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Abstract Wireless body area networks (WBANSs) in the
industrial, scientific, and medical (ISM) bands have been
increasingly adopted for various medical applications. Due
to the shared nature of the ISM bands, when a WBAN
coexists with a wireless local area network (WLAN), per-
formance of WBAN may significantly degrade because of
asymmetric attributes between WBAN and WLAN such as
transmit power and response time. In this paper, we pro-
pose a novel channel access protocol for achieving effective
channel sharing in the aspect of efficiency and fairness,
which adaptively controls the contention window size of
WLAN based on the delay information of WBAN. Our
extensive simulation results for real-time electrocardiogram
(ECG) monitoring show that the proposed scheme can
guarantee the required quality of service of WBAN while
insignificant degradation of WLAN performance.
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1 Introduction

With the rapid advancement of wireless technologies, the
demand for wireless networks has been greatly increased
for various medical applications. Consequently, electronic
healthcare is coming into the spotlight [1]. However, for
successful deployment of wireless technologies in medi-
cal applications, we need to resolve key challenges such
as coexistence and interoperability, reliability, privacy and
security, and many more [2].

In particular, we pay attention to the interoperability in
typical medical scenarios with a two-hop network, where
a wireless body area network (WBAN) by ZigBee coex-
ists and interoperates with a WLAN by Wi-Fi as shown
in Fig. 1. In this medical loop, a central coordination unit
(CCU) collects via WBAN vital signals such as tempera-
ture, electrocardiography (ECG), blood pressure, and SpO2
from the sensors. Then, the decision support entity in the
CCU processes the data for possible generation of alarms.
Furthermore, the CCU delivers via WLAN the collected
vital signals to caregivers for proper treatments for the
patient. The main challenge in this loop is to guarantee the
required quality of service (QoS) level of wireless medical
applications [3-5].

We focus on efficient coexistence of WBAN and
WLAN when both technologies access the channel with
carrier sense multiple access with collision avoidance
(CSMA/CA). We propose a channel access protocol which
can adaptively control the contention window size of
WLAN for effective channel sharing for medical envi-
ronments. The main idea is to mitigate mutual inter-
ference by decreasing the channel access attempt of
WLAN and give more channel access opportunities to
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Fig. 1 Two-hop medical networks with WBAN and WLAN

WBAN. More specifically, our main contributions are as
follows:

—  We identify the severe unfairness issue between WBAN
and WLAN in medical environments due to asymmetric
attributes such as transmit power and response time.

—  We propose an effective channel access scheme for pro-
viding the required medical quality of service (QoS) of
WBAN.

— By implementing a customized simulator, we validate
the proposed scheme under various simulation scenar-
ios.

The coexistence between WBAN and WLAN have been
widely studied so far. For example, device to device com-
munication such as the WiFi Direct technology can cause
unmanageable performance degradation of ZigBee [6].
When WiFi traffic becomes intensive, ZigBee may adap-
tively switches to other idle or less frequntly used channels,
which is called the frequency planning method [7]. How-
ever, this approach is insufficient to resolve massive colli-
sions because it can respond only after some collisions. In
addition, it requires substantial delay in detecting interfer-
ences and changing to different channels. Therefore, in this
paper, we propose an effective channel access algorithm for
coexistence between WLAN and WBAN as an alternative
solution.

Another method is to use an additional signaler that Zig-
Bee can announce its on-going transmission. In [8], a coop-
erative busy tone is proposed that enables the coexistence
between ZigBee and Wi-Fi. However, this approach requires
additional cost for operation and spends more energy with
signaler which is not suitable for body sensors with limited
battery capacity.

