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Abstract

It is expected that Wireless Body Area Network (WBAN) will greatly improve the
quality of our life because of its myriad applications for our human beings. However, one of
the challenges is to design energy efficient communication protocols to support the reliable
communication as well as to prolong the network lifetime. Cooperative communications
have the advantage of spatial diversity to combat multipath fading, thus improving the

link reliability and boosting energy efficiency.

In this thesis, we investigate the energy efficient cooperative communications for WBAN.
We first analyze the outage performance of three transmission schemes, namely direct trans-
mission, single relay cooperation, and multi-relay cooperation. To minimize the energy
consumption, we then study the problem of optimal power allocation with the constraint
of targeted outage probability. Two strategies of power allocation are considered: power
allocation with and without posture state information. Simulation results verify the accu-
racy of the analysis and demonstrate that: 1) power allocation making use of the posture
information can reduce the energy consumption; 2) within a possible range of the channel
quality in WBAN, cooperative communication is more energy efficient than direct trans-
mission only when the path loss between the transmission pair is higher than a threshold;
and 3) for most of the typical channel quality due to the fixed transceiver locations on

human body, cooperative communication is effective in reducing energy consumption.
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Chapter 1

Introduction

Wireless communication technologies have undergone explosive growth since the end of
the last century, and more and more advanced communication technologies have been
deployed to provide the most enjoyable communications for people than ever expected.
The increasing use of wireless technologies and the advances in electronics have empowered

the development of wireless body area network (WBAN).

A WBAN consists of a number of nodes, placed on and/or around, and/or implanted
in the human body, which can communicate with each other through wireless links. In
addition, WBAN also has the capability to connect with other wireless networks, such as
WiFi and cellular networks. With WBAN, the sensor node can continuously monitor the
real-time physiological parameters such as the temperature, blood pressure, heart rate,
electrocardiogram (ECG), electroencephalogram (EEG), respiration rate, and SpO2-level
[M], and provide feedback to the user or medical personnel. Further, the actuator node in
WBAN can act as a drug delivery system. For example, the actuator can start the injection
of predetermined dose of insulin when a sudden drop of glucose is detected for diabetes pa-
tients. With the wireless nature of the network and the wide variety of sensors/actutators,

WBAN provides a greater physical mobility for a patient [2], and the connectivity for the
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elderly in managing their daily life and medical conditions [3].

Under the circumstance of an aging society with tremendously increasing healthcare
expenses, many countries thrill to make use of WBAN technology to improve the healthcare
quality and lower relevant cost [4]. In addition to healthcare service, WBAN is also a
promising technology to be found in the domain of consumer electronics, athletic training,

workplace safety, secure authentication and safeguarding of uniformed personnel [B, B].

With its myriad applications, the research of WBAN has received extensive attention
from both the academia and the industry recently. Several research groups and commercial
vendors have already been developing the first prototypes of WBAN. For example, WBAN
is deployed for rapid disaster response in the CodeBlue project at Harvard University [{];
a complete end-to-end mHealth platform for ambulant patient monitoring is designed in
the European MobiHealth project [§]; and a full platform for the ubiquitous multimedia
applications of WBANS is developed in the German BASUMA project[9]. Since November
2007, the IEEE 802.15 tasking group 6 has been formed to define the physical layer (PHY)
and medium access control (MAC) standard for WBAN |[I0].

One of key issues of these research activities is to design communication protocols to
realize the diverse applications. Although the techniques from wireless sensor networks
(WSNs) and ad hoc networks could be employed in WBAN;, protocols designed for these
networks are not well suited due to the typical properties of WBAN. In this thesis, we inves-
tigate the energy efficiency of cooperative communications in WBAN with the constraints

of target outage probability, which are tailored to the WBAN applications.

1.1 Wireless Body Area Network

WBAN supports both medical and nonmedical applications with diverse application re-

quirements. The nodes in the network can be sensors/acutators or personal devices. For
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Intra-body Communication

Sensor

Figure 1.1: Architecture of WBAN.

the sake of clarity, the communications for WBAN can be categorized into three parts:
intra-body communication, extra-body communication, and inter-body communication.
The intra-body communication controls the information handling on the body among sen-
sors/actutators and personal devices; the extra-body communication ensures the connec-
tion between a WBAN and other heterogeneous networks; and the inter-body communica-
tion deals with the information exchange among different WBANSs. A typical architecture
of WBAN is show in Fig. I. Depending on the applications, the nodes in WBAN may
communicate with a on-body coordinator, which can be implemented in a PDA, through
intra-body communication; or these nodes may communicate to a gateway through which

they are connected to a local or wide area network.

Accordingly, WBAN has medical and nonmedical traffic in the network. The medical

traffic includes the data generated from continuous waveform sampling of biomedical sig-



nals, monitoring of vital signal information, and low rate remote control of medical devices;
while non-medical traffic covers video, audio, and data transfer. Compared to WSN and

ad hoc network, WBAN has the following unique features:

1. Limited energy resources: Most nodes are battery-driven and have no chance to
recharge or change battery during the lifetime (up to several years or even decades
for the implanted nodes). Further, these nodes have small form factor (often less
than 1 cm?® [d]). Therefore, the energy resources and thus the computational power

and available memory of the nodes are limited.

2. Ultra low transmit power and high path loss: To avoid negative impact of the electro-
magnetic radiation and satisfy the requirements of the regulated special absorption
ratio (SAR), ultra low transmit power is desirable in WBAN. On the other hand,
since the propagation of the waves takes place in or on the human body, wireless

signals in WBAN experience a much higher path loss than those in free space.

3. Frequent change of network topology: Due to the body posture/movement, the nodes
in WBAN can move relatively to each other, and thus the network topology may
change frequently.

4. Dynamic QoS Requirements: With heterogonous traffic, WBAN needs to support
temporally differentiated QoS requirements. In normal case, medical traffic can tol-
erant delay for sensing data with low duty cycle . On the other hand, if an emergency
health situation arises, the life-critical signals along with the aforementioned sensing

data should be transmitted with the least delay.



