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Abstract: The reduction of energy consumption and the successful delivery of data are important for the
Wireless Body Sensor Network (WBSN). Many studies have been proposed to improve energy efficiency,
but most of them have not focussed on the biosensor nodes in the WBSN bottleneck zone. Energy
consumption is a critical issue in WBSNSs, as the nodes that are placed next to the sink node consume more
energy. All biomedical packets are aggregated through these nodes forming a bottleneck zone. This paper
proposes a novel mathematical model for body area network (BAN) topology to explain the deployment
and connection between biosensor nodes, simple relay nodes, network coding relay nodes and the sink
node. Therefore, this paper is dedicated to researching both the energy saving and delivery of data if there
is a failure in one of the links of the transmission, which relates to the proposed Random Linear Network
Coding (RLNC) model in the WBSN. Using a novel mathematical model for a WBSN, it is apparent that
energy consumption is reduced and data delivery achieved with the proposed mechanism. This paper
details the stages of the research work.

1. Introduction
A Wireless Body Sensor Network (WBSN) consists of several biological sensors. WBANS are used

in both medical and non-medical applications. In medical application, these are designed to monitor vital
signs in the human body, and WBSNSs are used to show different vital signs, for instance blood glucose level,
heart rate, body temperature, body posture and blood oxygen saturation. In addition, WBSNSs are used to
measure Electrocardiography (ECG), blood pressure, and Electroencephalography (EEG). Such sensor
devices fall into two types: implantable medical devices and wearable medical devices. The former are
implanted inside the human body. The latter are worn or placed on the skin or very near to the patient. The
biosensor nodes sense or otherwise measure the different health signs of the body; the medical data is then

transmitted to the sink node. The sink node is situated on the human body or at a nearby location [1].

There is some energy wastage in the bottleneck zone by the nodes that are placed near the sink node,
which consume more energy as they are required to forward data from nodes outside the bottleneck zone.
For this reason, the proposed design of a mathematical model for the body area network attempts to explain



the deployment and connection of nodes. Furthermore, in this paper, we consider a technique to reduce
energy usage for the biosensor nodes in the WBSN bottleneck zone.

This paper contributes a novel mathematical model design for a body area network (BAN) topology
which considers the connection and relationship for the biomedical sensor nodes, the simple relay nodes,
the network coding relay nodes and the sink node. In this model, network coding technique is installed in a
sample of the relay nodes to create the network coding relay node inside the bottleneck zone. Moreover,
applying the new algorithm to the nodes in the bottleneck zone of the WBSNs will improve energy
consumption of biosensor nodes and guarantees better data delivery.

The paper is organised as follows. Section 2 reviews the related work. Section 3 presents the energy
consumption model. Section 4 shows path loss model for the body. Section 5 describes the body area
network model design. Section 6 presents the proposed design for RLNC. Section 7 discusses wireless body

sensor network performance. Finally, conclusions are drawn in Section 8.

2. Related work
The network coding (NC) concept was first introduced by Ahlswede et al. [2]. NC has become one of

the popular research areas in practical networking systems. It is a technique that integrates different sets of
data at relay nodes in such a way that they can be decoded at the destination. This technique can lead to
better throughput of the network [2] [3]. Based on the NC concept, instead of simply forwarding the received
packets, the intermediate node will combine them and create one or several output packets [3]. NC also
enhances the reliability of transmission in WSN by reducing the number of lost packets [4] as it has been
used for various applications [5].

Many studies used NC to achieve the enhancement of energy efficiency. In [6], Platz et al. showed
that deterministic NC achieve a reduction in energy usage. However, in [7], Funde et al. proposed a
mechanism to achieve the minimization of energy usage, the improvement of the throughput and packet
delivery ratio based on including the duty cycle, network coding, and cluster head selection. Clearly, in the
multi-hop body area sensor networks (BASNS), the authors proposed a distance-aware relaying energy
efficient protocol to decrease the energy usage and prolong the network lifetime but the number of patients
was only eight [8]. Movassaghi proposed a novel NC technique to improve energy usage in WBSNSs[9]. In
[10, 11], the authors demonstrate an improvement in the energy efficiency based on Cooperative
communication techniques for WBSNSs. In addition, in [12], the authors propose the cooperative MAC
protocol, which is termed CooPNC (cooperative physical network coding) for short range networks. The

characteristics of PNC is exploited in order to improve the energy with high reliability.



