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Abstract—Mobility models play a vital role on the accuracy
of simulations in Wireless Body Area Networks (WBANs). In
this paper, we propose a mobility model for the movement of
nodes placed on the human body. During routine activities, body
exhibits different postures like standing, sitting, laying, ezc. We
form a mathematical model for the movement of nodes according
to the posture pattern. Postures change from one state to another
depending upon probabilities. During movement, the distance
between nodes and sink is changed which affects the energy
consumption of nodes. We implement the proposed mobility
model in multi-hop and forwarder based routing techniques and
study their performance parameters.

Index Terms—Mobility, WBANS, postures, movement, effi-
ciency, energy, consumption, lifetime, throughput

I. INTRODUCTION

IRELESS Body Area Network (WBAN) consists of
Wnodes placed on the human body to monitor different
vital signs like heart rate, glucose level, blood oxygen level,
etc. Mobility models play a vital role on the accuracy of
simulations of WBANS. Several mobility models are proposed
in literature for wireless sensor networks and ad hoc networks.
However, they are not suitable for WBANs due to their
different movement pattern. In general, the movement of nodes
can be classified into two categories as single and group
mobility. In the former case there is no correlation between
the movement of different nodes. In this scenario, nodes move
regardless the mobility pattern of other nodes in the network.
In the latter approach, however, nodes move in a group having
a particular relationship between them. In this case, nodes
move relative to a reference which decides the movement
pattern of other nodes.

In Random Walk Mobility Model (RWMM) [1], nodes ran-
domly select new direction and velocity from a given range.
Then the nodes move towards the selected target point. After
reaching the target, they select a new direction and speed and
the process repeats. The movement of nodes takes place in the
bounded simulation area.

In Random Waypoint Mobility Model (RWPM) [2], pause
time in introduced between the changes in speed and direction
of nodes and it is selected randomly from a given range. In
RWPM, a node choses a destination randomly from simulation
area and moves towards it at a randomly chosen speed.

In Reference Point Group Mobility Model (RPGM) [3], each
group has a centre, which is either a logical centre or group
leader node. The movement of group leader determines the
mobility behaviour of the entire group.
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The rest of paper is organized as follows: section II describes
the mobility model while section III shows the energy con-
sumption analysis. Multi-hop and forwarder based routing
protocols are detailed in sections IV and V, respectively.
Sections VI gives the simulation results and finally conclusion
is given in section VII.

II. MOBILITY MODELING

In WBANSs, nodes are deployed on the human body to

monitor different physiological parameters, like, blood pres-
sure, temperature, heart beat level, efc. These nodes send their
sensed data to the sink placed on the chest of the human body.
The distances between nodes and sink are constant in static
position. However, as the human body is mobile in reality, so,
the distance between node and sink changes. In this work, we
propose a method to calculate the distances between nodes
and sink when the human body is in motion.
We devise a mechanism consisting of two phases, (1) Posture
selection phase and (2) Nodes” movement phase. In the posture
selection phase, a posture of the human body is selected like,
standing, sitting, laying, walking, and running. The probability
of posture change can be determined from real human mobility
traces. However, we take probabilities of different postures
from [4], as shown in fig. 1. Markov chain in the figure shows
the probability of posture change from one state to another.
After posture change, the new position of nodes is selected in
the second phase. We assume that sink is placed on the chest
of human body and all positions of nodes are measured relative
to it. The following sections discuss the different postures of
human body in detail.

