and
therefore serves as a global controller.

Consequently, each biomedical sensor device sends an end
beacon to the AP at the end of its health data packet transmis-
sion and the AP sends them an ACK-order message upon a
successfully received health data packet, while no ACK-order
message will be sent in the case of a failed health data packet
transmission.

In the case of a failed health data packet transmission,
a biomedical sensor device will transmit a retransmission
beacon to prepare the AP for the retransmission process and
the AP sends an ACK-order message after receiving an end
beacon from a device. Once the transmitting biomedical sensor
device receives an ACK-order message, the next device in
the transmission queue starts its data packet transmission
and the process continues until the end of operations of
the CSMA+TDMA scheme when all the biomedical devices
having health data packets to transmit have successfully send
their health data packets to the AP.

C. Reception Phase of the Biomedical Sensor Devices

In this phase, the AP is the one transmitting command
messages/signals to the devices. The phase can be described as
the TP of the AP and the receiving phase of the devices. The
TDMA scheme with WO slots is employed for transmissions
in this phase. The AP starts its operation in this phase by
broadcasting a wake to receive (WTR) beacon to all the
biomedical devices to ensure they are in the active state as
well as to prepare them for data reception.

To save energy in this phase, only the first biomedical device
in the WO slots will be active to receive the WTR beacon and
is set ready to receive data from the AP, while others remain
in the WO state. Note, each device ID is included in the WRT.
Following the reception of this signal, the biomedical device
transmits an ACK message to the AP and thereafter enters the
sleep state to conserve energy.

An interval guard time is introduced to prevent overlap-
ping of any two adjacent transmission slots, i.e., overlapping
between two data transmissions. For the next biomedical
device in the WO slot to receive data from and/or communicate
with the AP, the AP will first have to send a switching
WO (SWO) beacon containing the device’s ID and an active
beacon to the biomedical device. Thereafter, the device will
switch from the WO state to the receiving state.

In the case of a failed data reception, the biomedical device
enters the WO state and no ACK message will be sent to the
AP and thus, the AP knows that the transmission has failed.
Afterward, the AP sends the SWO to the next biomedical
device in the WO slot before transmitting another data. After
the completion of all data transmissions, the AP then starts the
retransmission process. The retransmission process is done at
the end of all transmissions to reduce the WO time and to also
minimize the overall wake-up time to save energy.

For further insights into the operation of the proposed multi-
group hybrid MAC protocol, Algorithm 4 details the process
of the protocol.
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Algorithm 4 Operation of the Proposed MG-HYMAC

1: Initialize biomedical devices that have data to send in groups
P and Q

2:  Ensure an optimal CW length: CW,,;,, < CW < CW y4x
3: for the beginning of a cycle do
4: apply a CSMA/CA protocol
5: assign a WO to successfully contended devices
6: end for
7: Goto TP
8: for successfully contended biomedical devices in A and B do
9: allocate a TDMA slot based on the WO/transmission queue
10: transmit health data packets to the AP
11: for each successfully received health data packets do
12: send an ACK-order message to the device
13: end for
14: for each failed transmission do
15: set a back-off time
16: let the device stay in the WO state
17: end for
18: end for
19: if this is the end of the TP then
20: enable retransmission process
21: repeat step 7 to 15 for all failed transmissions
22: until an ACK-order message is received
22: end if
23: end
VII. SIMULATION RESULTS

We present and discuss the simulation results of the pro-
posed MG-HYMAC protocol in this section.

A. Simulation Configuration

The proposed system follows a typical WBAN system with
several biomedical devices implanted or deployed around a
patient’s body. In the simulation experiments, we considered
different number of biomedical devices in a star topology to
connect them directly to an AP. The proposed MG-HYMAC
protocol was simulated in MATLAB and compared with the
HyMAC and the CPMAC protocols.

The same simulation configuration values employed in the
baseline HyMAC protocol (i.e., [32]) as shown in Table II
are also assumed in this work to configure and evaluate the
performance of proposed MG-HYMAC protocol.