In WBAN, the researchers applied NC at the relays to increase the delivery of data, which also reduced
the energy consumption [13]. In a similar way, in [14], the authors used a reduced cooperative NC to reduce
the packet loss and increase the recovered data, but the nodes were fixed. Furthermore, in [15], researchers
proposed the decode and forward NC technique to minimise the number of transmissions per node for
WBANSs while increasing energy efficiency. It was assumed the addition of the relay nodes to the network
would continue until at least one relay node was in the line of sight for the biosensor nodes and relay nodes.
However, the increased number of relay nodes has an impact on the mobility of the patient [16]. In [17] the
authors proposed Distributed Queuing Body Area Network (DQBAN) MAC protocol depending on fuzzy-
logic rules for the biomedical sensor network. DQBAN protocol utilises a novel cross-layer fuzzy logic,
which is implemented in the biosensor node in order to reduce energy consumption, improve the required
reliability, and produce a better quality of service in healthcare applications.

In [18], D’ Andreagiovanni & Nardin proposed the mathematical optimization model for BAN to solve
the uncertainty traffic in the BAN by using relay nodes. The previous works improved the energy efficiency
in WBSNs by adding relay nodes. However, most of the previous works did not consider the network coding
relay nodes in the bottleneck zone. In this paper, we propose a technique to minimize energy usage for
biosensor nodes in the WBSNs bottleneck zone. Furthermore, in the proposed technique, we use a special
case of network coding family, called RLNC (Random Linear Network Coding) to encode the biomedical
packets to improve the energy efficiency.

3. The Energy Consumption Model
The energy consumption for communication in the body sensor network are considered in this paper

which are the transmission energy and the reception energy as (1) and (2) respectively [19].
Ex(kpio» d) = Erxetect - Kpio t Eamp (n). kpjo.d™ (1)
Erx(kbio) = Egxeiect - Kpio 2

In the former formula, the E;, represents the transmission energy, Erxeiece  Fepresents the dissipated
radio energy to run the circuit for transmission, kj;, represents the number of transmitted biomedical bits,
E.mp represents the energy consumption for the transmitter amplifier, finally n is the path loss coefficient.
The latter formula for reception energy, E,., represents the reception energy and Egxciece fepresents the
dissipated radio energy of reception circuit. Total energy consumption of transmitting and receiving for the

node is given as:

Etxr(kbio' d) = Etx (kbio: d) + Erx(kbio) (3)



Nordic nRF2401 has low power consumption, it is operated in 2.4-2.45 GHz, and commonly used
WSNs [19]. Table 1 shows the values of the specific parameter for Nordic nRF2401 [16].

Table 1 Shows the values of the specific parameter for Nordic nRF2401 [16]

Parameter nRF2401 Parameter nRF2401
Erxelec 36.1 nJ/bit Eamp(5.9) 7.99e-6 J/bit

4 . Path Loss model for the body
This model is a function of the distance between the transmitting and the receiving antenna [20].1t is

measured by (4).There are two types of the propagation model in the WBSN: the line of sight (LOS) and
the non-line of sight (NLOS) propagation. The former applies to propagation along the front of the torso. It
was investigated in [21], however it did not consider the communication between the torso and back. The
latter propagation is a higher path loss around the torso [22]. The semi-empirical formula is used for both
models as follows:
Py = Pygp + 10.1.10g (;) 4)

In the above formula, Po,4s represents the path loss at a rgference distance doand n represents the path
loss exponent, it is equal to 2 in free space[14]. Table 2 demonstrates the two different propagation models
of path loss according to (4). The path loss coefficient (n) for a line of sight and non-line of sight are

considered as 3.38, and 5.9 respectively [16].

