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Abstract

The coexisting wireless body area networks (WBAN) is a very challenging issue because of
strong inter-networks interference, which seriously affects energy consumption and spectrum
utilization ratio. In this paper, we study a power control strategy with nearest neighbor nodes
distribution for coexisting WBAN based on stochastic geometry. Using homogeneous Poisson
point processes (PPP) model, the relationship between the transmission power and the
networks distribution is analytically derived to reduce interference to other devices. The goal
of this paper is to increase the transmission success probability and throughput through power
control strategy. In addition, we evaluate the area spectral efficiency simultaneously active
WBAN in the same channel. Finally, extensive simulations are conducted to evaluate the
power control algorithm.
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1. Introduction

Wireless body area networks (WBAN) has become an important technology to collect

continuously health-related data for disease diagnosis. In WBAN, physiological signals,
motion or environmental data are gathered by the wireless sensors placed on or implanted into
the body and transmitted to a coordinator [1]. In many applications, multi-WBANSs often
coexist in a small area such as nursing home or playground, which lead to severe interference
between networks. The interference caused by coexisting WBAN can significantly result in
loss of data, energy consumption or time delay. However, network reliability is especially
important in medical applications.

In general, sensor nodes in WBAN are typically battery-powered, and the battery lifetime
is required to be up to several years [2]. Owing to the limited battery capacity in sensor nodes,
effective power control is especially crucial in the design and communication reliability of
WBAN. The transmission power of sensor nodes should be adjusted in an on-demand way to
adapt to the changing surroundings, in order to enhance energy efficiency and reduce conflict
to other devices.

One of the main sources of energy consumption in coexisting WBANSs origins from
inter-networks interference between nearby WBAN, resulting to a bad influence on network
performance. Although obviously, the signal strength and the aggregate interference at a
receiver critically depend on the spatial positions of the WBANS, especially the nearby nodes
[3]. The mathematical techniques are needed to explicitly model the nodes distribution [4].

On one hand, the heterogeneous Poisson point process (PPP) model is the simplest and
most important random point pattern of stochastic geometry for the location of nodes in
networks when their position is unknown. It has been widely used to the analysis and design of
wireless networks in particular. Stochastic geometry is an established branch of mathematics
which studies uncertainty in geometric structures. Its theory has recently emerged as an
essential tool to model and quantify interference which is verified to be close to the actual
networks [5]. Recently, stochastic geometry has emerged as a powerful tool to analyze random
networks adopting media access control (MAC) protocols such as ALOHA and carrier sense
multiple access (CSMA). IEEE 802.15.4 protocol is considered as a promising technology for
WBAN. On the basis of above considerations, we study the performance and the power
control strategy of coexisting IEEE 802.15.4-based WBAN in this study. The major
contributions of the work can be summarized as follows:

® A unified framework is developed for the design of coexisting model for IEEE
802.15.4-based WBAN. We analyze the interference of inter-networks using
stochastic geometry. In addition, the success probability expression of the coexisting
WBAN:S is derived.

® In order to reduce the completion or collision in coexisting WBANS, this paper
proposes a new power control strategy based on the nearest neighbor nodes
distribution. The interference is affected seriously by the nearby nodes. Therefore, we
derive the relationship of transmission power based on the nearest neighbor nodes.
We characterize two types of power control strategies: the single transmitter node
power control and all the nodes transmission power control. The simulation results
show that the inter-WBANSs interference is decreased and the throughput is increased
through this power control strategy.

® [Furthermore, we analyze the area spectral efficiency of coexisting WBANS to
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measure the utilization of the allocated frequency bands. The number of transmitter
nodes is estimated that can coexist in the same frequency channel. Then the
appropriate density can be obtained in the same contain domain according to the area
spectral efficiency.

In this paper, we study the effects of coexisting WBANSs and propose the nearest neighbor
nodes power control strategy based on stochastic geometry. We analyze two situations of
power control strategies: single node optimal power control and all transmitter nodes power
control. The remainder of this paper is organized as follows. Section 2 reviews the related
work. The system model is introduced in Section 3. Section 4 formulates the power control
and the number of coexisting WBANSs in PPP model. While Section 5 describes and analyzes
numerical results that show the effect of power control. Finally, concluding remarks are
discussed in Section 6.