We considered different number of devices such as 3, 5, 7,
9 in proposed MG-HYMAC protocol. Fig. 4 shows the star
topology and the location of the biomedical sensor devices
deployed in a random manner in the coverage area of an AP
with a radius of 500 m using a coordinate system.

Furthermore, the proposed system comprises of a multi-
group, including groups P and Q. We assume that group P
contains A biomedical sensors with A4 critical health data
packets while, group Q contains B biomedical sensors with
hp less-critical health data packets.

For evaluation and validation, we compare the proposed
MG-HYMAC protocol with the existing HyMAC and CPMAC
protocols and standard metrics like the convergence speed,
energy efficiency, and the lifetime of the devices are applied.

B. Convergence Comparison
In this section, the performance of the proposed
MG-HYMAC protocol and the existing protocols are inves-

TABLE Il

SIMULATION PARAMETER VALUES [32]

Parameter Value
AP radius 500m [3]
Number of biomedical sensors (3-15)
Battery power 1200J
Transmission rate (‘R) 5 Mbps
ACK packet size 64 bits
Guard time interval 0.00003 sec
Beacon size 64 bits
Minimum CW 32
Maximum CW 256
Maximum power consumed in 55 Q (Q(')2 'Q) 0.5 mW
Maximum power consumed in Sf @ (Qf’Q) 10.5 mW
Maximum power consumed in S; @ (g;Q) 28 mW
Maximum power consumed in S; Q (Q;2 'Q) 30 mW
Maximum power consumed in Sf @ (Qi’Q) 50 mW
ehe 0.02 mJ
01
gf 3‘? 0.03 mJ
Noise -100dBm
500 —
: Biomedical device
: Access point
@)
_ @
3
8
g o
o
5 0 @)
£
B
o
o
9
>

500 500
X-coordlnate (meters)

Fig. 4. Proposed network topology of biomedical devices and an access
point.

tigated based on convergence speed. The convergence perfor-
mance evaluation of the three protocols were carried out by
investigating the energy consumption of the three protocols
versus the number of iterations. To achieve this, we configure
the proposed MG-HYMAC protocol with K = 9 devices,
and we set A = 5 devices and B = 4 devices for groups
P and Q respectively, while the existing protocols were
configured with 9 devices in parallel. In addition, we consider
different number of iterations, and based on the configurations
we performed some simulation experiments and the results
generated are presented in Fig. 5. From Fig. 5, we observed
that the proposed MG-HYMAC algorithm outperformed the
existing algorithms as it converges after about 60 iterations
unlike the HyYMAC and the CPMAC algorithms that converged

617

618

619

620

621

622

623

624

625

626

627

628

629

630



631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

OLATINWO et al.: ENERGY-AWARE HYBRID MAC PROTOCOL FOR loT ENABLED WBAN SYSTEMS 11

350
300
2501 Optimal point
o
£ 200 i
>
0
i
215 7
=
100 7
50 T —8— MG-HYMAC ||
HyMAC
—©—CPMAC

10 20 30 40 50 60 70 80 90 100 110 120
Number of Iterations

Fig. 5.
rithms.

Convergence of the MG-HYMAC, HyMAC, and CPMAC algo-

after about 80 and 100 iterations, respectively. Therefore,
it is evident that the MG-HYMAC algorithm has a better
convergence speed compared to the existing protocols and has
performance improvements of about 12% over the HyMAC
and 3% over the CPMAC and this emphasize the efficiency
of the proposed protocol in terms of fast convergence.