1.2 Motivation and Research Issues

The development of WBAN brings a number of research challenges such as interoperability,
scalability, reliability, QoS, and energy efficiency to the design of communication protocols.
As we mentioned, the energy resources are very constrained in WBAN. Utilizing energy
efficient communication protocols to maximize the network lifetime is important for WBAN
applications. Reducing transmit power can be a potential approach. Note that, to avoid
negative impact of electromagnetic radiation on human body, it is critical to keep a low
transmit power in WBAN. However, the path loss in WBAN is usually larger than 50dB
[[1], causing severe attenuation on wireless signals, and thus, without sufficient transmit
power the link quality is very likely to be deteriorated. Recently, it is observed that, with
ImW transmit power at 2.4GHz, the on-body (off-body) links of WBAN are intermittently
disconnected up to 14.8% (14.9%) of the time when people sleep on bed [IZ]. As such, the
network topology of WBAN could be frequently partitioned [[3]. Further, the data packets
in WBAN mostly consist of medical information with the demands of high reliability and
low delay. As a result, how to design communication protocols to ensure an end-to-end

reliable communication with the least energy consumption becomes a key challenge in

WBAN.

Cooperative communications have the advantage of spatial diversity, thus improving
both link reliability and energy efficiency [14, I5]. The power consumption with cooper-
ation in wireless sensor network is studied in [I4]. It is shown that, for a large distance
separation between the source and destination, cooperative transmission is more energy
efficient than direct transmission. The energy efficiency of cooperative communication is
further illustrated in the clustered wireless sensor networks in [I4], and similar results
are revealed. Motivated by these researches, we are interested in the use of cooperative

communications in WBAN and the associated performance in terms of energy efficiency.



1.3 Organization of Thesis

The reminder of this thesis is organized as follows. Chapter 2 provides a background on
cooperative communications and their applications in WBAN. In Chapter 3, the system
model is described. The analysis of outage performance is presented in Chapter 4. The
energy consumption minimization is studied in Chapter 5. Simulation results are given in

Chapter 6. Chapter 7 summarizes our research conclusions and gives the future work.



Chapter 2

Background

Cooperative communications are termed as that, multiple nodes with only one antenna can
collaborate to exploit the spatial diversity of the traditional multiple-input multiple-output
(MIMO) techniques by forming a virtual antenna array [I6]. Cooperative communications
can provide both diversity and spatial multiplexing gains [I7]. Specifically, for a cooperative
communication with diversity order d, the outage probability can be made to decay like
1/SNR® at high signal-to-noise-ratio (SNR), in contrast to the SNR~! for the direct

transmission.

Due to the flexibility of cooperative communications, a number of cooperation strate-
gies are developed to satisfy the requirements of their specific applications. For example,
depending on the number of relays to participate in cooperation, cooperative communica-
tion could be single-relay based or multiple-relay based; and the relay selection might be
opportunistic/probabilistic [I8, [9] or deterministic [20, 21, 22]. For a specific relay selec-
tion, the relaying strategy can be fixed, selective or incremental [I6]. Moreover, dynamic
power and bandwidth allocation is able to be incorporated into the cooperation strategies
to further improve the system performance [19, 23]. Other advantages of cooperative com-

munications may be found such as high data rate, low transmit power, and efficient use
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of network resources [24]. With these advantages, cooperative communication could be a

potential technique to tackle the energy efficiency problem in WBAN.

2.1 Related Work

There have been several researches on the energy efficiency of cooperative communications.
Without considering the extra energy consumed in transmit/receive circuit, cooperative
communications can consume less transmit power compared to direct and multihop trans-
mission [I8]. In an energy-constrained network such as WSN, the extra energy consump-
tion is important [I4]. Taking this into consideration, the energy efficiency of cooperative
MIMO in WSN is investigated in [4] and further studied in [I5] for the clustered wireless
sensor networks. Their researches show that, compared to direct transmission, coopera-
tive communication is more energy efficient for a large distance separation between the
source and the destination. The similar argument has been also revealed when studying
the single-relay and multiple-relay cooperation in [25].

A WBAN is initially assumed as a single-hop star network [26]. However, according
to [, PR], it is realized that the use of multihop communications could lead to a more
energy efficient and reliable network topology. Furthermore, multihop cooperation and
relaying schemes are discussed in [29] to prolong the network lifetime of WBAN. A follow-
up study in [30] proposes a spanning tree protocol (CICADA) for multihop WBAN. In
[31], a gossiping data routing protocol is devised to cope with both high node mobility and
poor link quality in the network. The data packet scheduling and optimal transmit power
are studied in [82] for multihop links among in-body and on-body nodes. Beacon-enabled
TDMA MAC with relay transmission is investigated in [33]. For a beacon-free network,
a cooperative preamble-sampling protocol (PS-MAC) is developed by the authors of [34].

However, no cooperation diversity is exploited in these communication protocols.



The cooperative diversity in WBAN is first introduced in [35], where the spatial diver-
sity gain is analyzed in a two-relay assisted transmission link. In [36], cooperative transmis-
sion is employed for communications between the on-body nodes and the off-body gateway.
Compared to non-cooperative transmission, cooperative transmission (single-relay) can sig-
nificantly reduce the bit error rate (BER) and prolong the system lifetime. Further, for a
specific BER, cooperative transmission saves transmit energy consumption up to 20%. The
packet error probability (PEP) for direct, two-hop, and single-relay cooperative transmis-
sion are investigated respectively in [37]. The authors employ an on-body channel model,
where the path loss is independent with the transmitter-receiver distance. It is shown that,
under the condition that all transmitter-receiver pairs use the same transmit power and
have identical path loss, direct transmission outperforms two-hop transmission in terms of
PEP. On the other hand, the single relay cooperative transmission has less PEP than direct
transmission. Although these studies demonstrate that cooperative communication can be
effectively implemented in the WBANSs, the performance analysis of its energy efficiency is

still an open issue.