In addition, WiCop is proposed as a policing frame-
work that can effectively control the temporal white
spaces between Wi-Fi transmissions [9]. In particular, two
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policing schemes are proposed: (i) Fake-PHY-Header and
(ii)) DSSS Nulling. In the Fake-PHY-Header scheme, a
policing node is added to the WBAN. Then, the policing
node runs the WiCop framework by properly sending polic-
ing signals and controlling the WBAN operations. Then,
each WBAN polling period begins with a policing node
broadcast in the temporal domain, which is called a Fake-
PHY-Header. In the DSSS Nulling scheme, they generate
a policing signal to create spaces for WBAN signals. By
using these two schemes, WiCop increases WBAN packet
delivery rates by up to 40 %.

Most of existing solutions for coexistence between
WBAN and WLAN focus on how much performance of
WBAN can be improved. Unlike these approaches, we
pay attention to fair channel sharing without significant
performance degradation of WLAN.

The rest of the paper is organized as follows: In Section 2,
we state the major coexistence issues of WBAN and WLAN
in medical environments. Then, we provide the system
model for interoperation of WBAN and WLAN and present
our proposed scheme for resolving the coexistence issues.
Section 3 provides the performance of the proposed scheme
with medical data of ECG signals. Finally, our conclusion
follows in Section 4.

2 Proposed scheme
2.1 Problem statement

The coexistence problem between WBAN and WLAN
comes from the fact that both uses the same 2.4 Ghz indus-
trial, scientific, and medical (ISM) band. Furthermore, the
maximum transmit power of WBAN (IEEE 802.15.4) is typ-
ically as low as 0 dBm while that of WLAN (IEEE 802.11)
usually 15 to 20 dBm [10]. For this reason, WLAN can
fail to detect WBAN transmission because it does not reach
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to energy detection (ED) threshold level. Consequently,
WBAN may have unfair channel share.

In addition, the difference in response time of WLAN
and WBAN makes collision hazard time as shown in Fig. 2.
Table 1 shows the system parameters in IEEE 802.15.4 and
IEEE 802.11g. The MAC layer time slot is only 9 or 20 n
s for WLAN in contrast to 320 us for WLAN [14]. Since
WLAN has a shorter SlotTime duration than WBAN [8], it
makes a fast channel access and transmission than WBAN.
Accordingly, as shown in Fig. 2, if a WLAN node performs
a clear channel assessment (CCA) which is a combination
of carrier sensing (CS) and energy detection (ED) to check
the channel is busy or not, it would consider the channel as
available. Then, it would start data transmission and result
in collision with data transmission of WBAN. Also, it may
interrupt ACK transmission of WBAN as soon as it detects
that the channel is available during the switching time of
WBAN. Therefore, there are two collision hazard times in
each WBAN transmission, which is a serious problem, espe-
cially when WBAN transmits critical data such as medical
information.

WBAN and WLAN are unable to exchange the control
message each other, since they have different PHY layer
properties. Therefore, it is impossible to schedule the trans-
mission considering each other transmission to avoid the
collisions. Hence, an effective method for efficient channel
share between WBAN and WLAN is required.

2.2 System description

We consider that WBAN adopts IEEE 802.15.4 because it
is most widely used in wireless sensor networks (WSN5). In
particular, when compared with Bluetooth, IEEE 802.15.4
is more suitable for WBAN because it can have more active
devices and give less interference to other devices [11].

The IEEE 802.15.4 standard specifies the physical layer
and medium access control (MAC) layer. In the 2.4 GHz
ISM band, there are 16 channels with channel spacing of
5 MHz, operating with a raw data rate of 250 kb/s using
the offset quadrature phase shift key (O-QPSK) modulation
[14]. For random channel access, IEEE 802.15.4 provides
slotted CSMA/CA and un-slotted CSMA/CA. In this paper,
we only consider the asynchronous mode of un-slotted
CSMA/CA medium access protocol which is well known
as non-beacon enabled networks. In this mode, each node
wakes up and performs its backoff procedure to transmit
only if there are data to be sent.