2. Related Work

In the following we describe the related works on power control of wireless networks. Two
main schemes, which are optimization and game theory approaches, have been used to
analyze and design efficient power control policies in wireless networks [6]. Advances in
wireless sensor networks such as power supply miniaturisation, increased battery duration,
reduced energy consumption, and power scavenging are essential to systems that undertake
pervasive monitoring, particularly in regard to implantable sensors [7]. In [8], the authors
developed a class of practical online schemes that dynamically adapt transmission power
based on receiver feedback. Some other papers have investigated power optimization about
MAC protocols such as in studies [9-12]. In [13], a new distributed queuing body area network
MAC protocol commitment is proposed to guarantee that all packet transmissions are served
with their particular application-dependant quality of service requirements.

Coexisting of multiple WBANSs is a rather challenging problem because there is
co-channel interference because of the high maobility or a certain density. The closest distance
of inter-WBANs can be 10 cm according to paper [14]. Some other papers about
interference-mitigated algorithms have been proposed for WBAN. In [15], an interference
cancellation algorithm was proposed to mitigate the interference among devices in one
WBAN with ultra wideband and multiple-input-multiple-output (MIMO) systems. Other
works [16-17] have considered the coexistence with other wireless technologies.

Some papers have already noticed the impact of nearest neighbor nodes, but most of these
topics are confined to the network connectivity or topology [18-19]. In [18], the authors
analyzed the connectivity of the wireless sensor networks based on the nearest neighbor nodes
distance. A novel approach in [19] was proposed to detect spatial cluster of points according to
the nearest neighbor distance. A nearest-neighbor clustering power control algorithm was
proposed in [20]. The transmission power of nodes in the same cluster were optimized by
according to the nearest-neighbor distances algorithm. It can reduce network latency time,
prolong network lifetime. But this algorithm must know the number of cluster beforehand.

In [21], a distributed algorithm was proposed which minimized the power required for
neighbor discovery. In a high node density networks, the lifetime of the network increased by
using the optimal scheme during each instance of neighbor location. The process of neighbor
nodes discovery is modeled as a Markov decision process. However, there were many
remaining open questions such network discovery when nodes failed or moved.

A new, adaptive and energy-efficient MAC protocol based on multi-WBANs was
proposed in [22]. This model can prevent collisions and prolong the network lifetime by
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rotating the coordinator node and WBAN member nodes, by using transmission power
adjustment approach and using channel hopping. However, the WBAN nodes were set to the
lowest possible transmission power.

The author studied that a connected network could be generated through assigning
communication radius to each of them in [23]. These papers, generally speaking, try to
guarantee a connected network or a certain topology to achieve better performance through
adjusting transmission power. However, the connectivity was studied on the basis of distance
between receiver and transmitter, not considering about mutual interference.

Unlike most of the other works listed above, we allow the transmission power at each
node to be a random variable with arbitrary distribution subject to the density of coexisting
WBANS under the constrained of power. The results of this paper show that this strategy is
especially suited for the coexisting of multiple homogeneous wireless networks.

3. System Model

3.1 Poisson Point Process Model

A coordinator node and several sensor nodes form a WBAN. The coordinator node, such as
mobile phone, is placed at center of the human body. Some sensor nodes are deployed on
different parts of body according to different monitoring parameters. All these wireless nodes
build a star network topology. In this star topology, the communication is established between
sensor nodes and the coordinator. Multi-WBANSs are modeled as a stationary Poisson cluster

process coexisting in the IR* Euclidean space illustrated in Fig. 1.
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Fig. 1. Coexisting WBANs model

In this paper, we consider that each WBAN has a node sending data at the same time
according to the competition of CSMA scheme. That is, every transmitter

¥ ={(y,.d);i=1,2,3,..} is independently and randomly distributed in R* Euclidean
space according to an homogenous Poisson point process with intensity A, where y, € ¥

denotes the location of the #* transmitter node and d, denotes the distance of the nearest
neighbor nodes. We adopt the following assumptions and definitions:
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® |t is assumed that all the sensor nodes have the same maximum transmission power of
P ., and the minimum P, at first.