2.2 Thesis Contribution

In this thesis, we investigate the energy efficiency of cooperative communications in a
WBAN. The main contributions of this thesis are as follows. First, we carry out a de-
tailed analysis on the outage performance of three transmission schemes that could be
implemented in WBANS, i.e., direct transmission, single-relay cooperation, and multi-
relay cooperation. Secondly, to minimize the energy consumption, we study the problem
of optimal power allocation with the constraint of targeted outage probability. We consider
two power allocation strategies: power allocation with and without posture information. To
fairly compare the energy consumption between cooperative and noncooperative transmis-

sions, we consider not only transmit energy but also transmitter/receiver circuit energy,
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which was not considered in [29, 36]. Thirdly, the impact of posture/movement of human
body on the wireless link is considered in the analysis and exploited in the power alloca-
tion. Finally, through simulation, we demonstrate that how energy efficiency is affected
by the transmit power allocation, the relay location, the number of relays and the mag-
nitudes of path loss in different posture states. Our extensive simulation results indicate
that: 1) power allocation making use of the posture information can reduce the energy
consumption; 2) within a possible range of the channel quality in WBAN, cooperative
communication is more energy efficient than direct transmission only when the path loss
between the transmission pair is higher than a threshold; and 3) for a practical WBAN,

cooperative communication in most cases is effective in reducing energy consumption.
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Chapter 3

System Model

3.1 Characteristics of Wireless Channel in WBANSs

A typical WBAN is shown in Fig. B, where the nodes (i.e., nodes 2-14 in the figure)
transmit data to a central node (i.e., nodes 1 in the figure), which acts as a gateway to
other wireless networks, such as WiFi or Cellular network. The propagation of wireless
signals in body area communications experiences fading due to diffraction, reflection, en-
ergy absorption, and shadowing by body and clothes [I1]. Generally, the fading (i.e., the
large-scale and small-scale fading) depends on the location of the transceiver on/in human
body, the posture/movement of human body, and the working frequency. Research on on-
body channel model shows that the large-scale fading referred to as the path loss can be
approximated by the Friis formula [88]. The path loss for a fixed transmission pair varies
significantly depending on the body posture, and its variation can be as large as 22.2dB
[[T]. On the other hand, compared to other distributions such as Rayleigh, Rice, Weibull,
and Nakagami-m, the Lognormal distribution provides the best fit for the small-scale fad-
ing in the WBANSs [BR]. Therefore, provided a posture state i, when the source node s

sends a signal to its destination node d, the received SNR (in dB) at the destination can
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i AR or BS

Figure 3.1: A wireless body area network.

be given by
Ydii = Pei = PLY" = X o0 — N (3.1)

where ¢ = 1,2,..., N, N is the total posture state number, and Ny is the power of the
additive white Gaussian noise (AWGN) at the receiver. In Eq. (B1), Ps; is the transmit
power of the source node, PL$? is the path loss between the source and the destination,
and X,.a ~ N(0, 0$%) [39] is the channel attenuation due to the small-scale fading. Notice
that the posture states can be modeled as a Markov chain process and each state has a

steady state probability m; [40].

3.2 Transmission Schemes

It is reasonable to assume that all nodes transmit over orthogonal timeslots so that no
interference is considered in the sequel. For a data packet transmission, we consider
three transmission schemes that could be implemented in the WBANSs, direct transmission,

single-relay cooperation, and multi-relay cooperation. For the cooperative transmission,
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we adopt a two-timeslot transmission. In the first timeslot, the source node sends a data
packet to the destination, while the neighbor nodes overhear the transmission. In case of
the failed reception at the destination, the destination node feeds back a negative acknowl-
edgement (NACK). Then, in the second timeslot, for the single-relay cooperation, only a
predefined neighbor named relay node retransmits the data packet if it successfully received
the packet in the previous timeslot; on the other hand, for the multi-relay cooperation,
an instantaneous optimal relay which once decoded the packet and is of the best channel
condition to the destination is selected to forward the packet to the destination. Due to
the potential hardware constraints on a node in WBAN, no data combination is employed
in cooperative transmission. Further, the links among nodes are independent, and the

channel gains and posture states do not change within one date-packet transmission.
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Chapter 4

Outage Analysis

Due to the hostile propagation environment, digital transmission over a wireless channel
can be very challenging. To study the energy efficiency of wireless transmission in WBAN|,
the specific QoS requirements tailored for the applications should be taken into account.
In this thesis, to satisfy the rigorous requirement for a reliable transmission, we consider
outage probability as the QoS metric, which is defined as the probability of the received
SNR () falling below a certain threshold (3) [23], i.e.,

Po = Pr(y < p). (4.1)

In the following, we analyze the outage probability of three transmission schemes case

by case.
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4.1 Direct Transmission (DT)

Given a posture state i, the outage probability with direct transmission can be derived

based on Eq. (B) as follows,
P = Pr(vsai < B)
= Pr(Pl, — PL{ — X .0 — Ny < f3)

= Pr(P,— PLY — 3 — Ny < X, )

_ 1 0 (t — (PE —PL — 5 — Ny))?

— 27r05d /Oo exp[— 2 fd) |dt
__PP—PL¥—B— N,

= Q( . ) (4.2)

0;

where P£ is the transmit power of the source in posture state ¢ when direct transmis-

sion is utilized, Q(-) is the Q-function defined as Q(x) =
simplicity, we define F(z,y,z) = Q(l’—y——zﬂ—NO)

\/%7 fxoo e~*/2dt. For notational

4.2 Single-Relay Cooperation (SRC)

The outage occurs when the link between the source and the destination, and the link
between the source (or destination) and the relay are in outage. Therefore, given a posture

state 7, the outage probability of single-relay cooperation is

Pg\z = Pr(%d\i < 5)P7ﬂ(75r|z < ﬁ) + Pr(’}/sd\i < ﬁ)
X Pr(’)/srﬂ 2 B)PT(’Yrd\z < 6)
_ F(PS PLsd sd)F(PS PLS" 57") —f—F(PS PLsd sd)

5,17 [ 'L S,17 1) l S5,1) 7 ) 'L

x (1= F(P, PLY, o{"))F(PS, PLY, 7% (4.3)

5,17 [ Z T, 7 ) ’L

where v,,; and PL]"™ are respectively the SNR of the transmission link from the nodes m

to n and the path loss between these two nodes in posture state 7, and o]"" is the standard
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deviation of variable Xmn which denotes the small-scale fading of the link between the
nodes m and n, m,n € {s,d,r}, r is the relay; PS and PS are respectively the transmit

power of the source and the relay in posture state ¢ for single-relay cooperation.