Table 2 The path loss model: The values of parameters

Parameter Value LOS[21] Value NLOS[22]
do 10 cm 10 cm

P0,dB 35.7dB 48.8 dB

c 6.2 dB 5.0dB

n 3.38 5.9




5. The Body Area Network (BAN) model design
A model of a BAN is usually represented by a directed graph G (V, A) based on graph

theory[23] .There is a set of vertices V that includes one element for each wireless device (biosensor node,
simple relay node, network coding relay node or sink node) of the network. The A represents a number of
links (arcs). However, in [18], the authors explained the relationship between biosensor nodes, relay nodes
and sink node only without network coding relay nodes. With respect to the set of vertices, the set V is the
union of four disjointed sets of vertices as follows: the set B of vertices refers to biosensor nodes, the set Ry
of vertices refers to the deployment of relay nodes, the set Rnc of vertices refers to network coding relay
node, and the set S of vertices refers to sink nodes (assumption the number of sink node in this model is
one).
V=B,UR,UR,.US (7)

Each node is a device situated within a range depending upon the power of the transmitting device.
Each biosensor generates the data which is routed from a source node b to a destination node s (sink node)
in the network is represented by the graph G (V, A). Moreover, the capacity of relay node in a WBSN is
(0 < cap, < 250 kbps) for each relay r € R. The transmission link from the bio-medical sensor node to the

sink node through a simple relay node and a network code relay node can be expressed as

A =Ap_,sUAp_ gy UAp_gnc U Agrorr U Apros U Agropne U Agneoss (8)

5.1 Energy consumption assumptions of the designed model

The following are the connectivity parameters for WBAN of the designed model representing the
relationship between biosensor nodes, simple relay nodes, network coding relay nodes and the sink node.
If the biosensor node b can establish a link with the simple relay node r, it can be expressed as

br _ (1 alinkonarc(i,j) € Ap_pr 9
ij {0 Otherwise ®©)

Sometimes, in WBSN topology, the biosensor node is connected to more than the simple relay node.
In this case af’f = hr where hr is the number of relay nodes that receive the packets from biosensor b.

If the biosensor node b can establish a link with the NC node, it is represented as

bnc _ {1 Link on arc (i,j) € Ag_rnc (10)

as:
Y 0 Otherwise

If the biosensor node b can establish a link with the sink node, it follows as
bs _ {1 alinkonarc (i,j) € Ag_s

bs _ 11
%j 0 otherwise (11)



If the simple relay node r can establish a link with the sink node s, it can be expressed as

rs 1 link on arc (i,j) € Agr_s
TS — 12
Y { 0 otherwise (12)

If the simple relay node r can establish a link with the NC node, it is represented as

e _ (1 linkonarc(i,j) € Agrornc 13
éij {0 Otherwise (13)

If the simple relay node r can establish a link with another simple relay node I, it can be represented as
rl 1 link on arcarc (i,j) € Apr—grr
= 14
¢y { 0 Otherwise (14

If the NC relay node can establish a link with the sink node s, it is expressed as

nes 1link onarc (i,j) € Appcos
nes _ 15
€ij {0 Otherwise (15)

There are two binary decision variables: the former relates to the data generated from the biosensor
node while the latter is a decision variable of the installation of the network coding technique in the simple
relay node to create the NC relay node in the network [24]. Binary generated data variable is x{’js €
{0,1}vb € B,s € §,(i,j) € A, and the biosensor node generated data transmitted to the sink nodecan be
expressed as

bs _ {1 link on arc (i,j) € A (16)
Y 0 Otherwise

The binary NC relay node deployment variable z,,. € {0,1}Vnc € Rnc is represented as

1 if install NC inrelay node
= 17
“ne {O otherwise (7

The total transmission and reception energy for all wireless nodes in the WBSNSs represents the total
energy consumption. The calculation of the total energy consumption to transmit medical data from all
biosensor nodes to the relay nodes is given as

ETt"Xbr = Z kll))isoxlbjsagr (ETXelec + Eamp (nbr)) Dlr,lfr (]_8)

bEB,TER,SES
The simple relay nodes receive the medical data from the biosensor nodes. The total energy

consumption for reception is computed by (19).

t _ bs
Erxpr = § kpioXij aij Erxetec (19)
bEB,TER,SES



Table 4 details all terms used in this model. The simple relay nodes consume energy to forward the
medical packets to another relay node [ as follows
ETt"Xrl = Z frsl (ETXelec + Eamp(nrl)) D;llrl + Erxeiec (l)
r,lER,SES
The total energy consumption to relay medical data from simple relay nodes to the sink node is given
as

ETt"er = Z f;’s (ETXelec + Eamp (nrs)) nrs + Erxetec (21)