® The interference domain R, for each receiver node is the range of the maximum distance
from which a receiving node can sense a carrier. It depends on the transmission power of the
sender and the other near neighbor nodes.

® The channel of all the coexisting WBANS accessing is the same logical channel.

3.2 Radio Channel Model

In this paper, the path-loss attenuation effect is only considered and additional channel
influence is ignored such as shadowing and fast fading. In particular, a general path-loss model
is considered as r~7 with the propagation distance r. The received power at a distance I
from the transmitter is P.hr™" on a single link if there is no outside interference [24], where the

P, is the transmission power. The 7 is the path-loss exponent and h is the power fading
coefficient which follows an exponential distribution with mean 1/ , written as

h ~exp(x).

4. Power Control Strategy

4.1 Modeling the Aggregate Interference and Success Probability

We first give a general expression for the interference in coexisting WBANs whose transmitter

nodes are distributed as a stationary PPP model with density A . Without loss of generality, we
may take a coordinator node to be at the origin 0 according to the Slivnyak theorem of the

stochastic geometry [5]. The sensor nodes X;is located in the coordinator node’s interference

domain || X; || < R, . The total interference seen by a receiver is the sum of the signal powers
received from all transmitters, except its own transmitter. Therefore, the cumulative interference at
the origin, which is caused by all other transmitter nodes X; located in the contain domain ¢£ ,can
be defined as

=2 Rl (1)

N
where the P, is the transmission power of node, h; is the fading coefficient of X; .
We consider the following signal to interference and noise (SINR) model for a receiver

placed at the origin 0 in the two Euclidean space is [25]

Phr,™”

SINR, =
N, + 1

)
where [ is the distance from the sending node to the origin coordinator node transmission
distance, R is the transmitter power of this sensor node, h is the fading coefficient. | is the
cumulative interference of the origin node’s and N, is noise power.
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The packet can be successful transmitted if the SINR exceeds a certain threshold £ . So
we define the success probability as follows

Phr,™
0 = P) %ZB
s [NO+I j ®)

4.2 Power Control Strategy

Power management is always a very important issue in Ad hoc networks, wireless sensor
networks, as well as WBAN [26]. In the coexisting WBANS, the distribution of nodes is
random and cannot be predicted owing to the mobility of people. It requires a mechanism to
change the transmission power according to the distribution of nodes. It can not only reduce
the total energy consumption of the network, but also overcome the main limiting factor of
interference. The transmission capacity of the whole networks, moreover, can be improved
[27].

The geographical locations of nodes are a major influencing factor of the performance of
WBAN coexistence. The PPP distribution satisfies the randomness of the networks.
Furthermore, it is the simplest model and plays a fundamental role in random point pattern.
The interference created by other sending nodes will change with the variety of network
density, especially affected by neighbor nodes. Because of these, we focus only on the first
nearest neighbor nodes and ignore the second nearest neighbor nodes distribution in this paper
due to the characteristics of short range communication of WBAN.

The cumulative complementary distribution function (CCDF) of the nearest point of the

process from the origin denoted by d is [5]
P(d > 1) =exp(-Azr?) (4)

The nearest neighbor nodes distance distribution

f(d) = 2724d exp(~zAd?) )

The success probability p, of WBANSs coexistence, which is the same as the cumulative
distribution function (CDF) of the SINR, can be expressed as

Phr,™
=Pl =0 >
Ps {N0+I ﬂ]

:P{hz[ﬂNor"” +ﬁr0’7| ]}

R uR

:Er {exp(_MjE{exp[_Mjl r:|}
uP, uP, :

Given L, (s)= E{exp(—%l(r)ﬂ S= ﬂTrO”

t

1
g(x) =—=arctan -=In ——=arctan

2x-1 1. (1+x° 1
V3 V36 1-x+x* 43

—ij The Laplace transform of

NE
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interference

L,(s) =E{exp(—sl (r))} —exp{_g(ﬂgoﬂ ﬁtj [g(r)—g(O)]} (6)

t

See Appendix A.
4.3 Single Node Power Control (SNPC)