C. Investigation of Energy Efficiency Performance Based
on the Number of Devices

In this section, we carried out some simulation investiga-
tions on the proposed MG-HYMAC protocol and the existing
protocols, i.e., HYMAC and CPMAC to study their perfor-
mance in terms of energy efficiency. For this reason, we stud-
ied and compared the energy consumption of the devices in
a complete transmission cycle, including both the TP and
the RP. For this to be achieved, we configure the proposed
MG-HYMAC and the existing protocols with different number
of biomedical devices, including K = 3, 5, 7, and 9 devices.
For the proposed MG-HYMAC protocol, when S = 9 devices,
A was set to 5 devices for group P and B was set to 4 devices
for group Q and we assume that not all the devices in group
QO have data packets to send. In addition, the transmission
probability for the three protocols were set to ¢ = 0.8 and d =
0.8. Based on these configurations, we enabled the proposed
algorithms for the MG-HYMAC protocol and disabled them
for the HyMAC and CPMAC protocols and simulated the three
protocols. The obtained simulation results are presented for the
three protocols in Fig. 6. From Fig. 6, it was noticed that the
more we increase the number of devices in the network from 3,
5, 7 to 9 devices, the more the energy consumption. But then,
the proposed MG-HYMAC protocol was able to achieve a
reasonable reduction in the amount of energy consumed by the
biomedical devices compared to the HyMAC and the CPMAC
protocols. For instance, when the number of devices in the
network was set to 3, about 204 mJ energy was consumed
using the proposed MG-HYMAC protocol, while using the
HyMAC and the CPMAC protocols about 220 mJ and 238 mJ
energy were consumed, respectively. This is an indication that
the proposed MG-HYMAC protocol is more energy efficient
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Fig. 6. Energy consumption versus number of devices.

by achieving an energy reduction of about 7% when compared
to the HyMAC protocol and about 14% energy reduction
when compared to the CPMAC protocol. The performance
improvement of the MG-HYMAC protocol over the HyMAC
and CPMAC protocol was due to the introduced transmission
scheduling policy used to duty cycle the operations of the
biomedical devices with less critical data packets. It helped
to reduce energy wastage due to collisions and idle listening
and consequently assisted in saving energy and prolonging
the battery lifetime of the biomedical sensor devices as well
as improving the overall network lifetime. Also, the intro-
duced sleep-wake-up scheduling mechanism helped to address
energy wastage due to overhearing by only switching on the
biomedical devices for data transmission and reception and
goes into sleep mode afterward.

D. Investigation of Energy Efficiency Performance Based
on Transmission Probability

This section presents the simulation investigations of the
MG-HYMAC protocol and the baseline protocols on energy
consumption against the transmission probability of the
devices. To achieve this, we configure the MG-HYMAC
and the baseline protocols with K = 7 devices. For the
MG-HYMAC protocol, when K = 7 devices, A was set to
4 devices for group P and B was set to 3 devices for group
0, but we assume that not all the devices in group Q have data
packets to send. The outcomes of the simulations are presented
in Fig. 7. From Fig. 7, it can be inferred that the higher
the transmission probability the more the energy consumed.
However, the proposed MG-HYMAC protocol outperforms
the existing protocols as it achieves a significant reduction in
the amount of energy consumed by the devices. For example,
when the transmission probability of the devices was set to
0.1 and 0.2, about 190 mJ and 205 mJ energy were consumed
respectively using the proposed MG-HYMAC protocol, when
the HyMAC protocol was applied, about 205 mJ and 220 mJ
energy were consumed respectively, while about 206 mJ and
222 m] energy were consumed respectively using the CPMAC
protocol. Also, we noticed that at the transmission probability
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Fig. 7. Energy consumption versus transmission probability.

of 0.1 and 0.2, the existing protocols have almost the same
amount of energy consumption. Following this, we could infer
that the proposed protocol is advantageous in terms of saving
energy as it is able to achieve an energy reduction of about
7% compared to the HyMAC protocol and about 8% compared
to the CPMAC protocol. These energy efficiency performance
improvements are attributed to the proposed algorithms which
were able to minimize energy wastage issues, such as collision,
idle listening, and overhearing during data communication.
Furthermore, the obtained improvements by the proposed
MG-HYMAC protocol could be attributed to its efficiency
in harnessing the advantages of both the CSMA/CA protocol
and the TDMA protocol to efficiently make use of each time
slot to reduce collisions during data communications for small
scale network. In addition, energy wastage is reduced, and
energy efficiency is improved by assigning most transmission
overhead to the AP side since it can be charged easily.