TER,SES

5.2 Energy consumption with Network Coding

With respect to the connection between network coding relay nodes and bio-medical sensor nodes
with simple relay nodes. The calculation of the total energy consumption to transmit medical data from all
biosensor nodes to the network coding relay nodes is given as

ETt"anc = Z kblO xP? bn (ETXelec‘l'Eamp(nbnc)) bn?c (22)

beEB,NCENC,SES

The NC relay nodes receive the medical data from the biosensor nodes. The total energy consumption
for reception is computed by (23).

abnc

EItQanc= kbloxl] ij Erxetec (23)

bEB,NCENC,SES
The simple relay nodes consume energy to forward the medical packets to the network coding relay

nodes which can be expressed as

ETt"Xrnc = z f;‘nc (ETXelec + Eamp (nrnc)) rn?c + ERXelec (24)
TE€RNCENC,SES

The total energy consumption to relay medical data from the NC relay nodes to the sink node is given

by (25)

ETt"chs = z fnscs (ETXelec + Eamp (nncs)) Drrllgscs + Erxetec (25)

NnceNC,seS



Table 3 Explanation of all terms uses in the model for WBSN

term Description
fos The traffic generated by the biosensor nodes b towards the sink node S
Dgrbr The distance between the biosensor nodes and the simple relay nodes
S5 The total traffic transmitted by the simple relay node to neighbouring node (another relay node).
Dfl” The distance between the simple relay nodes and the neighbouring node (another relay node).
& Traffic from the simple relay node to the sink node

pors The distance between the simple relay nodes and the sink node.

s

plbne The distance between the biosensor nodes and the NC relay nodes

bnc

fioe The total traffic transmitted by the simple relay node to the NC relay node toward the sink node
plrne The distance between the simple relay nodes and the NC relay node.

™™mc

froer The total traffic received from the NC relay node to the simple relay node toward the sink node.

D,’fg;s The distance between the NC relay nodes and the sink node.

The calculation of the traffic flow in WBSNSs is as follows: Let kps represent the number of
transmitted biomedical bits through WBSN and received by the simple relay node, NC relay node and sink

node. The total traffic generated by the biosensor node toward the sink node is given below (26).

z kpi, xiPall Vr,l€R,sES (26)

beB

Therefore, all traffic is destined towards the sink node S as given below

Z kllgfo Ps br + Z(flr frl) f;‘s = Vr ER,s€S (27)
beEB leER
Where the term Y pcp k25 x? 5’{ represent the total generated traffic by the biosensor nodes towards

the sink node S. The term }};cr fli represents the total traffic received by the simple relay node from
neighbouring nodes, Y;cr f;; 1S the total traffic transmitted by the simple relay node to neighbouring nodes

and Y,cr f;% is the transmission of traffic towards the sink node s, those are expressed as

j;l :5: kblo Zy EE‘ﬁi vvﬂl € R,S ES (28)
bEB
fri—fir =0 vr,l€RSES (29)
Z kblO Z kll;iso ell]r =0 vVr,leER,s€S (30)
bEB bEB
z kpi, xiall + Z fis < cap, VrR (31)
beEB,seS lER,SES



Where cap, represents the capacity of the relay node in WBSN. The traffic must not exceed the
capacity of the node. The total traffic transmitted towards the sink node s as shown in (32) which represents

the original flow (native data) in BAN.

f;”s = Z kblo = frfative_rs Vre€R,sES (32)
bES
Where the value
elr]s: VreER,sES (33)

Meaning that, there is a connection between the simple relay node and the sink node. The traffic is
expressed as
L= bs VreR,seS (34)

On the other hand, the total traffic flow received in the NC nodes is transmitted from the biosensor
nodes and the simple relay nodes. After that, NC relay node encodes the received biomedical data and

directly sends to the sink node S. The total traffic in the NC relay node is given as

Z kblo anZnC + Zﬁ‘nc vr,e R,nce NC,s €S (35)
beB IER
where fry < Z kbs el ei;" Znc vr,e R,nc e NC,s €S (36)
beB

bs

Where the terms a/*° , x/[?,

Zpc and ef;*“ are equal to 1, NC relay node receives kb from a bio-

sensor node and receives kps, from a simple relay node. Where Dyq;q nc represents the total traffic which