4.3 Multiple-Relay Cooperation(MRC)

For the multi-relay cooperation, the outage performance relates to the strategy of relay
selection. Consider a cooperative transmission with K potential relays. Let D; denotes the
decoding subset with [ relays. Nodes in D; must successfully receive the data packet from
the source in the first timeslot. Then, the optimal relay is defined as the one in D; and
has the best channel condition with the destination, i.e., r* = argmax,cp, Yrqi- Similar to
the single-relay cooperation, given a posture state i, the outage probability of multi-relay

cooperation of interest can be calculated as follows,
Pé”‘i = Pr(vsap < ﬁ)Pr( = 0i) + Pr(vsai < 5)P7’(Dl # 010) Pr(vpeq; < B)

7PT"')/sd‘<ﬂ HPTVST\Z<6)+PTVSCI|1<BZZ

=1 D,

prsruzﬁ HPT78T|i<ﬁ Hpr%d|i<6>

reD; r¢ D reD,

= Pr(ﬁ)/sd\i < 5) H{Pr(75r|i 2 B)PT(VTdh < ﬂ) + PT(PYST‘i < 5)} (44)

r=1

where the last equation holds because of the multinominal equality [21]

=0 |Dl| ZDZC{I ..... K}TED[ T¢Dl

Eq. (B4) can also be rewritten as

Pg[ﬁ:F( 5,0 LzSd’ g; H{ sz’ Lfr> zsr))

x F(PY, PL" "d) +F(PM PL: o)} (4.6)

T, (A 7, 5,17 1) ’L
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where stf- and P% are respectively the transmit power of the source and relays in posture

state ¢ for multiple-relay cooperation.

In summary, the average outage probability of each aforesaid transmission scheme can

be given by

N
Ph=Y m- P, t€{D,S,M} (4.7)

i=1
where D, S and M represent the direct transmission, the single-relay cooperation and the

multiple-relay cooperation, respectively.
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Chapter 5

Energy Consumption Minimization

We adopt the energy model used in [I5], where for a single-link transmission the overall
consumed energy per bit includes three parts: the transmitter circuit energy consumption
per bit, the receiver circuit energy consumption per bit, and the transmitting energy con-
sumption per bit, denoted respectively by E., F.., and E;. Without loss of generality, we
assume all nodes in WBAN consume the same E.; and FE,,., and the targeted transmission

rate is R, bits/s. Then, the transmitting energy consumption per bit can be derived by

5

10Pt/10
t = Re

where P, is the transmit power of a sending node in dB.

(5.1)

Given posture state ¢, we can find the overall energy consumption per bit for each of

the three transmission schemes, respectively.
For the direct transmission,
Etgt\i = E’fz + Ect + Ecr (52)
10P§D,i /10

where EP. =
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For single-relay cooperation, the energy composition can be calculated by considering
three possible events: a successful data delivering from the source to the destination in
the first timeslot, a failed data delivering from the source to the relay and destination in
the first timeslot, and a failed data delivering from the source to the destination but a

successful data delivering from the source to the relay. Thus, we have

Erit\i = (Efz + B + 2Ee ) Pr(Yeqi > B)
+ (Efz + B + 2Ecr>PT(’st|i < 5)P7’(’Ysr|i < B)
+ (Efz + Er"sz +2E¢ + 3Ee ) Pr(Ysai < B)Pr(Ysrii = 5)
= (EJ,+ Eq +2E,,)[1 — F(PS, PLy*, 0}%)]

+ (BS, + Ea +2E.)F(Py, PLY, o)) F(PS, PLY, 07")

8,17 R 5,19 v 07

+ (ES; + EZ; + 2By + 3E,,)F (P2, PL}, 67%)

8,87 AR
X [1 - F(Pss,vz? PL?T, O-z'sr)] (53)
s _ 10"/ s _ 107 o : :
where EQ; = Z=5— and E; = =5—. Since the energy consumption for a NACK is

usually much smaller than that for a data-packet transmission, for analysis simplicity, we

omit the energy consumption for the NACK.
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Similarly, the energy composition for multi-relay cooperation can be calculated by

E,th,i = [EYf + Eq + (K + 1) Eo ] Pr(vsaq; > B)

+ [EY 4 Eu + (K + 1) Eq ] Pr(vsq; < B)Pr(D; = 0li)
K
+ ) {[EY + E} + 2By + (K + 2) B
r=1
X Pr(vsai < B)Pr(r =r"]i)}
— [EQ{. + By + (K 4+ 1)E,](1 - F(P;}f, PL:? g5%))

+ [EM 4 Eq+ (K + 1) E,JF(PY, PL, 037

8,0 )

K K
< [[F(PY, PLy 07") + > {[EY + E} +2Eq4
r=1 r=1

+ (K +2)E.]F(PM PL: i) Pr(r = r*|i)} (5.4)

S$,1 R

PM /10 PM /10

where EM = %, EM = %. Pr(r = r*|i)} is the probability that the relay r is

selected as the best relay, and can be calculated as follows (see Appendix @A),

Pr(r=r"i) = / T exp|— 2(or)? ]
x [1 = F(PY, PL", 07")]

K M rid
x ]I Q==

rid
0;

)[1 —F(PM PL‘-ST/ O_sr/)]

S,1 i 97
ri=1,r1#r

+ F(PM PL™ o5 }dt. (5.5)

R I )

Therefore, the average energy consumption of each aforesaid transmission scheme can

be obtained by
N
El, =Y m By t €{D,S,M}. (5.6)
1=1

To improve the energy efficiency of the transmission in WBAN, we compare two strate-

gies for allocating power among the transmission nodes in the network: power allocation
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with and without posture state information. The objective is to minimize the average en-
ergy consumption in Eq. (B8). To provide a reliable transmission, we constrain the power
allocation by satisfying a pre-defined outage threshold, i.e., Py, < P* . ¢t € {D,S, M},

out?