Fig. 1. Markov model for posture pattern selection

A. Standing

In this position, the distances between nodes and sink are
constant as body is in static position as shown in fig. 5.
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B. Sitting and Laying

In the sitting and laying postures, we assume that the human
body is sitting on a chair and laying on a bed, respectively. In
these positions, there is little movement of trunk of the human
body. Most of the time, the human arms and legs exhibit
motion in three dimensions. We calculate the positions of
nodes placed on arms and legs. As nodes placed on arms show
similar behaviour, so, we calculate the position of a single node
placed on elbow. Similarly, we calculate the position of node
placed on knee. The node e is placed on the elbow while node
k is placed on the knee.
The normal position of e is given as:

Pe :P(Pe>957¢e)- (1)

Where, p. is the radial distance, 6. is polar angle and ¢,
is azimuthal angle of e from sink. During movement of the
human arm, the maximum and minimum distances between e
and sink are pemar and pemin, respectively. So, the difference
between these distances is given as:
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We form a sphere at distance of W from sink as
shown in fig. 2 (Which shows the case for sitting posture). This
sphere has radius of % Now, during movement, the node e
will always lie in this sphere. The new position of node e is
calculated using the following equation.

de = Pemax — Pemin-

pe(t) = pe(t — 1) + (e x rand(1) x ). 3)
Where, 7. is given as:
[_1 0] if pe (t) = Pemax>
Ne = [0 1] if pe (t) = Pemin, 4)
[—1 1] if Pemin < pe(t) < Pemaz-

From eq. 3, it is evident that the new position of a node
depends upon the previous position. A random number is
added to the current location to find new location. If the new
position of node goes out of bound, 7. will decrement the
distance between node and center of the sphere (see eq. 4).
In eq. 3, (. is the step size which can be adjusted according
to the application. Its value is always greater than zero. As
the main concern in WBANS is the distance between nodes
and sink, so, we will not calculate other parameters like, 6,
and ¢.. It should be kept in mind that these values will also
change according to eq. 3.
Now, we discuss the movement of node & placed on the knee
of the human body. The normal position of & in sitting position
is given as:

Py, = P(pr, Ok, o). (5)

Here, pj is the normal distance of £ from sink. 05 and ¢y
represent the polar and azimuthal angles, respectively. During
movement of human body, the maximum and minimum dis-
tances between k and sink are denoted by prmarz and prmin,
respectively.

(6)

We form a sphere at a distance of PimesFPhmin from sink as
shown in fig. 2. This sphere has radius of %. The node k

dk = Pkmaz — Pkmin-
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always lie in this sphere during movement. The new position
of k is calculated using the following equation.

pe(t) = p(t — 1) + (ke X rand(1) x ). (7
The value of 7y, is calculated using:
(=1 0] if pr(t) = prmaz>
me =110 1] if p(t) = prmin, ®)
[—1 1] if pemin < pk(t) < Prmaz-

The new position of & is calculated using eq. 7 where 7y, is a
random number which is calculated using eq. 8. (i represents
the step size and is adjusted according to the application. Its
value is always greater than zero.

Fig. 2. Human body in sitting position

C. Walking and Running

During walking and running, the arms and legs of human
show repetitive and similar trends. When the left arm moves
forward, the right leg also moves in the forward direction.
This defined trajectory helps to efficiently model the mobility
of human body. When the body moves from static position,
the new position of sink is given as:

Py = P(ps, 05, bs)- )
Where, ps is calculated as:
ps(t) = po + tu. (10)

u denotes the speed of the human and ¢ is the time after
which we are calculating new position. Whereas, p, denotes
the initial position of sink.

The normal position of node e is given as:

Pe:P(pe>967¢e)~ (11)

Let us denote the distances between sink and node in forward

and backward positions by pg’"""t and pP*°F | respectively. We



assume that their magnitudes are same. So, we form a curve
between pf"°" and p2°* as shown in fig. 3 (which shows the
case for walking posture). The node e moves along this curve

and its position at any time ¢ is calculated as:

Where, d. is calculated as:
de _ pgront — pe = pléack — e. (13)

The value of 7. changes with time as shown in fig. 4.
Now, we see the movement of nodes placed on legs. The
normal position of node & is given as:

Py, = P(pk, O, ¢r)- (14)

During walking and running, the legs move in the forward
and backward directions repeatedly. We denote the distances
between sink and node & in forward and backward directions
by pf"" and pl*°*, respectively. We assume that these two
distances are same and form a curve between them as shown
in fig. 3. The moving node k always lies on this curve. The

new position of k is calculated as:

pr(t) = pr + Nidi. (15)
In the above equation dy, is calculated as:
di, = p{" ™ — p = P} — pi.. (16)

The value of 7, changes with time as shown in fig. 4.