IS received, it can be expressed as

G; < Z kbs from biosensor node + Z kbs ' fromrelay node (37)
bEB beB

To encode biomedical packets, the NC relay node is chosen as a sequence coefficient g= (ql, g2,.....,
gn) from Galois Field GF(2s), this is called an encoding vector. The single output encoded packet is
calculated as the sum of products of each of the n native packets that are received at a node G; (i=1, 2, 3,

4, ...n) with a random coefficient qi. The output encoded packet is described below as

n
Y= a6 a€GF@) (38)
i=1
The ingress flow to the sink node S from NC relay node is expressed as
Dsending_from_NC = [Qi + Y] qi € GF(ZS) (39)



Where Dsenaing rrom nc Yepresents the traffic in the sink node which is received from NC relay node
and q; represents the random coefficient based on Galois Field.

Decoding in the sink node: The sink node receives data from both the simple relay node and the NC
relay node which represents the native data and encoding data respectively. With respect to Gaussian

elimination, the sink node decodes the received packets to recover the native packets [25] as follows

n
Dnative_pkr = Z qi Dencoding_nc_i q; € GF(2°) (40)
i=1
The total energy consumption in the time t (for instance the duration is [0,t]) for the network is defined as:
E\izoht(()llle_network = {t[(E'It"Xbr + Elg’Xbr + ETt"Xrl + E7t"er + E%anc + EIE’anc + E’;"Xrnc (41)
+ E'It"chs)]}

6. The proposed design for RLNC
The system model is composed of the biosensor nodes, simple relay nodes, network coding relay nodes

and the sink node as in Fig. 1. The biosensor nodes set is positioned at specific points on the human body.
Each biosensor generates biomedical data which is transmitted to the sink node through the set of relay
nodes and NC relay nodes in the network. These nodes represent the bridges between the biosensor nodes
and the sink node which improve energy efficiency. The set of simple relay nodes (R) transport the packets
collected by the biosensor nodes to the sink node. Moreover they forward the data aggregated from the
biosensor nodes to another relay node or to the NC relay node towards the sink node. The nodes are around
the sink node, and this area is called the bottleneck zone. The definition of the bottleneck zone is an area
within a certain radius from the sink node, where the radius is represented by the transmission range of the

sensor nodes [24].
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Fig. 1. The proposed design model in the WBSN [24]

Each biosensor node transmits duplicate biomedical packets, one to the simple relay node and the
other to the NC relay node. The processing of packets at the node site (simple relay node and NC relay node)
has been given in Fig. 2, showing the algorithm which implements the forwarding of the medical packets
and the encoding algorithm at the simple relay node and the NC relay node respectively. Each node in the
bottleneck zone receives a queue (RQueue) into which received packets are placed, and the node checks the
packet to see whether or not the packet is a native.

6.1 Algorithm for packets processing
As far as the algorithm for the processing of packets is concerned, as shown in Fig. 2, each node has

a receive queue (RQueue), which includes biomedical packets, and the node deposits biomedical packets in
the queue (RQueue). In the first section of the algorithm, if the node acts as a simple relay node, it checks
the packet which is received. If it is already forwarded toward the sink node then it should be removed from
the queue and inserted into the forward packet set; otherwise, the simple relay node transmits the packet
toward the sink node.

In the second section of the algorithm, as shown in Fig. 2, if the node represents NC relay node and
the biomedical packet is a native packet, the NC relay node is chosen as a sequence coefficient based on the
Galois Field GF (28). The NC node encodes the medical packets by applying a random coefficients to the
packets. After successfully creating the encoded packets, the NC node transmits the encoded packets and

coefficients to the sink node.
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6.2 Algorithm for packets decoding
The decoding procedure for biomedical packets at the sink node is as follows: the sink node receives

the native packets and encoded packets from the simple relay node and the NC relay node, respectively. The
decoding procedure is shown in Fig. 3 where the sink node receives the native packets from the simple relay
node. Additionally, it receives the encoded packets with random coefficient from the NC relay node and
performs the decoding procedure for the encoded packets. The sink node applies Gaussian elimination on

the encoded packets and coefficient in order to retrieve all source packets.

ALGORITHM 1: Packet process (Pi ).

