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Abstract—The wide scale deployment of wireless body
area networks (WBANs) hinges on designing energy ef-
ficient communication protocols to support the reliable
communication as well as to prolong the network life-
time. Cooperative communications, a relatively new idea
in wireless communications, offers the benefits of multi-
antenna systems, thereby improving the link reliability
and boosting energy efficiency. In this short paper, the
advantages of resorting to cooperative communications for
WBANs in terms of minimized energy consumption are
investigated. Adopting an energy model that encompasses
energy consumptions in the transmitter and receiver cir-
cuits, and transmitting energy per bit, it is seen that
cooperative transmission can improve energy efficiency of
the wireless network. In particular, the problem of optimal
power allocation is studied with the constraint of targeted
outage probability. Two strategies of power allocation are
considered: power allocation with and without posture state
information. Using analysis and simulation-based results,
two key points are demonstrated: (i) allocating power to
the on-body sensors making use of the posture information
can reduce the total energy consumption of the WBAN;
and (ii) when the channel condition is good, it is better
to recruit less relays for cooperation to enhance energy
efficiency.

Index Terms—Cooperative communications, healthcare
monitoring, m-Health, wireless body area networks

I. MOTIVATIONS AND CONTRIBUTIONS

The development of wireless body area networks
(WBANs) brings a number of research challenges such
as interoperability, scalability, reliability, QoS, and en-
ergy efficiency to the design of communication proto-
cols. As we mentioned, the energy resources are very
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constrained in WBAN. Utilizing energy efficient com-
munication 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 50 dB [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 1 mW transmit power
at 2.4 GHz, 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 [2]. 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 communi-
cation 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 [4]–[5]. The
power consumption with cooperation in wireless sensor
network is studied in [4]. 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 [5], and similar results are
revealed. Keeping this in mind, the use of cooperative
communications in WBANs and the associated perfor-
mance in terms of energy efficiency are explored in this
paper.

Contributions: In this paper, the energy efficiency of
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cooperative communications in a WBAN is investigated.
To minimize the energy consumption, the problem of
optimal power allocation with the constraint of targeted
outage probability is studied. Two power allocation
strategies are considered: power allocation with and
without posture information. To fairly compare the en-
ergy consumption between cooperative and noncoopera-
tive transmissions, we consider not only transmit energy
but also transmitter and receiver circuit energies, which
were not considered in the existing literature. Using
simulation for the analytical framework, the effects of
transmit power allocation, the relay location, the number
of relays and the magnitudes of path loss in different
posture states on the energy efficiency are shown.

II. RELATED WORK

Without considering the extra energy consumed in
transmitter and receiver circuits, cooperative commu-
nications can consume less transmit power compared
to direct and multihop transmission [8]. In an energy-
constrained network such as WSN, the extra energy
consumption is important [4]. Taking this into con-
sideration, the energy efficiency of cooperative MIMO
in WSN is investigated in [4] and further studied in
[5] for the clustered wireless sensor networks. Their
researches show that, compared to direct transmission,
cooperative 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 [9]. A WBAN is initially assumed
as a single-hop star network [10]. However, according
to [11]–[12], 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 [13]
to prolong the network lifetime of WBAN. In [14],
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 [15] for multihop links
among in-body and on-body nodes. Beacon-enabled
TDMA MAC with relay transmission is investigated in
[16]. For a beacon-free network, a cooperative preamble-
sampling protocol (PS-MAC) is developed by the authors
of [17]. However, no cooperation diversity is exploited in
these communication protocols. The gains of cooperative
diversity in WBAN was first introduced in [18], and
then in [19], where the spatial diversity gain is analyzed
in a two-relay assisted transmission link. In [20], co-
operative transmission is employed for communications
between the on-body nodes and the off-body gateway.

Compared to non-cooperative transmission, cooperative
transmission (single-relay) can significantly 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 transmission are investigated
respectively in [21]. Although these studies demonstrate
that cooperative communication can be effectively im-
plemented in the WBANs, the performance analysis of
its energy efficiency is still an open issue.

III. SYSTEM MODEL

The propagation of wireless signals in body area
communications experiences fading due to diffraction,
reflection, energy absorption, and shadowing by body
and clothes [1]. 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 [22]. The path loss for a fixed
transmission pair varies significantly depending on the
body posture, and its variation can be as large as 22.2 dB
[1]. 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 fading in the WBANs [22]. Therefore, provided a
posture state i, when the source node sends a signal s to
its destination node d, the received SNR (in dB) at the
destination is given by γsd|i = Ps,i−PLsdi −Xσsd

i
−N0,

where i = 1, 2, . . . , N, N is the total posture state num-
ber, the N0 is the power of the additive white Gaussian
noise (AWGN) at the receiver, Ps,i is the transmit power
of the source node, PLsdi is the path loss between the
source and the destination, and Xσsd

i
∼ N (0, σsdi ) 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 πi
[23].