In the un-slotted CSMA/CA, if a WBAN node attempts
to transmit data, it first performs the backoff procedure. It
chooses a random integer uniformly between 0 and 25%,
where BE is the backoff exponent which has the default
minimum value (macMinBE) of 3. CCA is performed after
the backoff procedure to check if the channel is idle. If the
channel is idle, the node transmits data. Otherwise, BE is
incremented by one until it reaches to the maximum of back-
off exponent (aMax BE), where the default value is set to
5. Then, the backoff procedure repeats again.

In the case of WLAN, it transmits only if it detects
the channel idle for the arbitrary inter-frame space (AIFS)
period. Otherwise, it waits until the backoff procedure
ends. The number of backoff is chosen randomly from the
range of contention window. It should be noted that CCA
of WBAN is performed only after the backoff procedure.
Therefore, WBAN performs CCA only after finishing the
backoff procedure unlike the backoff procedure of WLAN,
which freezes its backoff timer until the channel becomes
idle.

The IEEE 802.15.4 provides two types of topologies, star
topology, and peer to peer topology. Peer to peer topology
is a distributed network without no central coordinator. On

Table 1 IEEE 802.15.4 and
IEEE 802.11g system
parameters

Parameter

IEEE 802.15.4

IEEE 802.11¢g
(SlotTime = 20 ws)

IEEE 802.11¢g
(SlotTime = 9 us)

SlotTime
RxTx TurnaroundTime
CCATime

320 s

128 us

20 us 9 us
192 us 5 us S5 us
15 s 4 us
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the other hand, star topology enables to configure a sys-
tem that can transfer data to a CCU. Then the CCU can
transmit gathered data which is composed of such as ECG
and blood pressure from body sensors to caregivers. There-
fore, we adopt a star topology in our system because it is
suitable for medical environments.

2.3 Throughput model

In this section, we derive an analytical throughput model
to show how WBAN and WLAN throughput are related
with the contention window of WLAN. There is a very
well-known throughput model for the distributed coordi-
nation function (DCF) of IEEE 802.11 [12]. However, the
Bianchi’s throughput model cannot be directly applied to
our case because the transmission failure results from inter-
ference from other network instead of collision in the same
network. The purpose of deriving an analytic throughput
model is to evaluate the effect of several parameters and
to resolve the unfairness problem between WLAN and
WBAN. A throughput model depends on the transmission
coverage, transmission rate, number of nodes, and con-
tention window size. Assume that there are Ny, WLAN
senders within the transmission coverage of WLAN and
Nuwban WBAN senders coexist with the WLAN nodes. We
define C W14, and C Wy,pan as the contention window size
of the WLAN and WBAN senders, respectively.

We make several assumptions for our scenarios. First,
WLAN and WBAN senders always have sending data and
compete for channel access. The transmission round is
defined as the time interval between two consecutive packet
transmissions. Second, the WLAN senders can detect the
WBANS packet transmission with a probability of P;, while
the WBAN senders can completely detect the WLANS
packet transmission. Third, when both WLAN and WBAN
initially start to transmission, their nodes select their own
random backoff counters, byq, and by pan, respectively.

We define ppo wian and ppo wpan as the backoff probabil-
ity of the WLAN and WBAN sender as follows:

1

A
Pbo,wlan = Pr{bwian = kwian} =

Clean '
0 =< k =< Clean (1)
A 1
Pbo,wban = Pr{byban = kwban} = waan’
0 =< k < CWwban (2)

Let us define tp0, wian and tpo whan as the minimum back-
off time among Ny, WLAN senders and Nyp,, WBAN
senders.

— CASE I: fyo,wlan < tpo,wban (channel occupation by
WLAN)
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—  CASE 2: tpo,wian = tpo,wban (channel access attempt by
WBAN before WLAN)

First, we focus on CASE 1 where WLAN sender starts to
transmit at the (fpo,wian + 1)th time slot. The probability
that a WLAN sender accesses the channel without intra sys-
tem collision and inter system interference after , wian =k1
backoff time, p; (k1) is represented as

