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Abstract
In this paper we are concerned with the problem of data forwarding from a wireless body area network
(WBAN) to a gateway when body shadowing affects the ability of WBAN nodes to communicate with the
gateway. To solve this problem we present a new WBAN architecture that uses two communication
technologies. One network is formed between on-body nodes, and is realized with capacitive body-
coupled communication (BCC), while an IEEE 802.15.4 radio frequency (RF) network is used for
forwarding data to the gateway. WBAN nodes that have blocked RF links due to body shadowing
forward their data through the BCC link to a node that acts as a relay and has an active RF connection.
For this architecture we design a network layer protocol that manages the two communication
technologies and is responsible for relay selection and data forwarding. Next, we develop analytical
performance models of the medium access control (MAC) protocols of the two independent
communication links in order to be used for driving the decisions of the previous algorithms. Finally, the
analytical models are used for further optimizing energy and delay efficiency. We test our system under
different configurations first by performing simulations and next by using real RF traces.
Keyword: Wireless body area network (WBAN); body sensor network (BSN); IEEE 802.15.4; body
shadowing; medium access control (MAC); capacitive body-coupled communication; cooperative
communications; relay; performance analysis; delay; energy; optimization.

1. Introduction scientific and medical (ISM) radio band. One of
IN works (WBAN) are deployed around the the dominant solutions is the IEEE 802.15.4
human body, several applications where wireless standard that is engineered specifically for low
body area netreliable and low delay power devices [1], [2]. However, it is also
communication is of paramount importance possible to use the widely popular wireless LAN
because of the critical nature of the collected data (WLAN) standard IEEE 802.11 [3], [4] because
(e.g., heart rate, blood pressure). Energy of the readily available access point (AP)

consumption is also key for the prolonged
operation of the devices attached to the human
body. For their communication needs these
WBANSs usually employ radio frequency (RF)
technologies that operate in the industrial,

infrastructure. Regardless of the specific wireless
communication technology, when multiple
sensors are deployed in the human body, a
WBAN in a star topology is usually created so
that all the on-body nodes communicate with a
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gateway for forwarding the collected data. Fig. 1
(left) depicts the organization of a WBAN in a
star topology that is employed by practical
systems [2]. Although RF is the only practical
mechanism to forward data in this scenario, still
several significant problems remain. RF signals
suffer considerably from body shadowing in a
highly variable way with respect to human body
[5], [6], [7]. This makes communication between
on-body nodes, and also off-body, very
unreliable.

This inherent unreliability of RF communication
around the human body is a critical problem for
several real-life applications. We discuss two
emerging application scenarios here to motivate
our system design. One example is vital sign
monitoring where multiple nodes need to be
deployed in several different places of the human
body [8]. Traffic is usually flowing in the uplink
direction, i.e., from the BAN nodes to the
gateway. Consider for example a human that has
a node on the torso and one on the wrist for
monitoring the heart rate. If this human is a
patient lying in bed, then the RF link of the
sensor on the torso might be completely blocked.
However, it is possible that the node on the wrist
can communicate perfectly with the gateway. Or
it can happen the other way around as Fig. la
indicates. Since humans usually move frequently,
any sensor can be potentially blocked and the
data may not be communicated on-time to the
gateway (or it can be lost completely). Besides
health monitoring, the other important
application is real-time media entertainment.
With the rising popularity of wearable devices,1
it is even possible that high data rate video
streams need to be forwarded from the human
body (uplink). One specific application example
with downlink traffic, is audio streaming from a

WiFi access point to onbody earphones without
wires [9]. In these two examples RF connectivity
between the AP and the earphones/glasses might
be unreliable leading to problems in the
audio/video transmission. Therefore, the optimal
node on the body must be found and act as a
relay in order to transmit the data to and from the
WIiFi AP. This node can be for example a
smartphone.
2. Related Work