Fig. 3.  Human body in walking position

III. ENERGY CONSUMPTION ANALYSIS

Energy consumed in single-hop communication is given as:

Esy = FErx . (17)

Where, Erx is the transmission energy which is calculated
as:

ETX =k x (ETXelect + Ea'mp) X dQ . (18)
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MNe, Nk 1

time
Fig. 4. Value of ne and ng

k is packet size, E7xciect 1S energy consumed by the elec-
tronic circuit, €4,y is the amplification energy and d is the
distance between transmitter and receiver.

Energy consumed in multi-hop communication is given as:

(19)

Where, h is the number of hops, F'rx is the energy consumed
in receiving the data and Ep 4 is the data aggregation energy.

E]\,[H =k x (h X ETX + (h — 1)(ERX -I—EDA)) .

IV. MULTI-HOP TECHNIQUE

In multi-hop routing technique, data is transmitted using

neighbouring nodes. Fig. 5 shows the placement of nodes on
human body. In multi-hop scheme, node 4 sends data to node 1
and node 3 sends data to node 2. Similarly, nodes 7 and 8 send
their data to nodes 5 and 6 respectively. The receiving nodes
(i.e. nodes 1, 2, 5 and 6) send the aggregated data to sink. If
these receiving nodes become dead then the other nodes send
their data directly to the sink as shown in fig. 6.
In this scheme, the far away nodes send data to their neigh-
boring nodes and thus save energy. However, the drawback
of this scheme is that nodes near the sink are burdened with
heavy load. They consume extra energy in aggregating and
receiving the data from other nodes. In this way, they deplete
their energy soon, and become dead nodes.

V. DATA TRANSMISSION USING FORWARDER NODES

In this routing technique, forwarder nodes are selected in
each round. These forwarders receive data from their respec-
tive group members and forward it to the sink. Fig. 5 shows
the placement of nodes on the human body. We discuss this
protocol in the following sections in detail.

A. Initialization phase

In this phase, sink broadcasts a HELLO message containing
the following information:

o Location of sink.

o Location of neighbors.

« Information about all possible routes to the sink.
All nodes receive this HELLO message and update their
routing table.
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Fig. 6. Network flow tree in multi-hop routing scheme

B. Forwarders’ selection phase

In this phase, forwarders are selected to route the data of
other nodes. We divide N number of nodes into two sets; A
and B, based on their distance from sink, which are given as:

N ={1,2,3,4,5,6,7,8} (20)
A={1,2,34} @1
B ={5,6,7,8) (22)
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In the forwarders’ selection phase, two forwarder nodes are
selected (one from each group) on the basis of cost functions
C.Fy4 and C.Fg, which are calculated as:

_oda@)

C.Fy = RE@ ' C A (23)
Cde)

C.Fp = REG L © B (24)

The node having minimum value of C.Fy is selected as a
forwarder node from group A. Similarly, the node having
minimum value of C.Fpg is selected as forwarder node from
group B. These forwarder nodes collect the data from their
respective group members and send it to the sink.

C. Scheduling phase

In the scheduling phase, forwarders assign Time Division
Multiple Access (TDMA) based time slots to their children
nodes. All the nodes transmit in their scheduled time slots to
avoid collision.