1. Pick the packet P; from RQueue % Receive Queue for node n
2 [f Packet P;is forward packet set exit;

3 If Node N acts as R Then % R=Simple Relay Node

4. R transmit packet P; to Sink

5 Insert packet P, to forward packet set

6 Else

7 Node N acts as R % R.= Network Coding Relay Node
8. If P, is anative packet Then

9. Generate C; random coefficient

10. P coan= product C,.P % P.eosne = Encoding the medical packets
11. R transmit both Porosee.Ci to Sink node

12. Insert P; to forward packet set

13: Else

14. Discards P,

15. Endif

16. Endif

17. — Endif

18.  If RQueue is not empty

19. Gotol:

20. | Else exist

21. Endif

Fig. 2. The algorithm for the processing of packets

Algorithm 2: Decoding produce in the sink node

[f Sink node receive packet from R. Then % Re=Network Coding Relay Node
Sink node receive the P.o.asq and C; random coefficient
Applying Gaussian elimination algorithm % Decoding produce
P yuive =product Ci. Pocosing % Retrieve the no. of native packets
Save P .. in the sink memory
Else
Sink node receive packet from R
Save P in the sink memory
Endif

O W e

©

Fig. 3. The algorithm for the decoding the packets in the sink node
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7. Wireless body sensor network performance
In this scenario the WBSN topology is used as depicted in Fig.4a because it represents a general case.

The WBSN scenario includes 13 biosensor nodes which are placed on the human body, for instance
electroencephalogram (K sensor) and electrocardiogram (D sensor). With respect to this scenario, there are
some biosensor nodes which sense and measure vital signs of the human body such as Pulse rate,
Temperature, Motion sensor, and Blood pressure. The definition of the bottleneck zone is an area within
radius (0.6 m) from the sink node, where the radius represents the transmission range of the sensor nodes.
The distance between the biosensor nodes and sink node for the single-hop technique, and between biosensor
nodes and closest node in the multi-hop technique is shown in Table 5. The WBSN is shown on the left hand
side of Fig. 4a and the topology explains the bottleneck zone which is shown on the right-hand side of the
figure. With respect to the network coding approach, there are simple relay nodes and network coding relay
nodes added in the bottleneck to reduce the energy consumption for the biosensor nodes as shown in Fig.
4b.The information in Table 1 for Nordic nRF2401 is used to calculate energy consumption for all

approaches.

Bottleneck
one

®
@

13



Bottleneck zone

R o e i i s e S Y et st s s g s Sl e e i s e

O
WA
od
/"

Fig. 4. WBSN topology and explain the bottleneck zone
a WBSN topology with 13 biosensor node and explain the area of the bottleneck zone
b Tree topology for WBSN with simple relay nodes(R) and network coding relay nodes (NC) added in the bottleneck zone.

Table 4 The distance (meters) between biosensor node and sink node for the single hop, and between the biosensor and the
nearest node for the multi-hop [2]

Sensor A B C D E F G H | J K L M

Single -Hop o6 03 02 05 12 06 07 06 08 1.0 0.8 0.8 1.5
Multi -Hop 06 03 02 05 06 03 02 01 03 06 0.4 0.6 0.6

7.1 The LOS and NLOS Performance
In WBSNSs, the energy consumption is affected by propagation path loss. The single hop approach

utilises the line of sight (LOS) propagation model in all transmissions, and uses the path loss coefficient (n)
of LOS, which equals 3.38. However, in the multi hop approach, the NLOS value is utilised for the
transmission in WBSN. In addition, the path loss coefficient (n) of NLOS is equal to 5.9. The path loss
coefficient along LOS channel is lower than along NLOS channel, which affects the energy usage in WBSN.
On the other hand, all transmissions in the relay network approach use the path loss coefficient (n) of NLOS,
which is equal to 5.9, except for the nodes that are placed next to sink node, those utilise the path loss
coefficient (n) of LOS, which equals 3.38. Similarly, in the network coding approach, for instance, the
biosensor nodes B and C are directly connected to the sink node, which use the LOS. However, the biosensor
nodes such as A, F, D, and H connect with the sink node through the simple relay node and the NC relay
node, which uses the NLOS where the path loss coefficient of the LOS and NLOS are equal to 3.38 and 5.9,
respectively. In all approaches, the energy usage for the transmit amplifier in equation (1) equals to 1.97e-9
J/bit for n=3.38 and 7.99e-6 J/bit for n=5.9.
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Each biosensor node consumes energy based on the propagation model and the distance between the
sensor node and the sink node. For example, EMG (A) and the ECG (node D) consume more energy that
sensor B as they send biomedical packets toward the sink node through a simple relay node and a NC relay
node, whereas the body temperature sensor (B) is transmitted directly from the biomedical packets to the sink

node.