Py, is the outage threshold. We discuss the two strategies in the following separately.
Notice that the optimal power allocation in both strategies needs the knowledge of channel

statistics in different posture states.

5.1 Power Allocation With Posture Information

In this strategy, for a data transmission, the energy consumption minimization is achieved
through allocating different power to a transmitting node in different posture states. For
each transmission scheme, the optimal transmit power is derived by solving the follow-
ing optimization problems respectively. Then the minimum energy consumption for each
transmission scheme can be derived by substituting the corresponding optimal transmit

power to Eq. (B)-(60).

(a) Direct transmission:

minimize EP,

subject to P < Pr,

variable PY; i=1,...,N (5.7)

(b) Single-relay cooperation:
Ce . S

minimize E;,

subject to P35 < P,

variable P2, P i=1,...,N. (5.8)
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(c) Multiple-relay cooperation:

minimize EM

: M *
subject to Py < P,
variable Ps]\f- , PT]V{ :

r=1,...,K. (5.9)

5.2 Power Allocation Without Posture Information

In this strategy, the transmitting node always utilizes a fixed transmit power for all posture

states. We derive the optimal transmit power by solving the following optimization prob-

lems and then calculate the minimum energy consumption for each transmission scheme,

respectively.

(a) Direct transmission:

minimize EP,
subject to P < P,
D _ pD.
ps,i T s

variable PP

S

(5.10)

where PP is the transmit power of the source for all posture states in direct transmission.

(b) Single-relay cooperation:
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minimize ES,

subject to P35 < P

— * out
P> = P i=1,...
Py = P2 i=1,...
variable PS. PS

(5.11)

where P¥ and P? are the transmit power of the source and that of the relay for all posture

states in single-relay cooperation.

(¢) Multiple-relay cooperation:

minimize EM
: M *
subject to Py < P,
M M -
P =P 1=1,...
M M -
P =P 1=1,...
r=1,
variable PM  pM, r=1,...

X = = =

(5.12)

where PM and PM are the transmit power of the source and that of the relays for all

posture states in multiple-relay cooperation.
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Chapter 6

Simulation Results

In this section, we compare the energy efficiency among different transmission schemes
with the two power allocation strategies. In the simulation, the average noise power and
the required SNR threshold are set as Ny = —100 dB and # = 10 dB, respectively. The
values of the transmitter circuit energy consumption per bit and the receiver circuit energy
consumption per bit are obtained from [27], where E, = 16.7 nJ/bit and E.. = 36.1
nJ/bit. The transmission rate is set as R, = 200 kbit/s, and the outage threshold is

*
set as P,

= 107, The steady state probability of the postures are calculated based
on the data in [40], where the transition probability among six postures (i.e., sit, sit-
reclining, lying-down, standing, walking, and running) are measured. For simplicity, only
two posture states are considered in the simulation: sit for posture state one and standing
for posture state two; and their steady state probabilities in the simulation are m = 0.49
and m, = 0.51, respectively. We assume the variances of the small-scale fading for any
links in the two posture states are o1 = 0.6 and oy = 2.5 [I1], respectively. To compare the
energy consumption between non-cooperation and cooperation, we define energy efficiency
as the reduced energy consumption (in percentage) due to cooperative transmission. We

perform simulations for 10° runs and obtain the data by averaging all the simulation results.
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Figure 6.1: Energy efficiency.

6.1 Energy Efficiency

The analytical and simulation results of energy efficiency with the strategy of power allo-
cation with posture state information is shown in Fig. 6. Here, we fix the path loss of
posture state two, and vary the path loss of posture state one in a typical potential range
from 30 to 120 dB [21)]. In the simulation, we find that the simulated outage probabilities
always satisfy the targeted outage probability. This is because that the energy consumption
is minimized with the constraint of the target outage probability in the power allocation
strategy for each transmission scheme. From Fig. B, it can be seen that whether the

cooperative transmission can improve energy efficiency or not depends on the path loss
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Figure 6.2: The comparison of average energy consumption per bit between the two power

allocation strategies.

between a source and a destination. When PL3¢ = 70 dB, cooperation is always more
energy efficient than non-cooperation; however, when PL3¢ = 50 dB, cooperation is more
energy efficient only if the path loss of posture state one (PL3j?) is larger than a threshold.
Further, we can see that multi-relay cooperation can consume more energy than single-
relay cooperation if the path loss is small. This is because that, the more the number of
the relays, the larger the amount of energy consumed in receiver circuit. Therefore, when

the channel condition is good, it is better to utilize less relays for energy efficiency.
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Figure 6.3: Energy consumption for different relay selections

6.2 Power Allocation With and Without Posture In-

formation

In Fig. B2, we compare the performance between the two power allocation strategies. Here,
we fix PL5? = 70 dB. From the figure, we can see that the strategy of power allocation with
posture state information is better than the strategy of power allocation without posture
state information. However, the performance gap decreases as the number of the relay
nodes increases. In addition, direct transmission with the strategy of power allocation with
posture state information outperforms single-relay cooperation with the strategy of power

allocation without posture state information. Therefore, it is important to utilize posture

state information when designing a power allocation scheme in WBAN.
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Figure 6.4: Equal power allocation

6.3 Relay Selection

Fig. sows the energy consumption for different relay selection. We compare the energy
consumption for three relay locations: relay in the middle between the source and destina-
tion, relay near the source, and relay near the destination. Here, we still fix PL§? = 70 dB
and vary the PL3¢ from 30 dB to 120 dB . From Fig. B3, It can be seen that selecting the
relay in the middle is more energy efficient. In this case, equal power allocation between

the source and relay is nearly optimal, as shown in Fig. 64.