Nuwtan—1

p}z (k1) = Nwian Pbo,wlan (1_ (kwian+1) pbo,wlan)

t I Nu,'hnn
s,wlan
(1 — (kwian + 1) pbo,wbant ) ,(3)

s,whan
where f; wian and tg ywpan is the slot time of WLAN and
WBAN. The average throughput of WLAN is

C"Vm_l
THypy = Pylkn)(1—ber)*

i=1
L
X 9
klts,wlan + L/Rwlan + ton,wian

“

where C W), is the minimum value of C Wy, and CWy,pap.
L is the packet size in bits. Ry, is the transmission rate
of the WLAN nodes from 6 to 54 Mb/s. The bit error
rate (BER) can be obtained with a path-loss model and
a geometric model specifying the locations of nodes and
the assumption of additive white Gaussian noise channel
in [13]. In addition, #; yiqn is the slot time and #,p, wign 1S
the overhead time. In this case, WBAN defers the channel
access, and thus its throughput is zero.

In CASE 2, the WBAN sender makes the channel access
attempt before the WLAN sender attempts to channel
access. In this case, we should distinguish the case where
the WBAN sender detects WLANSs transmission from the
case where the WBAN sender does not detect WLANs
transmission. Define two cases; THib an. 1 is the WBAN
throughput when the WBAN detects WLANS transmission,
and TH3) pan.2 18 the WBAN throughput when WBAN does
not detect WLANS transmission. Accordingly, we can sum-
marize the throughput of the WBAN in CASE 2 as follows:

THppan = PaT Hppan 1 + (0 = p)THy o &)

where the WBAN throughput without interference by
WLAN can be obtain by the same equation with Eq. 4. Now
we derive the the throughput of WLAN in CASE 2 THI% lan
and WBAN THf} ban.2- The channel access probability of
WLAN and WBAN senders when 40, yian = k1 and tpo wban

= ko can be represented as

pzzz (k1, k2) = Nyian Dbo,wian(1— (k14 l)pbo,wlan)Nwllmil

Is,wi
Nwban pbo,wbantswian(l — (k2 + l)pbo,wban

s,wban

tS’ wlan )waan -1

s,whan

(6)



Ann. Telecommun. (2016) 71:441-451

445

We consider two WLAN and WBANSs backoff time are
independent. When there exists interference to the WLAN
and WBAN by the WBAN and WLAN, respectively, then
the throughput are represented as

CWp—1 CWp—1

THz%l(m: Z Z

kwban=0 kwian=Kwban

pE(ky, ko) (1—pery) ,
¢ s, wian

(N

CWp—1 CWp—1

THlf)ban,ZZ Z Z pg(klakZ)(l_peFZ)

Ny 2ts whan .
kwpban=0 kwian=Kwban

®)

The packet error rate (PER) of WLAN and WBAN, per;
and perp can be obtained in [16]. To obtained per| and per;
values, we need to calculate the number of time slots with
inter-system interference during both WLAN and WBAN

60r
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Fig. 3 Analytic results: a WBAN throughput with respect to CW of
WLAN, b WLAN throughput with respect to CW of WLAN

send packet. In addition, we need to calculate how many
time slots occupied by the WLAN and WBAN senders with-
out interference. The n;1 and n, > gives the number of time
slots elapsed from the start of transmission round to the end
of WLAN and WBAN packet transmission. By using all
these equations, we can obtain the final WLAN and WBAN
throughput as

WLAN : THyian = TH)gy + THZ 00
WBAN : T Huypan = paT Hopon 1 + (1 — p)T Hoyp 5.
)

By using the derived throughput model, we investigate
the effect of the contention window. we consider the sim-
ple geometry model, where distance between the transmitter
and receiver of the WLAN is 100 m and that of the WBAN
is 10 m and distance between WLAN and WMAN trans-
mitters is 300 m. Here, we set the number of WBAN nodes
as 20, and CWy,pq, is set to 7 and C W4, changes from
16 to 1024. Figure 3a shows that the throughput of WBAN
increases as C W4, increases. On the other hand, WLAN
throughput also increases initially as C Wy, increases as
shown in Fig. 3b, which results from the decreased proba-
bility of transmission failure due to collision among WLAN
nodes. The throughput of WLAN decreases after the maxi-
mum of the throughput.