7.2 Energy consumption results
The energy consumption for the WBSN bottleneck zone is computed based on the network coding

approach comparing single hop [26], multi- hop [26], and relay network approaches.

In the single-hop approach, the biosensor nodes in the bottleneck zone consume more energy based
on the distance when compared with other approaches; the biosensor nodes A, F, and H show greater energy
consumption, as shown in Fig. 5. However, in the multi-hop approach, the biosensor nodes relay the packets
via the intermediate node towards the sink node. The nodes A, and D have higher energy consumption in
the multi-hop but the node C has the same value of energy in most approaches because it is connected only
with the sink node, as illustrated in Fig. 5.

With respect to the relay network approach, adding to the number of relay nodes which forward the
packets to the sink node improves the energy efficiency and decreases the energy usage of biosensor nodes
in the bottleneck zone. Moreover, there is at least one possible relay node in line of sight. The energy
consumption for all biosensor nodes is lower compared with single-hop and multi-hop approach.

In the network coding approach, simple relay nodes and NC relay nodes are added to the bottleneck
zone to reduce the energy consumption for the biosensor nodes in this area. It can be observed that energy
usage for the nodes B and D is lower when compared with other approaches except that the values of energy
consumption for A, F and H are slightly higher than in the relay network approach because energy
consumption of these nodes are calculated based on non-line of sight as illustrated in Fig. 5. Detailed results

are shown in Table 5.
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Fig. 5. Comparison of energy consumption for biosensor nodes in the bottleneck zone based on the single hop, multi-hop, relay
network and Network coding.

Table 5 The energy consumption for the nodes in the all approaches

Node Energy usage in Energy usage in Multi Energy usage in Energy usage in
Single Hop (nJ/bit) Hop (pJ/bit) Relay network (pJ/bit) Network Coding (nJ/bit)
A 1.47414 0.44512 0.07610 0.08263
B 0.18933 0.05937 0.05283 0.01671
C 0.05138 0.01671 0.01671 0.07070
D 0.82028 0.22270 0.10623 0.08264
F 1.47414 0.11874 0.07610 0.08264
H 1.47414 0.20331 0.07610 0.08264

Moreover, each biosensor node sends duplicated packets, one through simple relay node and the
second through NC relay node. In the transmission range of 0.3 cm, the NC relay node receives packets
from different nodes and encoded packets are then sent to the sink node. The sink node decodes the received
packets and retrieves native packets even if there is a failure in one of the transmission links.

With respect to tree topology for body area networks as presented in Fig. 6a in the first case, the
biosensor node A (EMG sensor) sends biomedical packets through two paths, first through the simple relay
node, which forwards biomedical packets to the sink node, and second through the network coding relay
node, which creates the encoded packets and then transmits them with coefficients to the sink node. If a
failure occurs in one of the links (one path) through the transmission, as shown in Fig. 6a (tree topology),
where the dashed red line represents the failed link for node A, successful transmission of the medical
packets is achieved through an alternative link. In this case, it can be seen that the energy consumption for
node A based on the NC with one link failure saves energy and achieves the delivery of data, as illustrated
in Fig. 6b.
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The bar chart shown in Fig. 6¢c compares the energy consumption for node A, calculated based on the
single hop (1.4741 pJ/bit), multi- hop (0.4451 pJ/bit), relay network (0.0761 pJd/bit), NC (0.0826 pJ/bit,)
and NC with one link failure (0.0593 pJ/bit). We can see significant differences in the energy consumption

value for node A in the single hop and the NC with one link failure. The energy usage for node A is higher

in the single hop. Moreover, the energy consumption for node A in the relay network scheme is slightly

higher than the NC with one link failure. On the other hand, the amount of energy is lower in the later

scheme.