We first consider the case that only one node X, € ¢ can use power control but all other

transmitter nodes with certain value. Therefore the SINR, at the receive node is

Phr "
S|NRS —_t 0 )
N, +1
where ﬁt is the least required transmission power to achieve the target SINR .
Phr. ™"
Ps = P| t—=2—> IB (8)
N, +1

:P{h z(ﬁNoAron+’Br(il J}
uk - pR

n I n
=, exp(—ﬁN—‘LrojE exp(—ﬁro—gr)}r}
R MR
e BN, 1
—_[0 f(r)exp[— ﬁoo exp(—}tlé[mdx]dr

t

=exp(—%°r°”]exp —Z(’Bg Pt] I: f()[g()-g(0)]dr

t t

The success probability of transmission is an expression related to the distance d of the
neighbor nodes. So our goal is to maximize the success probability of achieving or exceeding
the threshold & . We can express the transmission power under a certain limit of success
probability, which can be expressed as

minimize P 9)
subjectto p, >0

I:)min < I/D: < I:)max
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4.4 All Nodes Power Control (ANPC)

Now, let us assume that each node X; € ¢ can dynamically control the transmission power it
uses independently of other nodes. SINR, at the reference receiver can be written as
ﬁhrof”

SINR, =<
0 A

(10)

Thus, for an power control policy characterized by the random variable ﬁt , the successful
probability can be expressed as

ps—jo f(r)exp( 5 Jexp{ ﬂJ’l+(sE(F{))*x” dedr (12)

t R?

:exp(—'BNTOrOnjexp _ﬂ(ﬂg” E(Pt)j J.Od f(r)exp{—[g(r)—g(O)]}dr

t t

= cexp(—a)exp (—bE(Pt))ZI"

Where a = ﬂNAOrO” , bzﬂ{’BgJ : C:J: f(rexp{-Tg(r)—g(0)]}dr.

t t

According to the success probability threshold &, we seek the mean transmission power
value [E(P,) allocation on each sensor node that achieves the minimum 1, , the success
probability (11) becomes

p. = cexp(-a)exp(-bE(R))*" ) > &
From (12), we can obtain

exp(-b(E(R))™") > L exp(a)
C

(12)

2In é
~b((E(R)) )>a|n(CJ
5

21y a
(E(R))™ < " (;)

a. (8))"
E(R) < (—Bln (Ejj 13)

Then, the transmission power with constraints is

[ (0] (o)
B

~0)
Il

(14)
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4.5 The Area Spectral Efficiency of Coexisting WBANs

The wireless sensor networks related technologies primarily operate in the unlicensed
industrial scientific medical (ISM) band which is shared with other major wireless standards
such as IEEE 802.11, Bluetooth, and cordless phone. With the growing proliferation of
wireless devices and systems, the ISMband is increasingly becoming congested and the
coexistence issues are becoming more and more critical for the applications of wireless sensor
networks. Many standard solutions for WBAN operate in this ISN band centered at 2.45 GHz
[28]. Therefore, we should consider about the spectrum efficiency.

In this section, we discuss the area spectral efficiency which is defined as the utilization
of channel. We evaluate the area spectral efficiency based on the maximum number of sending
nodes at a time in the same channel. Note that the area spectral efficiency can be optimized
through increasing the density of WBAN which can operate in a logical channel. According to
the formula (3), we can obtain that the number of area simultaneously active WBAN access

the same logical channel is Ap; . The different number of active WBAN can be obtained in the
light of different success probability under the power control. According to the maximum
value Ap, we can get the most suitable density of WBANS coexistence.

5. Simulation Results

This section evaluates the performance of the proposed power control schemes through Monte
Carlo simulations in MATLAB. We have distributed many wireless nodes in the 20m times

20m area according to a certain density A as a two-dimensional homogeneous PPP model.
The interference region of every receiver node is changed in the light of variety of

transmission power P,. If the nearest neighbor nodes distance is less than the interference

range of a receive node, there will cause very strong inter-WBANSs interference. To simplify
the analysis, we exploit the fact that, each sending node can only transmit data to its
coordinator of the same WBAN according to the IEEE 802.15.4 standard. The distance

between themis I, . Table 1 summarizes the parameters and their values according to CC2530
radio and IEEE 802.1.5.4 technology used in our simulations [29].