Fig. B3 shows the probability of relay transmission in cooperative communications.
It can be seen that, the larger path loss between the source and destination, the more
chances that the relay transmission is adopted. Further, for multiple-relay cooperation, the

probability of the relay transmission is always higher than that in single-relay cooperation.
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Figure 6.5: Probability of relay transmission

This is because that, the more the number of relays, the higher probability that one of the

relays can decode the data packets from the source.

6.4 Best Relay Selection

For multiple-relay cooperation, to verify the accuracy of our analysis on the probability
that a relay is selected as the best relay, we set up a simulation as follows. The path loss
between the source and destination is PL* = 70 dB with the distance L. Two relays, r,
and ro, are placed between the source and destination. The distance from the source to
ryis ¢ - L, where ¢ € [0.1,0.5] is the real value, and the distance from the source to ry is
(1 —¢) - L. The transmit power of both relays is set as —23.9897 dB, while the transmit

power of the source is set as —24.2185 dB. For each calculation, we run the simulation for

30



Relay 1 (analysis)
1ol *  Relay 1 (simulation) |
’ 1= = Relay 2 (analysis)
¢ Relay 2 (simulation)
1r (IO O G SO S T
PR 03,
X% he
-0 X
% 0.8} -
g a
[e]
a 0.6 1
1
0.4+ 5
0.2 b
01 015 02 025 03 035 04 045 05

Figure 6.6: Probability of a relay selected as the best relay

108 times. As shown in Fig BB, it can be seen that the simulation results match with the

analytical results.

6.5 Energy Consumption for Nodes With Typical Lo-

cations

Based on the path loss parameter shown in table B [[I1], we also assess the average energy
consumption. Fig. B2 shows the average energy consumptions for nodes with typical
locations in the WBAN shown in Fig. BTl It can be seen that there is only one node
(i.e., the node in the left wrist) that cooperative communication fails to improve its energy

efficiency. In other words, cooperative communication in most cases is effective in reducing
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Table 6.1: Path loss of the nodes in different postures (dB)

Location | L-ear | R-ear | L-wrist | R-wrist | R-waist | L-ankle | R-ankle
Standing | 73.8 | 70.4 61.4 70.9 74.3 76.4 68.3
Sit 62.3 | 72.1 65.6 76.3 74.7 79.8 75.7
1500 T T
[ IsrcC —
B ViRC
[ Jot

1000 i

500 M b

OHHWHHHH

L-ear R-ear L-wrist R-wrist R-waist L—ankle R-ankle

Overall energy consumption per bit (nJ)

Figure 6.7: Average energy consumption for nodes with typical positions in WBAN.
(L=left, R=right)

energy consumption. The reason that cooperative communication fails to improve its
energy efficiency for the node in the left wrist, is that the path loss between this node and

the central node has small path loss.
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Chapter 7

Conclusion

In this thesis, we have studied on the issue of improving energy efficiency for WBAN.
Three transmission schemes are compared in the thesis, i.e., direct transmission, single-
relay cooperation, and multi-relay cooperation. For each one of them, we analyze its outage
performance and study the optimal power allocation with the constraint of target outage
probability. Simulation results demonstrate that cooperative communication can improve
energy efficiency for WBAN. Further, the posture state information is important when

designing a power allocation scheme for WBAN.

7.1 Future Work

For the future work, based on cooperative communications, we can design a MAC protocol
tailored for WBAN, and evaluate the corresponding energy consumption of the network.
Although there are some cooperative MAC protocols (such as CoopMAC [42]) designed for
wireless ad hoc networks and WSN, they are not adaptable to WBAN due to the unique
challenges in WBAN. Specifically, to save energy, most medical nodes go to sleep when

they do not have data packets to transmit. Each node has its own duty cycle due to its

33



specific function. In this case, the relay nodes need to wake up intentionally to partici-
pate cooperation. The frequent sleep/wakeup of nodes increases the dynamics of network
topology, and complicates the process of relay selection in cooperative communications.
Further, the signaling overhead and its energy cost for relay selection could be significant
for the energy-limited networks. How to leverage both cooperative diversity and low duty

cycle transmission to achieve high energy efficiency is a key issue for the design of MAC

protocol in WBAN.

Adaptive power allocation/control is another issue for the future work. In our re-
search, we have demonstrated the importance to utilize posture state information when
designing a power allocation scheme in WBAN. Direct transmission with the strategy of
power allocation with posture state information outperforms single-relay cooperation with
the strategy of power allocation without posture state information, in terms of energy effi-
ciency. Posture-based power control is also investigated in [43, 24, 81] for WBAN. These
researches show that power allocation/control with posture state information can improve
both the link reliability and energy efficiency. From a network perspective, however, other
network parameters, such as priority, queue size and packet delay, also need to be considered
when implementing the strategies of power allocation/control for WBAN. Additionally, for
ultra wide-band (UWB) communication, a promising technology for WBAN, power alloca-
tion/control is crucial to mitigate multiuser interference within WBAN or among multiple

coexisting networks.

Finally, dynamic resource allocation is an important issue for the future research on
WBAN. According to [I0], to support multimedia communication, the data rate of a
WBAN ranges from 1 Mb/s to 10 Mb/s. The QoS requirements for medical and mul-
timedia communication are intrinsically different. For example, medical communication
normally has higher priority, while multimedia communication has higher bandwidth de-

mands. How to efficiently allocate limited bandwidth to support differentiated QoS is an
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issue in WBAN. On the other hand, to reduce interference, each WBAN can work in differ-
ent frequency. However, when many WBANSs coexist in an area, the number of channels is
limited. To support the coexistence of WBANs, a MAC superframe is divided into active
and inactive period [AT]. Since the traffic load in each WBAN changes dynamically, the
resource allocation, such as channel selection/assignment and the coordination of active
period, is critical to ensure the overall throughput performance and inter-network fairness

among independent WBANSs.