E. Comparison of Devices Lifetime Based on
Transmission Probability

In this section, we studied the lifetime performance of
the biomedical devices against the transmission probability.
Simulation investigations were performed on the proposed
MG-HYMAC and the existing protocols (i.e., HyYMAC [32]
and CPMAC [31]) using different values of transmission
probability to study its impact on the lifetime of the biomedical
sensor devices. We set K = 7 devices and the battery power
to be 1200 J for the three protocols. While we configure
the proposed protocol with A = 4 devices for group P and
B = 3 devices for group Q. Based on these configurations,
the three protocols were simulated, and the obtained results
are presented in Fig. 8. According to Fig. 8, we noticed that
high transmission probability resulted into a decrease in the
lifetime of the devices for the three protocols. But then,
the proposed protocol improved the lifetime performance of
the biomedical devices. For example, when the transmission
probability was set to 0.4, our proposed protocol was able to
achieve a prolonged lifetime of about 230,000 seconds, when
the HyMAC protocol was applied, a lifetime of about 170,000
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Fig. 8. Devices lifetime versus transmission probability.

seconds was achieved, also, when the CPMAC protocol was
applied, a lifetime of about 140,000 was achieved. This
implies that significant improvements of about 35% and 64%
were achieved by the MG-HYMAC over the HyMAC and
the CPMAC protocols, respectively. The achieved improve-
ments are attributable to the developed stochastic probability
model and the heuristic-based power control scheme that were
employed to solve time allocation and power control problems
to enhance energy efficiency and prolong the lifetime of the
devices. In addition, the introduced transmission scheduling
technique for duty cycling the operations of the biomedical
sensor devices with less critical data packets helped to reduce
collisions in order to save energy and prolong the battery
lifetime of the biomedical sensor devices so as to improve
the overall network lifetime.

F. Impact of High Number of Devices on Energy
Efficiency

In this section, we perform different experiments on the
MG-HYMAC protocol and the existing protocols to investigate
the performance of the MG-HYMAC protocol in terms of
energy efficiency based on the impact of high number of
biomedical sensor devices. To achieve this, we configure the
proposed MG-HYMAC and the existing protocols with K =
9, 11, 13, and 15 devices. For the proposed MG-HYMAC
protocol, when K = 9, 11, 13, and 15 devices, we set A =
5, 6, 7, and 8 devices, respectively for group P and we set
B =4,5, 6, and 7 devices, respectively for group Q. Also, the
transmission probability for the three protocols was set to ¢ =
1 and d = 1. Following this, we enabled the proposed algo-
rithms for the MG-HYMAC protocol and disabled them for
the HYMAC and CPMAC protocols during the experiments.
The obtained results are presented in Fig. 9 and we observed
from the figure that the number of devices in the network
directly influences the amount of energy consumed. For a
large-scale network, the energy consumption of the devices
tends to increase more due to the possibility of an increase in
the number of collisions. However, the proposed MG-HYMAC
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devices.

protocol outperformed the existing protocols based on the
proposed algorithms which were able to allocate efficiently
specific time slots to the devices to reduce collisions and
save energy. For instance, when the number of devices in the
network was increased from 9 to 11, about 295 mJ energy
was consumed using the proposed MG-HYMAC protocol,
when the HyMAC and the CPMAC protocols were used
about 320 mJ and 343 mJ amount of energy were consumed,
respectively. This indicates that the proposed MG-HYMAC
protocol achieved improvements of about 8% over the HyMAC
protocol and about 14% over the CPMAC protocol. These
improvements emphasize the efficiency of the proposed MG-
HYMAC protocol.

