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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 lifetime.
Cooperative relaying, a relatively new idea in wireless com-
munications, offers the benefits of multi-antenna systems,
thereby improving the link reliability along with reduced
fade margins. In this short paper, the energy consumption
of cooperative relaying for WBANs is investigated. Specifi-
cally, adopting an existing energy model that encompasses
energy consumptions in the transmitter and receiver cir-
cuits, and transmitting energy per bit, it is seen that a
cooperative transmissions can improve energy efficiency of
the wireless network in certain conditions. In particular, the
problem of optimal power allocation is studied under the
constraint of targeted link reliability. Consistent with the
literature, it is observed (that cooperative relaying is not
always energy-efficient, i.e., when the channel conditions
are good (e.g., low path loss), it is energy-efficient to
recruit less relays for reaching a remote off-body hub, and
allocating power to on-body sensors (i.e., recruitment of
relays) with knowledge of posture can impact the total
energy consumption of the WBAN.

Index Terms—Cooperative relaying, healthcare monitor-
ing, m-Health, opportunistic large arrays (OLAs), wireless
body area networks

I. MOTIVATIONS AND CONTRIBUTIONS

The interdisciplinary area of WBANs brings together
a number of research and design challenges such as
interoperability, scalability, reliability, QoS, and energy
efficiency, to name a few that need to be accounted in
the engineering of reliable communication protocols [1].
Because the wireless nodes in a WBAN are energy-
constrained, utilizing energy efficient communication
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protocols to maximize the network lifetime is important
for WBAN applications [1]. 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 [2], 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 15% of the time when
people sleep on bed [3]. As such, the network topology
of WBAN could be frequently partitioned [4]. Further,
the data packets in WBAN mostly consist of medical
information with the demands of high reliability and
low delay. With this in mind, designing protocols to
ensure an end-to-end reliable communication with the
least energy consumption is of paramount importance
in WBAN. Cooperative relaying has the advantage of
spatial diversity (yielding array and diversity gains), thus
improving both link reliability and energy efficiency
[5]–[6]. The power consumption with cooperation in
wireless sensor network is studied in [5]. 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 [6], and similar
results are revealed. Keeping this in mind, the use
of cooperative relaying in WBANs and the associated
performance in terms of energy efficiency are explored
in this paper.

Contributions: In this paper, the results and models
from [7] are extended to study the problem of optimal



power allocation for concurrent cooperative transmis-
sions or opportunistic large arrays (OLAs) ([8]) with the
constraint of a preferred link reliability. More specif-
ically, the effects of relay recruitment for OLA-based
transmissions on energy efficiency under different chan-
nel conditions (i.e., path loss) for different posture states
are presented.

II. RELATED WORK

Cooperative communications can be energy-efficient
when there is no consideration of transmission and
receiver circuit energies for a variety of applications
[11]. The authors of [5] et al. accounted for the ad-
ditional energy consumption in their analysis of the
the energy efficiency of cooperative MIMO in wireless
sensor networks (WSNs) that was further studied in [6]
for the clustered WSNs. It was shown that cooperative
relaying was more energy efficient relative to direct
transmissions over large distances of separation between
the source and the destination. The authors of [12] also
arrived at a similar result independently, thereby proving
that cooperative communications is not always energy
advantageous. Lastly, Cooperative relaying was shown to
be beneficial for certain decoding fractions (i.e., fraction
of the data packet that is decoded by the node for
decision-making) and for certain radio parameter sets
[13].

Traditionally, a WBAN has been assumed to be a
single-hop star topology [14]. Multi-hop communica-
tions was proposed by [15]–[19] to enhance the relia-
bility and save energy. In [20], 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
[21] for multi-hop links among in-body and on-body
nodes. However, no cooperation diversity is exploited in
these communication protocols. The gains of cooperative
diversity in WBAN was first introduced in [22], and then
in [24], where the spatial diversity gain is analyzed in
a two-relay assisted transmission link. Furthermore, [23]
investigated the array and diversity gains of cooperative
relaying (specifically, OLA) for implanted networks. At
a fixed error rate, it has been shown that cooperative
transmission saves transmit energy consumption up to
20% [25]. The packet error probability (PEP) for direct,
two-hop, and single-relay cooperative transmission are
investigated respectively in [26]. Very recently, it was
shown that recruiting relays for cooperative transmis-
sions depends on the channel degradation between the
source and the destination [7]. While the non-OLA-based
cooperative relay recruitment is analyzed in [7], this

short paper adopts the same WBAN model to study the
energy efficiency of OLAs.

III. SYSTEM MODEL

It is a known fact that the propagation paths of
wireless signals in WBANs can experience fading due
to diffraction, reflection, energy absorption, and shad-
owing by body and clothes [2]. More generally, the
large- and small-scale fading depends on the location
of the transceivers (on-body or implanted), the pos-
ture/movement of human body, and the frequency of
operation [27]. Research on on-body channel models
shows that large-scale fading referred to as path loss
can be approximated by the Friis formula [27]. 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 [2]. Consistent with the literature,
lognormal distribution is adopted to model the small-
scale fading in WBANs [27]. Following the model from
[7], for a given posture state i, when the source node S
transmits to its destination node D, the received SNR
(in dB) at the destination is given by SNRSD|i =
PS,i−PLSDi −XσSD

i
−N0, where i = 1, 2, . . . , N, N is

the total posture state number, 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. We adopt the posture states
with steady state probabilities from [28], and consider
just two states in the paper, posture state #1 for sitting,
and #2 for standing.