35






References

1]

S. Ullah, H. Higgins, S. M. R. Islam, P. Khan, and K. S. Kwak, “On phy and mac per-
formance in body sensor networks,” FURASIP Journal on Wireless Communications

and Networking, 2009. [

S.Park and S. Jayaraman, “Enhancing the quality of life through wearable technol-
ogy,” IEEE Engineering in Medicine and Biology Magazine, vol. 22, no. 3, pp. 41-48,
May /June 2003. O

S. Drude, “Requirements and application scenarios for body ara networks,” in The
procedings of 16th IST Summit on Mobile and Wireless Communications, July 2007,
pp- 1-5. 2

L. Schwiebrt, S. K. S. Gupta, and J. Weinmann, “Research challenges in wireless
networks of biomedical sensors,” in Proceedings of 7th annual international conference

on Mobile computing and networking, 2001, pp. 151-165. B, &

R. Hoyt, J. Reifman, T. Coster, and M. Buller, “Combat medical informatics: present
and future,” in Proceedings of the AMIA Annual Sysmposium, 2002. B

H. Cao, V. Leung, C. Chow, and H. Chan, “Enabling technologies for wireless body
area networks: a survey and outlook,” IFEE Communcations Magazine, vol. 17,

no. 12, pp. 84-93, December 2009. I

37



[7]

[10]

[11]

[12]

[13]

[14]

T. Gao, C. Pesto, L. Selavo, Y. Chen, J. G. Ko, J. H. Lim, A. Terzis, A. Watt, J. Jeng,

B.Chen, K. Lorincz, and M. Welsh, “Wireless medical sensor networks in emergency

response: implementation and pilot results,”

Homeland Security, 2008, pp. 187-192. I

in IEEE Conference on Technologies for

A. T. Halteren, R. G. A. Bults, K. E. Wac, D. Konstantas, I. A. Widya, N. T.
Dokovski, V. M. Jones, and R. Herzog, “Mobile patient monitoring: the mobiheath

system,” Journal on Information Technology in Healthcare, vol. 2, no. 5, pp. 365-373,
October 2004. 2

T. Falck, J. Espina, J. P. Ebert, and D. Dietterle, “Basuma - the sixth sense for
chronically ill patients,” in Wearable and Implantable Body Sensor Networks, 2006.
BSN2006. International Workshop on, April 2006, pp. 57-60.

Http://www.ieee802.org/15/pub/TG6.html. B,

K. Y. Yazdandoost, “Channel models for body area network (ban),” IEEE P802.15-
08-0780-08-0006, Tech. Rep., April 2009. B, [1, 24, BT

D. Miniutti, “Sleeping channel measurements for body area networks,” TEEE 802.15-
09-0778-01-0006, Tech. Rep., January 2010. B

M. Quwaider and S. Biswas, “Probabilistic routing in on-body sensor networks with
postural disconnections,” in Proceedings of 7th ACM international symposium on mo-

bility management and wireless access, 2009, pp. 149-158. B

S. Cui, A. J. Goldsmith, and A. Bahai, “Energy-efficiency of mimo and cooperative
mimo techniques in sensor networks,” IEEE Journal on Selected Areas in Communi-

cations, vol. 22, no. 6, pp. 1089-1098, August 2004. B, B

38



[15]

[16]

[18]

[19]

[20]

[21]

7. Zhou, S. Zhou, S. Cui, and J. Cui, “Energy-efficient cooperative communication
in a clustered wireless sensor network,” IEEE Transactions on Vehicular Technology,

vol. 57, no. 6, pp. 3618-3628, November 2008. B, B, [9

J. N. Laneman, D. N. Tse, and G. W. Wornell, “Cooperative diversity in wireless
networks: efficient protocols and outage behavior,” IEEE Transactions on Information

Theory, vol. 50, no. 12, pp. 3062-3080, December 2004. [@

L. Zheng and D. N. C. Tse, “Diversity and multiplexing: a fundamental tradeoff in
multiple-antenna channels,” IEEFE Transactions on Information Theory, vol. 49, no. 5,

pp. 1073-1096, May 2003. [@

D. Gunduz and E. Erkip, “Opportunistic cooperation by dynamic resource allocation,”
IEEE Transactions on Wireless Communications, vol. 6, no. 4, pp. 14461454, April
2007. @ B

K. H. Liu and H. H. Chen, “Probablistic relay selection for fast selection cooperation
in half-duplex wireless networks,” in Global Telecommunications Conference, 2009.

GLOBECOM 2009. IEEE, December 2009, pp. 1-6. [@

A. Bletsas, A. Khisti, D. P. Reed, and A. Lippman, “A simple cooperative diver-
sity method based on network path selection,” IFEE Journal on Selected Areas in
Communications, vol. 24, no. 3, pp. 669-672, March 2006. @

A. Bletsas, H. Shin, and M. Z. Win, “Cooperative communications with outage-
optimal opportunistic relaying,” IEEE Transactions on Wireless Communications,

vol. 6, no. 9, pp. 3450-3460, September 2007. [@, [4, £G

R. Tannious and A. Nosratinia, “Spectrally-efficient relay selection with limited feed-
back,” IEEE Journal on Selected Areas in Communications, vol. 26, no. 8, pp. 1419 —
1428, October 2008. [@

39



[23]

[24]

[25]

[26]

[27]

28]

S. Sohaib, D. K. C. So, and J. Ahmed, “Power allocation for efficient cooperative
communication,” in IEEFE 20th International Symposium on Personal, Indoor and

Mobile Radio Communications, 2009, pp. 647-651. [@

P. Liu, Z. Tao, E. Erkip, and S. Panwar, “Cooperative wireless communications: a
cross-layer approach,” IEEE Wireless Communications, vol. 13, no. 4, pp. 84-92,
August 2006. B

A. K. Sadek, W. Yu, and K. J. R. Liu, “On the energy efficiency of cooperative
communications in wireless sensor networks,” ACM Transactions on Sensor Networks,

vol. 6, no. 1, December 2009. B, T3

C. Otto, A. Milenkovic, C. Sanders, and E. Jovanov, “Syteme architecture of a wireless
body area network for ubiquitous health monitoring,” Journal of Mobile Multimedia,

vol. 1, no. 4, pp. 307-326, 2006. 8

B. Braem, B. Latre, . Moerman, C. Blondia, and P. Demeester, “The need for coop-
eration and relaying in short-range high path loss sensor networks,” in Proceedings of