According to the bar graph shown in Fig. 6d, which compares the energy usage for node D for all

approaches, the energy consumption for node D based on the single hop, multi- hop, relay network, NC, and
NC with one link failure, are equal to 0.8202uJ/bit, 0.2227uJ/bit, 0.1062uJ/bit, 0.0707 pJ/bit and
0.0534pJ/bit, respectively, which is low in the NC with one link failure.
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Fig. 6. Case 1: the energy consumption for the all nodes in bottleneck zone with energy consumption for the nodes A and D
a Tree topology for WBSN with a failure link for the node A and D.

b Comparison of energy consumption for biosensor nodes for all approaches and NC with a failure link in A and D nodes.

¢ Comparison energy consumption for node A in all approaches.

d Comparison energy consumption for node D in all approaches.

In the second case, if there is a failure of links for nodes F and H, as shown in Fig. 7a, the energy
consumption is calculated for biosensor nodes in the bottleneck zone based on the single hop, multi-hop,
relay network, network coding, and NC with a link failure in F and H nodes, which are compared in Fig. 7b.
The energy usage for node F is calculated depending on the single hop, multi- hop, relay network, NC, and
NC with one link failure, which are equal to 1.4741pJ/bit, 0.1187uJ/bit, 0.0761uJ/bit, 0.0826 pJ/bit and
0.0593 pJ/bit, respectively. Moreover, the energy consumption for node H based on the single hop, multi-
hop, relay network, NC, and NC with one link failure are equal to 1.4741uJ/bit, 0.2033uJ/bit, 0.0761J/bit,
0.0826pJ/bit and 0.05281uJ/bit, respectively. The results in this case show more detail in Fig. 7b concerning
the comparison of the energy usage for nodes F and H in all schemes, which are shown in Fig. 7c and Fig.
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7d respectively. Fig. 7c and Fig. 7d also show that, the energy consumption for nodes F and H using NC

with a link failure are lower than for other approaches.
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Fig. 7. Case 2: the energy consumption for the all nodes in bottleneck zone with energy consumption for the nodes H and F.
a Tree topology for WBSN with a failure link for the node H and F.

b Comparison of energy consumption for biosensor nodes for all approaches and NC with a failure link in F and H nodes.

¢ Comparison energy consumption for node F in all approaches.

d Comparison energy consumption for node H in all approaches.

Also, in the other cases, the comparisons of the energy consumption for biosensor nodes in the
bottleneck zone are shown in Fig. 8a and Fig. 8b for all approaches and NC with link failure in the nodes A
and H, and nodes F and D, respectively. The energy usage for nodes A and H are equal to 0.0593 pJ/bit and
0.0528 pJ/bit, respectively in NC with link failure in nodes A and H. In addition, nodes F and D energy
consumption equals to 0.05939 pJ/bit and 0.0534 pJ/bit respectively based on NC with link failure in nodes
FandD.

The energy saved is calculated based on the difference between the proposed approach and other
approaches, as shown in Fig. 8c. With regard to NC, the results of the total energy saved are 5.131 pJ/bit,
0.714 pJ/bit, and 0.052 pJd/bit for single-hop, multi-hop, and relay network respectively, as shown in Fig.8c.
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Fig. 8. Energy consumption and saving in the bottleneck zone

a Comparison of energy consumption for biosensor nodes for all approaches and NC with a failure link in A and H nodes.
b Comparison of energy consumption for biosensor nodes for all approaches and NC with a failure link in F and D nodes.
¢ Energy saving for biosensor nodes based on the difference between network coding and single hop, multi-hop and relay
network.

8. Conclusions
In this paper we address the problem of high energy usage of biosensor nodes caused by the bottleneck

zone in WBSNs. The design of a novel mathematical model is proposed for body area network topology
based on the graph theory, the connection and relationship between the biosensor nodes, simple relay nodes,
network coding relay nodes and the sink node are explained in this model. Our results show that the proposed
RLNC model improves the energy efficiency for biosensor nodes in the bottleneck zone and guarantees data

delivery in the case of link failure. The mathematical model is therefore developed for the enhancement of
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wireless body networks. Moreover, energy saving for biosensor nodes in the bottleneck zone is achieved
through applying the RLNC scheme.
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