D. Data transmission phase

In the data transmission phase, nodes transmit data to their
respective forwarder nodes in their scheduled time slots. For-
warder nodes receive data from their children nodes, aggregate
it and route it to the sink. If a node has less energy than a
threshold (7), it does not take part in forwarders’ selection and
routes its data directly to the sink. This is incorporated to save
the data aggregation energy of low energy nodes. If a node has
less distance to the sink than forwarder then it routes its data
directly to the sink. Fig. 7 shows the network flow tree for
forwarder based routing technique. In the initial rounds, nodes
send data to their respective forwarders which route it to the
sink. However, after some rounds, some nodes may have less
energy than other as shown in fig. 7. For example, if node 5
has less energy than 7, it sends its data directly to the sink.
Other nodes route their data through forwarder nodes.

VI. SIMULATION RESULTS AND ANALYSIS

We simulate the proposed protocols and analyze their re-
sults. Table I shows the simulation parameters and their values.
We implement the proposed mobility model in the two routing
protocols and assume the values of p. and py as 0.15 and 0.20
respectively. We ignore the sensing energy consumed by the
nodes in simulation. The initial energy (F,) of all nodes is 0.5
J. The simulations are run five times and their average results
are plotted.

A. Stability period and network lifetime

Network lifetime represents the time from the start of
network till the death of last node. On the other hand, the time
from start of the network till the death of first node is called
stability period. Fig. 8 shows the comparison of number of
dead nodes and fig. 9 shows the comparison of stability period
and network lifetime. Forwarders based routing protocol has
larger stability period and network lifetime. It is due to the
fact that new forwarders are selected in each round and the
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TABLE I
SIMULATION PARAMETERS

Parameter | Value Units
ERXelect 36.1 nJ/bit
Erxelect 16.7 nJ/bit
Eamp 1.97 nJ/bit/m?
Epa 5 nJ/bit/signal
do 0.1 m
T 0.2 J
k 4000 bits
f 2.4 GHz
E, 0.5 J

load is uniformly distributed to all the nodes. On the other
hand, in multi-hop routing protocol, nodes near the sink are
heavily burdened and consume more energy in the form of
reception and data aggregation energy. As a result, these nodes
die quickly. Multi-hop routing protocol has stability period of
1191 rounds and network lifetime of about 2500 rounds. On
the other hand, forwarders based routing scheme has stability
period of 3913 rounds and network lifetime of 6878 rounds
as shown in fig. 9.

B. Throughput

Throughput shows the number of packets successfully re-
ceived at sink. A protocol having longer network lifetime sends
more packets to the sink and have higher throughput. Fig. 10
shows the number of packets sent to the sink in the multi-hop
and forwarders based routing protocols. As forwarders based
routing protocol has longer network lifetime (see fig. 9), so,
it sends more packets to the sink. All of the sent packets are
not successfully received at sink. We use Random Uniformed
Model [7] to calculate the number of dropped and received
packets. The status of the communication link can be good
or bad. We assume the probability of 0.7 for link to be good.
Figs. 11 and 12 show the number of packets dropped and
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successfully received at sink, respectively. It is evident from
fig. 12 that multi-hop routing technique continuously sends
packets to sink till 2500 rounds whereas forwarders based
routing technique sends packets to the sink till 6878 rounds.

C. Residual energy

Comparison of residual energy of the multi-hop and for-
warders based routing protocols is shown in fig. 13. As nodes
near the sink consume more energy in multi-hop routing, so,
they deplete their energy soon. On the other hand, nodes in the
forwarder based routing protocol consume less energy and stay
alive for longer time. Fig. 13 shows the gradual decrease in the
residual energy of forwarder based routing protocol. Whereas,
in the multi-hop routing protocol the residual energy decreases
more quickly.

VII. CONCLUSION

We propose a mobility model for the movement of nodes
placed on the human body in WBAN. First of all, a posture
is selected according to a probability and then the nodes
move according to the selected posture. During movement,
the distance between sink and nodes is changed which affects
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energy consumption, network lifetime, and throughput. We

implement the proposed mobility model in multi-hop and for-
warder based routing techniques and study their performance
parameters. Simulation results show that forwarder based
routing technique has increased network lifetime, stability
period and throughput.

In future, we will implement the proposed technique on real
experimental test bed.
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