Int. Conf. Sensor Technol. Appl. (SENSORCOMM), 2007, pp. 566-571. B, 23

A. Natarajan, B. Silva, K. Yap, and M. Motani, “Link layer behavior of body area
networks at 2.4 ghz,” in Proceedings of the 15th annual international conference on

Mobile computing and networking, 2009, pp. 241-252. B

E. Reusens, W. Joseph, B. Latre, B. Braem, G. Vermeeren, E. Tanghe, L. Martens,
I. Moerman, and C. Blondia, “Characterization of on-body communication channel
and energy efficient topology design for wireless body area networks,” IEEE Transac-
tions on Information Technology in Biomedicine, vol. 13, no. 6, pp. 933-944, 2009. B,
a

40



[30]

[31]

32]

33]

[35]

B. Braem, B. Latre, C. Blondia, I. Moerman, and P. Demeester, “Improving reliability
in multi-hop body sensor networks,” in Proceedings of Int. Conf. Sensor Technol. Appl.
(SENSORCOMM), 2008, pp. 342-347. B

M. Nabi, T. Basten, M. Geilen, M. Blagojevic, and T. Hendriks, “A robust protocol
stack for multi-hop wireless body area networks with transmit power adaptation,” in

Fifth International Conference on Body Area Networks, September 2010. B,

K. D. Lee, S. G. Kim, and B. K. Yi, “Low power u-healthcare sevices using mdc
packet-level scheduling for in/on-body wireless multi-hop links in a medical body area
networks,” in Fifth International Conference on Body Area Networks, September 2010.
B

M. Maman, F. Dehmas, R. D’Errico, and L. Ouvry, “Evaluating relaying scheme for
ban tdma mac using a space-time dependent channel model,” in IEEFE 20th Interna-
tional Symposium on Personal, Indoor and Mobile Radio Communications, September

2009, pp. 2101-2105. B

B. Miscopein, J. Schwoerer, and J. M. Gorce, “Cooperative beacon-free mac layer for

2

body area networks,” in IEEFE 20th International Symposium on Personal, Indoor and

Mobile Radio Communications, September 2009, pp. 2157-2161. B

Y. Chen, J. Teo, J. C. Y. Lai, E. Gunawan, K. S. Low, C. B. Soh, and P. B. Ra-
pajic, “Cooperative communications in ultra-wideband wireless body area networks:
channel modeling and system diversity analysis,” IEEE Journal on Selected Areas in

Communications, vol. 27, no. 1, pp. 5-16, January 2009. G

R. Yu, Y. Zhang, and R. Gao, “Mobile device aided cooperative transmission for body

7

area networks,” in Fifth International Conference on Body Area Networks, September

2010. @, @

41



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

J. Gorce, C. Goursaud, G. Villemaud, R. D’Errico, and L. Ouvry, “Opportunistic
relaying protocols for human monitoring in ban,” in IEEE 20th International Sympo-
sium on Personal, Indoor and Mobile Radio Communications, September 2009, pp.

732-736. O

Q. Wang, T. Taymachi, I. Kimura, and J. Wang, “An on-body channel model for uwb
body area communications for various postures,” IEEE Transactions on Antennas

and Propagation, vol. 57, no. 4, pp. 991-998, April 2009. I

J. W. Mark and W. Zhuang, Wireless Communications and Networking. Pearson

Education, Inc., 2003. [2

M. Quwaider and S. Biswas, “Physical context detection using wearable wireless sensor
networks,” Journal of Communicatons Software and Systems, vol. 4, no. 3, pp. 191—

201, September 2008. 2, P4

B. Zhen, G. Sung, H. Li, and R. Kohno, “Nict’s mac proposal to ieee 802.15.6,” IEEE
P802-15-0841-00-0006, Tech. Rep., November 2009. P4, B3

P. Liu, Z. Tao, S. Narayanan, T. Korakis, and S. S. Panwar, “Coopmac: A cooperative
mac for wireless lans,” IEEE Journal on Selected Areas in Communications, vol. 25,

no. 2, pp. 340-354, Februray 2007. B3

S. Xiao, V. Sivaraman, and A. Burdett, “Adapting radio transmit power in wireless
body area sensor networks,” in Proceedings of the ICST 3rd international conference

on Body area networks, 2008.

M. Quwaider, J. Rao, and S. Biswas, “Body-posture-based dynamic link power control
in wearable sensor networks,” IEEE Communications Magazine, vol. 48, no. 7, pp.

134-142, July 2010. B2

42



APPENDICES

43






Appendix A

Derivation of Eq. (5.5)

In order to calculate the probability that a relay r is selected as the best relay, let f, d‘i(t)
denote the probability density function (pdf) of 7,q,. Since v,q4; = PTJ};I — PLZTd — X, ra — Ny
and X_,a «~ N'(0,07?%), we have

1 (t = (P — P — No))?
TR 207

i

Frva () = (A1)

2o

Let D; denote the decoding subset excluding the relay r, i.e., Dj = D; — {r}. Then the

probability Pr(r = r*|i) can be calculated as follows,
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K

= Pr(Yorji > ) /_00 Frrai () H [Pr(Yprap < t)

r'=1,r'#r

X Pr(’ysr’ﬁ Z 6) + Pr(fysr’h’ < 6)]dt (AQ)

The last equation holds because of the multinominal equality [21]. By substituting A
to A2, we have

7“—7"

(£ (B — PL — Ny)*
/ 27Tard expl- 2(07?)? |

F(PM PLST ST)]

5,17 [ ’L

PM — PL" — Ny —t
H {Q / T/d )

ri=1,rl#r

X [1 _ F(PM PLsr/ srl)]

5,17 (2 ’L

+ F(PY, PL" 07" }dt. (A.3)
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