To evaluate the performance with respect to C Wy,j45,, We
conduct simulation with the setting in Section 3.1. In the
simulation scenario, 10 WBAN nodes periodically generate
packets and coexist with 10 WLAN nodes. Figure 4 shows
the number of successful packets of WLAN and Fig. 5
shows the results of WBAN. Increasing the contention win-
dow size of the interferer (CWy,,) gives more channel
access opportunity to the victim (WBAN), and the number

x 10°

The number of successful packets of WLAN

1O 64128 256 512 1024
Contention window of WLAN

Fig. 4 Effect of the contention window of WLAN on the the number
of successful packets of WLAN
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Fig. 5 Effect of the contention window of WLAN on the the number
of successful packets of WBAN

of successful packets of WLAN is decreased as contention
window of WLAN increases. Therefore, the number of
successful packets of WBAN is increased because WBAN
nodes can finish their transmission during WLAN’s back-
off procedure. Consequently, we can adjust the fairness
between WBAN and WLAN by controlling the contention
window size of WLAN.

2.4 Proposed scheme for effective channel share
between WBAN and WLAN

In this section, we propose an efficient channel share pro-
tocol that adaptively controls the contention window size
of WLAN for effective channel sharing between WBAN
and WLAN. The main idea is to mitigate interference by

Fig. 6 Architecture and
information exchange of the o
proposed scheme |

WBAN protocol stack

decreasing the channel access attempt of WLAN and give
more channel access opportunities to WBAN.

The system architecture for our proposed algorithm is
shown in Fig. 6. The coordinator contains a CCU of WBAN
and a WLAN node. The role of WBAN CCU is to col-
lect sensed data from sensor nodes and that of the WLAN
node is for long range transmission as already explained
in Fig. 1. In general, WBAN and WLAN are unable to
exchange control messages because of the different physical
layers. However, we can use a signal path between WBAN
and WLAN in our system architecture using the coordinator
as shown in Fig. 6.

First, an access point (AP) of WLAN sends a message
after measuring the aggregate throughput 7 Hy,;,, and man-
aging the number of nodes Nyj,,. Also, the coordinator
of WBAN measures the aggregate throughput 7 Hy,p4, and
recognizes the number of relevant nodes Nyp,, in every
monitoring interval. Then, the coordinator calculates the
total throughput n.rs as

Neff = T Hyjan + T Hypan - (10)

Also, we set an objective function for adjusting the con-
tention window of the WLAN as follows:

n
<gf(c"vwlan) = wcei + (l - w)/fbfair» (11)

max

which is a linear function of normalized -efficiency
Neff/Cmax and the jain’s fair index pifai, both of which
are less than one [15]. The Cpax is the ideal maximum
capacity calculated under the assumption that there are no
collision and interference. Therefore, it is considered that it

Coordinator

WLAN protocol stack

Application Object >

| Delay , Throughput I
Application Support Layer The number of nodes Upper Layer I
Network/Security Layer I

l MAC Layer
| MAC Layer I

PHY Layer
I PHY Layer I
L Sy Sy S Sy S S S  mp— —_ —

Throughput

The number of nodes

Data from the WBAN’nodes
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has the maximum transmission rate Ry,x and the minimum
contention window Ciyip, 1.€.,

L
toh + ((CWnmin — 1)/2)1‘3 + L/Rmax .
In the meantime, w (0 < w < 1) is a weight factor, which
can be controlled according to the importance of efficiency

or fairness in the channel sharing.
Also, pgir in Eq. 11 is calculated as

12

Chax =

T Hylan
Nuwian

2 2]
Tlean THwban
2{( Nuwian ) + ( Nwban ) }
Here, we further introduce weighted fairness, i.e., T Hypan
is replaced with K - T Hypq, where K is an arbitrary value
to balance between T Hypan and T Hyyjan, since T Hypay 1S
much smaller than T Hy145, -