Table 1. System parameters

On-body path-loss exponent 77 3
SINR threshold £ (dB) -15
The power of the minimum P, (dBm) "25
The power of the maximum P, (dBm) 0
Channel bandwidth (Mhz) 2
Frequency (Ghz) 2.4

Channel rate (kbps) 200
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Fig. 2. PPP model (Red triangle symbol represents the Coordinator node while the green round dots
represents the sensor nodes.)

The coexisting networks model considered in this paper are composed of multiple
stationary WBANSs which have a receive node (Coordinator node) and several sensor nodes
randomly located within a certain distance in the R? Euclidean space as shown in Fig. 2 (a).
To simplify the analysis, we analyze one sensor node and one receive node in each WBAN
according to the IEEE 802.15.4-based CSMA in the beacon enabled mode such as Fig. 2 (b).
Therefore, the density A of sensor nodes is also the density of WBANS.
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Fig. 3. The probability of the node has the first nearest neighbor nodes

Fig. 3 illustrates the simulation results of the probability distribution that a node has the
first nearest neighbor under the different interference region. The difference of the probability
is remarkable although the interference region changes few. It would contribute to the analysis
of power control’s significance if each node is capable of finding nearest neighbor nodes and
adjusting transmitting range according to local requirement.
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Fig. 4. SINR

The SINR on a wireless link is an important basis for consideration of outage, capacity,
and throughput in a wireless network. It is therefore important to understand the SINR
distribution within such networks [30]. From Fig. 4, we investigate the effect of power control
to the link of SINR. However, increasing the density A to a certain level can cause the greater
the variety of power control. Note that as it can be obviously seen for 4 >1, the SINR of all
nodes power control can be better than -16dB . This shows that this power control strategy
can improve the SINR of the coexisting WBANS.
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The success probabilities of three conditions are compared in Fig. 5. From the
simulation results, the power control can carefully take advantage of the increase in the density.
The success probability decline rapidly as the density increase, however, the power control
can relieve slightly.
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Fig. 6. The number of coexisting WBANS

Fig. 6 exhibits the number of coexisting WBANs under three conditions with the
different density. It shows that there is a nonlinear relationship between number of channels
and the density of WBANSs coexistence. The power control about the neighbor nodes distance
is excellent to the constant power and one single node power control. On the other hand, the
number of the WBANS tends to be stable when the networks density is somewhat higher, and

then it begins to decrease. This is due to the fact that, the outage probability 1— p is relatively

big owing to the aggregate and conflict. According to the maximum value of the curve, we can
get the most suitable density of WBANS coexistence.
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6. Conclusion

In this paper, we investigate the transmission power optimization for coexisting WBANS.
Using stochastic geometry tools, we have derived an expression for the power control in two
cases: 1) the single transmitter node power control and 2) all the nodes control. The
inter-WBANS interference is decreased and the transmission success probability or the
throughput is increased through power control scheme. Finally, extensive simulations are
conducted with two scenarios to evaluate the power control.

APPENDIX A:

The interference component of the success probability can be calculated by
determining the Laplace transform of 1 .

n
Given L (s)=E[-sI(r)] ., s 'B -0 and using the change of variables

t

2
g(x) = —arctan 2X— 1—ll @+ —iarctan(—i) the Laplace transform of

J3 \/§61x+x2\/§ J3

interference, respectively become

L,(s)=E[exp(-sl ()]

ol o]

(® E] Jexp(-sPhr™)

Xedp

b) E
Q QH sPr

(c)exp{ ﬂj (1—+drn
R? 1+sPar™

=exp| -4 A;dr
21+ (sP)'re
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-

—exp[ A(sP )”"Id@j

exp(-A(sP)™* g(%) I
:exp{ —A(sP)?" Barctan 23;—%'”1(}:3 ‘%amtaﬂ %j}
o[ 4 b a0 (- )
exp{ /5’ 5, M[g(r)—g(m]

no. _ 2
=exps -1 Pl Pt iarctanﬂ—lln(1+—r)2—iarctan (—ij
P J3 3 6 1-r+r? 3 J3
(a) is obtained by the independence of the fading random variables.

(b) Follows from the Laplace transform of an exponential random variable.
(c) Follows by the probability generating functional of the PPP.
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