WORLD population growth is facing three major
challenges [1, 2]: demographic peak of baby
boomers, increase of life expectancy leading to
aging population and rise in health care costs. In
Australia, life expectancy has increased
significantly from 70.8 years in 1960 to 81.7
years in 2010 and in the United States from 69.8
years in 1960 to 78.2 years in 2010, an average
increase of 13.5%1. Given the U.S. age pyramid2
shown in Fig. 1, the number of adults ranging
from 60 to 80 years old in 2050 is expected to be
double that of the year 2000 (from 33 million to
81 million people) due to retirement of baby
boomers3. It is expected that this increase will
overload health care systems, significantly
affecting the quality of life. Further, current
trends in total health care expenditure are
expected to reach 20% of the Gross Domestic
Product (GDP) in 2022, which is a big threat to
the US economy. Moreover, the overall health
care expenditures in the U.S. has significantly
increased from 250 billion in 1980 to 1.85 trillion
in 2004, even though 45 million Americans were
uninsured4. These statistics necessitate a
dramatic shift in current health care systems
towards more affordable and scalable solutions.
On the other hand, millions of people die from
cancer, cardiovascular disease, Parkinson’s,
asthma, obesity, diabetes and many more chronic
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or fatal diseases every year. The common
problem with all current fatal diseases is that
many people experience the symptoms and have
disease diagnosed when it is too late. Research
has shown that most diseases can be prevented if
they are detected in their early stages. Therefore,
future health care systems should provide
proactive wellness management and concentrate
on early detection and prevention of diseases.
One key solution to more affordable and
proactive health care systems is through
wearable monitoring systems capable of early
detection of abnormal conditions resulting in
major improvements in the quality of life. In this
case, even monitoring vital signals such as the
heart rate allows patients to engage in their
normal activities instead of staying at home or
close to a specialized medical service. This can
only be achieved through a network consisting of
intelligent, low-power, micro and nano-
technology sensors and actuators, which can be
placed on the body, or implanted in the human
body (or even in the blood stream), providing
timely data. Such networks are commonly
referred to as Wireless Body Area Networks. In
addition to saving lives, prevalent use of
WBANs will reduce health care costs by
removing the need for costly in-hospital
monitoring of patients.

2.1 APPLICATIONS OF WBANS:

A. Medical Applications

WBANS have a huge potential to revolutionize
the future of health care monitoring by
diagnosing many life threatening diseases and
providing real time patient monitoring [10].
Demographers have predicted that the worldwide
population over 65 will have doubled in 2025 to
761 million from the 1990 population of 357
million. This implies that by 2050 medical aged

care will become a major issue. By 2009, the
health care expenditure in the United States was
about 2.9 trillion and is estimated to reach 4
trillion by 2015, almost 20% of the gross
domestic product. Also, one of the leading causes
of death is related to cardiovascular disease,
which is estimated to be as much as 30 percent of
deaths worldwide [11, 12]. Based on advances in
technology (in micro-electronic miniaturization
and integration, sensors, the Internet and wireless
networking) the deployment and servicing of
health care services will be fundamentally
changed and modernized. The use of WBANS is
expected to augment health care systems to
enable more effective management and detection
of illnesses, and reaction to crisis rather than just
wellness [2, 12].

B. Non-Medical Applications:

Non-Medical applications of WBANs can be
further classified into five subcategories as
follows:
1) Real Time Streaming: This class of
applications involve video streaming such as
capturing a video clip by the camera in a cellular
phone, trading shows for sport goods along with
the latest fashion designs and 3D video. Audio
streaming is also possible through voice
communication for headsets for instance
listening to explanation of art at the museum or
listening to the bus schedule information on the
bus stop, multicasting for conference calls,
browsing music samples in a music CD store.
This category also includes stream transfer which
is used for remote control of entertainment
devices, body gesture recognition/motion
capture, vital sign and body information-based
entertainment service, identification, emotion
detection and to monitor forgotten things by
sending an alert to the owner.
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2) Entertainment Applications: This category
consists of gaming applications and social
networking. Appliances such as microphones,
MP3-players, cameras, head-mounted displays
and advanced computer appliances can be used
as devices integrated in WBANS. They can be
used in virtual reality and gaming purposes
(game control with hand gesture, mobile body
motion game and virtual world game), personal
item tracking, exchanging digital profile/business
card and consumer electronics.

3) Emergency (non-medical): Off-body sensors
(eg. Built into the house) are capable of detecting
a non-medical emergency such as fire in the
home or flammable/poisionous gas in the house
and must urgently communicate this information
to body-worn devices to warn the wearer of the
emergency condition [17].

3. Implementation

System Architecture:

We consider a WBAN that consists of N nodes
where each node is equipped with an RF
transceiver and a BCC transceiver. These two
hardware components use different MAC/PHY
protocols and are both controlled from a
specialized NWK protocol. The nodes are
organized into a single-hop BCC network, and a
subset Nr of them form a single-hop RF network
as shown in Fig. 1. All the nodes that are part of
the RF network can connect to a gateway for
forwarding the collected data. Each wireless link
has different delay/energy characteristics due to
channel variations. While only Nr nodes are part
of the RF network, all the N nodes participate in
the BCC network. Non-relay nodes transmit their
packets through the BCC link to one of the
relays, while the selected relay transmits
wirelessly to the gateway the locally generated
and forwarded data packets. Nodes that do not

have a relay responsibility are allowed to put into
sleep mode the RF transceiver for reducing the
energy consumption. However, since it is
possible that in the future they assume the role of
an RF relay, they wake up periodically, they
transmit an RF packet, and after they receive a
response they update the received signal strength
indication (RSSI) value of their RF link.