The overall problem can be formulated as an optimiza-
tion problem as follows [16]:

2
T Hypan
Nwban

M fair = (13)

max f(c lean)
CWyian (14)
subjectto  CWyan € €2,

where Q@ = {CWyian|CWmin < CWyian < CWnmax},
C Whin and CWpax are the minimum and maximum val-
ues of the contention window, respectively, and the optimal

value of C Wy,;,, can be obtained as

cw:

wian =arg max . F(CWyjan). (15)

CWyian €2
Figure 7 shows an simulation results of % (CWya,),
which is conducted from simulation setting in Section 3.1.
CWyban is set to 7. F(CWyian) is a unimodal and
concave function with respect to CWy;,, so that there
exists a unique optimal value that maximizes .%.

T
—&r=0.8
—&w=0.2
—8w =0.5
= % Aes7/ Ciax

o
©

o
®

©
3

Objective function

o
[°)

o
3

16 32 64 128 256 512 1024
Contention window of WLAN

Fig. 7 Objective function (weighted sum of pifair and neffr/Crmax
versus CWyian

Table 2 Parameters used in the simulations

Parameter WLAN WBAN
Transmission power 50 mW 1 mW
Minimum receiver sensitivity -80 dBm -85 dBm
Coverage 50 m Sm
Arrival rate Poisson CBR

(u = 200us) (4 kbps)
Channel access CSMA/CA Un-slotted

CSMA/CA

Data General ECG
Weighted fairness (K) 1000
Distance between the centers 10 m
of WLAN and WBAN
Path-loss exponent 3
Shadowing

Since wireless channels have dynamic characteristics, it
is important to adaptively control the contention window of
WLAN. So, the weight factor is controlled according to the
average delay of WBAN nodes in our algorithm. If the cur-
rent average delay of WBAN’s nodes is smaller than the
delay requirement required by the application, the weight
factor will be increased to give more transmission oppor-
tunity to WLAN. On the contrary, if the average delay of
WBAN exceeds the delay requirement, the weight factor
will be decreased for fairness.

To control the weight factor, the WBAN coordinator
measures the delay of WBAN’s nodes T, as

T4 = Thackoft + Tpacket ~+ Toverheads (16)

where Thackoff 18 backoff time, Tpacket 1S packet transmis-
sion time, and Toyerhead 1S the time for inter-frame space
(IFS), ACK and turnaround time for switching the antenna
to transmit from receive. The average delay of WBAN is
given as

N
Zi:l Ty

N a7

Taverage =

where N is the number of WBAN nodes. Then, finally, the
coordinator estimates the objective function in Eq. 11 and
uses the golden section search algorithm to find the optimal
contention window size of WLAN in every update interval
of T,., which is a simple algorithm for finding the local opti-
mum of a one-dimensional unimodal-function in a closed
interval without requiring the derivative of function [17].
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The pseudo code for the overall algorithm is given in
Algorithm 1.

Algorithm 1 Find optimal value of C W4,

1: cwiny = CWmin+ p % (CWyaxr — CWiin) > 1nitial
intermediate point
2: cw_boundl = CWy,, cw_bound2 = CW,,,, > initial

two bound of search space
31 CWopsr= CWips + p * (cw_bound2 - cw;p;) © initial two
bound of search space

4: for every update interval 7,, do
5 if Tyverage > Treq then > fairness-centric
6 w-0.1
7: else if Ty erqge < Treq then o efficiency-centric
8 w+0.1
9: end if
10: Objeyr = F(CWyian) > calculate objective
function
11: if Objcyr > Objyry then
12: cw_boundl < cw;y;
13: CWint <= CWopt
14: Objpry <= Objeyy
15: elseif Objc,r < Obj,ry then
16: cw_bound?2 < cw_bound]1
17: cw_boundl < cwep;
18: end if
19: CWopr = CWins + p * (cw_bound?2 -cwip;) > set
CWyian as CWopt
20: end for