IV. ENERGY CONSUMPTION MODEL

We adopt the energy models described in [6], [7],
and [13], where for a single-link transmission the overall
consumed energy per bit includes three parts: the trans-
mitter circuit energy consumption per bit, the receiver
circuit energy consumption per bit, and the transmit-
ting energy consumption per bit, denoted by ETx, circuit,
ERx, circuit, and PTransmit, respectively. Without loss of
generality, it is assumed that all nodes (source, relay,
and the remote destination) in the WBAN have the same
parameters. The targeted transmission rate is denoted
by Rb

bits
s . Then, the transmitting energy consumption

per bit can be derived using ETransmit = 10PTransmit/10

Rb
,

where PTransmit is the transmit power of a sending node
in dB. Continuing to follow the model from [7], given
posture state i, the overall energy consumption per bit
for each of the three transmission schemes can be found.



For direct transmission, assuming a successful source-
based transmission, P(S → D) and for a pose i,
ETotal, Direct,i = ETx, circuit + ERx, circuit + ETransmit.

An OLA-based transmission takes place in two-stages:
In the first stage, the source recruits the relay, and in the
second stage, the source and the relay transmit. In other
words, the energy consumption models for a successful
OLA transmission will comprise three events: P(S →
R),P(S → D), and P(R → D). The energy ex-
pended by one relay node to receive and relay when
an OLA scheme is used for a pose i, ENode, Coop,i, is
ENode, Coop,i = ETx, circuit +ERx, circuit +

ETransmit
NcGdiv(No)

, where
No is the number of orthogonal dimensions or diversity
channels of the signal received at the destination and
Gdiv(No) is the diversity gain, which is amount of the
fade margin that can be reduced without diminishing the
error rate of the link [29]. The total energy consumed by
an OLA transmission is the total energy consumed by
all the cooperators, i.e., NcENode, Coop,i: ETotal, Coop,i =
(Nc+1)ERx, circuit+NcETx, circuit+

ETransmit
Gdiv(No)

. By observing
that Gdiv(No) is a large number (on the order of 15 dB
or 31 for as low as 2 orthogonal channels [30]), we
conclude that the high diversity gain plays no role in
the energy comparison for a fixed range of operation.
So, for a single-relay cooperation (SRC), ETotal, SRC =
3ERx, circuit + 2ETx, circuit. The energy consumption for a
NACK is usually much smaller than that for a data-
packet transmission and has been neglected in the anal-
ysis. Furthermore, we do not conduct an analysis of the
retransmissions to develop our quality metric.

V. RESULTS AND DISCUSSION

In this section, the energy efficiency of the different
transmission schemes are compared using Monte Carlo
simulations in Matlab. Consistent with [7], [15] the
energy per bit in the transmitter and receiver circuits
are ETx, circuit = 20 nJ/bit and ERx, circuit = 35 nJ/bit,
respectively. The difference is because of the dissimilar
number of filters and other components in the RF chain
that are utilized during the processes. Other simulation
assumptions are: Average noise power N0 = −100 dB,
SNR threshold = 10 dB, data rate, Rb = 100 kbit/s,
and the outage threshold, Pout = 10−5. The steady
state probability of the postures are calculated based on
the data in [28], where the transition probability among
six typical postures (i.e., sitting, sit-reclining, lying-
down, standing, walking, and running) are measured.
The steady state probabilities of the two postures used
in the simulation are P1 = 0.49 and P2 = 0.51,
respectively to ensure that they are not equally likely
as assumed in [7]. We use the variances of the small-

Fig. 1. Energy consumption (and hence, efficiency) regions for one
(single) relay cooperation (SRC) and multiple relay cooperation (MRC)
relative to direct transmission.

scale fading for any links in the two posture states are
σ1 = 0.6 and σ2 = 2.5, respectively [2].

Energy efficiency (η) is defined as η =
ETotal, Direct−ETotal, Coop

ETotal, Coop
, and is used to compare the

performance benefits of using a relay. The results
of energy efficiency 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 40 to 120 dB [28].
Only cases where the outage probability is satisfied are
considered. From Fig. 1, it can be seen cooperative
relaying is energy-efficient when the path loss is higher.
Furthermore, using more than one relay becomes very
beneficial (from the energy-efficiency stand point) when
the path loss is even higher. Therefore, when the path
loss is low, i.e., the channel condition is good, it is
better to utilize less relays for energy efficiency. The
energy consumption values computed are slightly more
than that of [7].

From Fig. 2, it can be seen that generally, allocating
power with knowledge of posture state information is
better than without posture state information. One can
get a sense of the energy consumption when concurrent
cooperative transmissions such as opportunistic large
arrays (OLAs) are used in such a setting. However, the
performance gap decreases as the number of the relay
nodes increases for a fixed range. Therefore, it is impor-
tant to utilize posture state information when designing
a power allocation scheme in WBAN, especially when
leveraging distributed relays to increase the reliability.



Fig. 2. Energy efficiency for one (single) relay cooperation (SRC)
and multiple relay cooperation (MRC) relative to direct transmission
for with- and without posture state information. The path-loss for the
source-destination link for posture state two, PLSD

2 was chosen to be
= 80 dB.

VI. CONCLUSIONS

This short paper explores the issue of improving
energy efficiency for WBANs. Cooperative transmissions
can improve energy efficiency in WBANs, but not al-
ways, and this is consistent with the findings thus far.
Furthermore, it can be concluded that utilizing posture
information and knowledge of channel conditions will
help with the power allocation (i.e., relay recruitment)
and optimization of the energy consumption in WBANs.
A possible future work could explore relay recruitment
for OLAs in WBANs in light of the range-extension
possibilities.
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