IV. ENERGY CONSUMPTION MINIMIZATION

We adopt the energy model from [5], where for a
single-link transmission the overall consumed energy
per bit includes three parts: the transmitter circuit en-
ergy consumption per bit, the receiver circuit energy
consumption per bit, and the transmitting energy con-
sumption per bit, denoted respectively by Ect, Ecr,
and Et. Without loss of generality, it is assumed that
all nodes in WBAN consume the same Ect and Ecr,
and the targeted transmission rate is Rb bits/s. Then,
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the transmitting energy consumption per bit can be
derived using Et = 10Pt/10

Rb
, where Pt is the transmit

power of a sending node in dB. Given posture state
i, the overall energy consumption per bit for each of
the three transmission schemes can be found. For the
direct transmission, EDtot|i = EDs,i + Ect + Ecr, where

EDs,i =
10

PD
s,i/10

Rb
. For a single-relay cooperation, the en-

ergy consumption can be calculated by considering three
possible events, namely a successful delivery from the
source to the destination in the first timeslot, and a failed
data delivering from the source to the relay and desti-
nation 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. Mathematically,
EStot|i = (ESs,i + Ect + 2Ecr)[1 − F (PSs,i,PLsdi , σ

sd
i ) +

(ESs,i+Ect+2Ecr)F (PSs,i,PLsdi , σ
sd
i )F (PSs,i,PLsri , σ

sr
i )+

(ESs,i + ESr,i + 2Ect + 3Ecr)F (PSs,i,PLsdi , σ
sd
i )[1 −

F (PSs,i,PLsri , σ
sr
i )], where ESs,i =

10
PS
s,i/10

Rb
and ESr,i =

10
PS
r,i/10

Rb
. 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. Similarly, the analysis for
the energy consumption can be calculated by considering
models for multiple-relay cooperation strategies, but has
not been shown here in the interest of space.

V. RESULTS AND DISCUSSION

In this section, the energy efficiency among different
transmission schemes with the two power allocation
strategies are compared. In the simulation, the average
noise power and the required SNR threshold are set
as N0 = −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 [11], where Ect = 16.7 nJ/bit and
Ecr = 36.1 nJ/bit. The transmission rate is set as
Rb = 200 kbit/s, and the outage threshold is set as
P ∗out = 10−4. The steady state probability of the postures
are calculated based on the data in [23], 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 π1 = 0.49 and
π2 = 0.51, respectively. We assume the variances of the
small-scale fading for any links in the two posture states
are σ1 = 0.6 and σ2 = 2.5 [1], respectively. To compare
the energy consumption between non-cooperation and
cooperation, we define energy efficiency as the reduced

Fig. 1. Energy efficiency for single relay cooperation (SRC) and
multiple relay cooperation (MRC).

energy consumption (in percentage) due to cooperative
transmission. Data was obtained by performing 100
simulation runs and averaging all the simulation results.

The analytical and simulation results of energy effi-
ciency with the strategy of power allocation with posture
state information is shown in Fig. 1. 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 [23]. 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. 1, it can be seen that
whether the cooperative transmission can improve en-
ergy efficiency or not depends on the path loss between
a source and a destination. When PLsd2 = 70 dB,
cooperation is always more energy efficient than non-
cooperation; however, when PLsd2 = 50 dB, cooperation
is more energy efficient only if the path loss of posture
state one (PLsd1 ) 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.

In Fig. 2, the performances of the two power allocation
strategies are compared by fixing PLsd2 = 70 dB. From
the figure, it can be seen 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
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Fig. 2. The comparison of average energy consumption per bit between
the two power allocation strategies for direct transmission (DT), SRC,
and MRC.

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.

VI. CONCLUSIONS

This paper explores the issue of improving energy
efficiency for WBAN. Three transmission schemes are
compared, and for each one of them, the optimal power
allocation with the constraint of target outage probability
was studied. Simulation results demonstrate that coop-
erative communication can improve energy efficiency
for WBAN. Further, the posture state information is
important when designing a power allocation scheme for
WBAN. Using our analysis and simulation-based results,
it was shown that: (i) by allocating power to the on-body
sensors using posture information, the energy consump-
tion in the WBAN can be decreased compared to direct
transmission; and (ii) when the channel conditions are
good, it is energy-efficient to recruit fewer nodes for
cooperative relaying.
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