The initial intermediate point is set to cwi,y =
C Whin + o * (C Wiax — C Wihin) within the narrower search
space of [min(cw_bound]1, cw_bound?2), max(cw_bound],
cw_bound2] to be converged to the optimal contention
window of WLAN. Then, Obj,,, is calculated from the
objective function and Obj,,, is its previous value. At
every update interval 7., the value from the objective func-
tion at the point of cw,,, is evaluated, and the coordinator
sends a control message to the WLAN AP. Finally, the AP
broadcasts a new contention window size of WLAN via a
control message, and the other WLAN’s nodes set the their
contention window size as cwop; .

3 Performance evaluation

3.1 Simulation setup

We conduct simulation to validate the performance of
the proposed scheme. We develop a customized simulator
which includes the CSMA/CA mechanism both in WBAN

and WLAN. Our simulator closely follows IEEE 802.15.4
and IEEE 802.11g protocol specifications, where the slot

@ Springer

time is set to 9 us. The parameters and their values used
in the simulation are listed in Table 2. The WBAN trans-
mission range is set to 5 m which is suitable for personal
healthcare devices. That of WLAN is set to 50 m. We ana-
lyze the case where the packets of WLAN arrive according
to a Poisson process for general applications, and WBAN
traffic is ECG monitoring application generating packets at
a constant rate at every 200 ms. We observe the performance
in 10 million time slots and the objective function is calcu-
lated 20 times. Node placement is chosen randomly in each
coverage and simulation results are averaged over ten simu-
lation runs. The initial value of the weight factor is set to 0.5.
First, the WBAN coordinator calculates the average trans-
mission delay of WBAN 7, which is measured every five
hundred thousand slots. The weight factor is updated using

90| Il Conventional
80 Il Proposed algorithm

Throughput of WBAN [kbps]

5 10 15 20 25
The number of WBAN nodes

(a)

x1‘0
I I I I T
R R
8 2 1
8
2
o
g151 :
s
g 1r 1
§
c
£ 05f ]
5 10 15 20 25

The number of WBAN nodes

(b)

Fig. 8 The performance of the proposed algorithm when there are 10
WLAN nodes: a Throughput of WBAN with respect to the number of
WBAN nodes, b the number of channel access of WLAN with respect
to the number of WBAN nodes
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Taverage compared with the delay requirement Teq. To bet-
ter react to the weight factor, we use an upper and a lower
bound Tjow and Ty as

Tup = Treq + o, (13)

Tiow = Treq — @. (19)

Here, Tieq is set to 50 ms and « is set to 10 ms. Treq and
o can be set by considering the application’s requirement
and network topologies. For example, if the Tayerage is larger
than Typ, then the weight factor is deceased by 0.1 to get
fairness in the network. On the other hand, if Tyverage is less
than Ty, then the weight factor will be increased to obtain
efficiency in the network.
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Fig. 9 The adjustability of the proposed algorithm when 20 WBAN
nodes exist: a Add 5 WLAN nodes at 25 s when there are no WLAN
node initially. b Add 5 WLAN nodes at 25 s when there are 5 WLAN
nodes initially

3.2 Performance evaluation

To validate the performance of our proposed algorithm, first
we change the number of WBAN nodes from 5 to 25 while
the number of WLAN nodes is fixed to 10. From Fig. 8a,
our proposed scheme gives better WBAN throughput than
the conventional algorithm. The number of successfully
transmitted packets is also larger for the proposed scheme.
Since the average backoff time of WLAN becomes larger
than the conventional scheme, WBAN nodes will experi-
ence idle channel more often. On the other hand, the number
of WLAN channel access is smaller with the proposed
algorithm to give more transmit opportunity to WBAN as
observed in Fig. 8b.