G. Impact of Low Transmission Probability on Energy
Efficiency

In this section, we investigate the impact of low transmission
probability on energy efficiency for the proposed protocol and
the existing protocols. During the experiments, we set K = 9
devices for the three protocols, and for the MG-HYMAC
protocol we set A = 5 devices for group P and B = 4
devices for group Q. Based on the simulation performed,
the obtained results are described in Fig. 10. We tried to
compare the results in Fig. 10 involving a low transmission
probability to when the transmission probability is high in
Fig. 8 and we noticed that the energy consumed by the
devices for a low transmission probability is reduced. Also,
from Fig. 10, it is noticed that the proposed MG-HYMAC
protocol performs better than the existing protocols in the
context of energy efficiency. For example, at a transmission
probability of 0.05, about 107 mJ energy was consumed when
the proposed protocol was applied, while about 119 mJ and
120 mJ energy were consumed when the HyMAC and CPMAC
protocols were applied, respectively. This shows that the pro-
posed protocol is energy efficient with improvements of about
10% and 11% over the HyMAC protocol and the CPMAC
protocol, respectively. These improvements are contributed by
the algorithms we proposed as well as the introduced WO state
for saving energy without incurring any transmission delay.
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Fig. 11. Device Lifetime versus low transmission probability.

H. Impact of Low Transmission Probability on the
Lifetime of the Devices.

The impact of low transmission probability on the lifetime
of the proposed protocol and the existing protocols are studied
in this section. We consider a configuration of K = 9 devices
and a battery power of 1200 J for the three protocols. The
proposed protocol was configured with A = 5 devices for
group P and B = 4 devices for group Q when K =
9. Based on these, the three protocols were simulated, and
the obtained results are reported in Fig. 11. Comparing the
results in Fig. 11 to the results of when the traffic in the
network was high as in Fig. 9, we noticed a rapid increase
in the lifetime of the biomedical sensor devices for the three
protocols. Note, for low traffic, the energy efficiency of the
network is enhanced and this in turn prolongs the lifetime of
the biomedical sensor devices. We also observe from Fig. 11
that the proposed protocol outperforms the existing protocols.
As an example, when the transmission probability was set to
0.05, the proposed protocol had a lifetime of about 544,000
seconds compared to the HyMAC protocol with a lifetime
of about 483,000 seconds and the CPMAC protocol with a
lifetime of about 437,000 seconds. This means that the pro-
posed MG-HYMAC is more efficient with performance gains
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of about 13% and 24% over the HyMAC protocol and CPMAC
protocol, respectively. These performance gains are engineered
by the stochastic probability model and the heuristic-based
power control scheme we employed to solve time allocation
and power control problems to enhance energy efficiency and
prolong the lifetime of the devices. Also, the introduction of a
transmission scheduling technique to duty cycle the operations
of the biomedical sensor devices with less critical data packets
to determine when and how the biomedical sensor devices
will transmit their health data packets to reduce collisions in
order to save energy and prolong the battery lifetime of the
biomedical sensor devices so as to improve the overall network
lifetime.

VIIl. CONCLUSION

An energy-aware multi-group hybrid MAC protocol for
health data communications has been proposed for a person-
alized WBAN system in this paper. To achieve an energy
efficient data communication, we combined the benefits of the
CSMA/CA protocol and the TDMA protocol, set the major
transmission overhead to the AP side, and introduced a WO
state. Also, we employed a sleep-wake-up scheduling mech-
anism which helped in saving a significant amount of energy
and increasing the devices lifetime. A transmission scheduling
technique was introduced to duty cycle the operations of
the devices that have less critical data packets to determine
when and how the biomedical sensor devices will transmit
their health data packets to optimize their power consumption
and prolong their battery lifetime in an attempt to improve
the overall network lifetime. Furthermore, we developed a
stochastic probability model and a power control model to
solve time allocation and power control problems to enhance
energy efficiency and prolong the lifetime of the devices.
We validated the proposed MG-HYMAC protocol based on
energy efficiency, lifetime of the biomedical sensor devices,
and speed of convergence. Going by the simulation results, the
proposed MG-HYMAC protocol proved to be more efficient
when compared to the HyMAC and CPMAC protocols using
the above-mentioned metrics.
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