3.1 The IEEE 802.15.4 RF Network:

The |IEEE 802154 is wused for RF
communication. A nonbeacon-enabled and un-
slotted carrier sense multiple access with
collision avoidance (CSMA/CA) algorithm is
assumed for channel access. All the nodes sense
the channel status during the clear channel
assessment (CCA) slots. The basic idea of the
un-slotted CSMAJ/CA algorithm is that backoff
and packet transmissions are not aligned to
specific slot boundaries. The un-slotted
CSMAJ/CA operates as follows. Each time a
device generates a packet for transmission it
waits for a random number of slots, called the
backoff counter, ranging from 0 to 2BE 1, where
BE denotes the backoff exponent. In IEEE
802.15.4, the backoff counter is decremented to
zero regardless of the CCA result and by default
BE is initialized to 3. When the backoff counter
reaches zero, the device performs CCA only
once in order to check whether the channel is
busy or not. If the channel is idle during the CCA
period that has duration Tcca (Fig. 1), the device
transmits its data packet. When the channel is
busy during the period Tcca, the backoff
exponent BE is increased by 1 and the random
backoff procedure is repeated. The backslash-
shaped blocks in Fig. 1 depict the increase in the
backoff time after a failed CCA. More details
regarding its operation are provided later while
the complete algorithm is available in [1].
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Fig 1: Packet transmission with the IEEE
802.15.4 MAC protocol.

3.2 The BCC PHY and MAC

BCC without requiring skin contact can be
realized with two electrode transmitter/receiver
devices capacitively coupled to the human body
[12]. The transmitter generates a variable electric
field while the receiver senses the variable
potential of the body with respect to the
environment. A signal attenuation of less than 70
dB has been measured between devices placed at
various positions of the human body [13]. The
human body channel is especially affected by
interference below 1 MHz while for higher
frequencies the interference level is below 75
dBm. In this paper a BPSK modulation scheme is
assumed where the digital pulses are directly
transmitted to the human body through the
capacitive plates [10]. Digital pulses of 1.2 V for
transmission are used, and an receiving band of
1-30 MHz was chosen for improving the BER in
the presence of interference. The BER was
measured to be lower than 106 for the
aforementioned  conditions.  The  energy
efficiency of the transceiver was measured at
0.32 nJ/bit. Since the design of the PHY is not
the focus of this paper we do not delve into
further details. The interested reader can find
more details about a typical prototype transceiver
in [10].

Regarding the MAC layer it is a protocol that
employs the well-known concept of low power
listening (LPL) [28]. LPL exploits a specialized
wake up receiver hardware that is always in
active mode and consumes very little energy
while the main receiver is deactivated. Fig. 3
presents the channel access scheme for a single
packet. A preamble packet is always transmitted
before the transmission of an actual data packet
which means that nodes contend with preambles.
The contention for the transmission of preambles
follows the same backoff procedure with the RF
MAC. Nodes that are asleep can wake up with
the preamble and prepare for the actual data
reception. The preambles contain the destination
address so that they wake up the appropriate
node.

7
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Fig 2: Low power listening and transmission of a
preamble when the BCC channel is free. The
time period Tb indicates that the BCC node is
awake and checks the channel for the presence of
preambles.
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4. Experimental Work
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Fig 3: Results for the relative energy

consumption and the PLR of the proposed
system versus the baseline system for different
and Scenario 1.

5. Conclusion
In traditional RF-based WBANS in the face of
body shadowing there is a fundamental tradeoff:
Either consume more energy for retransmissions
or channel coding in order to increase reliability
and suffer also higher delay, or reduce delay and
energy at the cost of reduced reliability.
However, we demonstrated that the above does
not have to be the case if nodes cooperate
through a delay/energy-efficient secondary link
(in this case BCC) in order to select the most
efficient RF link for forwarding WBAN data to a
gateway. The performance gains are materialized
not only with the novel WBAN architecture, but
also with a NWK protocol that uses an algorithm
for RF relay selection and packet forwarding
driven by a performance model. Furthermore, the
cross-technology  performance models are
exploited for local optimization of the MAC
parameters of the protocols that operate in the
BCC and RF subnetworks. The performance
results indicate that the proposed system is more
efficient than a state-of-the-art scheme in terms
of energy and delay under different realistic
channel conditions, application loads, and
performance constraints.
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