The objective of next simulation is to investigate the
effect of adaptability with respect to changes in the network.
The WBAN nodes may undergo performance degradation
when new WLAN nodes are added. So, in order to maintain
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Fig. 10 Throughput performance with respect to the WBAN cover-
age: a Coverage of WBAN : 5 m, b coverage of WBAN: 10 m
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the performance of WBAN, the proposed algorithm should
efficiently cope with the change of networks. If the num-
ber of WLAN nodes is changed, the information is given to
the coordinator. Then, the coordinator restarts the proposed
algorithm, and the contention window of WLAN will be
converged to a new optimal value according to any changed
situation. In the first simulation, initially there is no WLAN
node while 20 WBAN nodes exist. Then, we add 5 WLAN
nodes at 25 s to verify the adaptability of the proposed algo-
rithm. Figure 9a shows the throughput of WBAN over time
in this scenario. Similarly, Fig. 9b plots the throughput of
WBAN as we add 5 WLAN nodes at 25 s when there are
5 WLAN nodes exist at the first time. From these figures,
we can conclude that the proposed algorithm can cope well
with changing circumstances.
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Fig. 11 Average packet delay of WBAN: a Changing the number of
WBAN nodes while 10 WLAN nodes exist. b Changing the number of
WLAN nodes while 20 WBAN nodes exist
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Now, we check the effect of change in coverage of
WBAN, which in fact results from change in transmit
power. Figure 10a is the case when WBAN coverage is set
to 5 m and Fig. 10b is when it is 15 m. Both cases have
5 WLAN nodes and 20 WBAN nodes. We can verify that
our proposed algorithm provides more throughput than the
conventional one. In addition, increased coverage of WBAN
gives better throughput.

Now, we pay more attention to the network perfor-
mance in terms of the medical viewpoint. We consider when
WBAN nodes carry the electrocardiogram (ECG) data. The
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Fig. 12 Ten-second interval of ECG signal: a Received ECG sig-
nal with the proposed scheme. b Received ECG signal without the
proposed scheme
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heart activity is sensed from an ECG sensor and stored in
the buffer and delivered.

We check the average delay of WBAN traffic, which is
generally required to be less than 300 ms [18]. Figure 11a
shows the average packet delay of WBAN. The observed
average delay of the proposed algorithm is less than 100 ms,
which is smaller than the conventional scheme.

To check the medical-grade QoS of WBAN, we further
adopt the MIT-BIH arrhythmia database which is widely
used for testing the ECG monitoring system [19]. The sam-
pling rate is 360 samples per second and the sample size is
11 bits.

When there are 10 WLAN nodes and 10 WBAN nodes,
the conventional schemes suffer from severe packet loss due
to excessive delay over 300 ms, as shown in Fig. 12b. This
phenomenon is due to WBAN’s packet loss because WLAN
stations is unable to sense WBAN ongoing transmission as
itis below the ED threshold level. ECG monitoring applica-
tions generate packets every 200 ms, and the retransmitted
packets arrived at the receiver can exceed the delay require-
ment of 300 ms. The average packet delay is larger than
100 ms when the number of WBAN and WLAN nodes is
larger than 20 in Fig. 11. However, our proposed algorithm
can reduce the WLAN channel access attempts by con-
trolling the contention window of WLAN. Therefore, ECG
packets can succeed their transmission during the WLAN
backoff time and the retransmitted packet do not exceed
the delay requirement. Consequently, the proposed scheme
gives a well structured ECG signal at the receiver as given
in Fig. 12a.

4 Conclusion

It is a challenging issue how to resolve the coexistence
between WBAN and WLAN in medical environments. We
have focused on a two-hop wireless scenario where WBAN
and WLAN coexist. We have proposed a novel channel
access scheme for achieving effective channel sharing in
the aspect of efficiency and fairness. The proposed protocol
adaptively controls the contention window size of WLAN
according to delay information of WBAN. Our simulation
results have shown that the proposed algorithm provides the
required quality of service for WBAN. We expect that the
proposed scheme will be an effective solution for resolving
the coexistence of WBAN and WLAN.
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