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Abstract

Wireless Body Sensor Networks (WBAN) are a special case of wireless sensor networks (WSN), developed to operate at the
human body scale. Thus, energy efficiency is one of the major aspects that must be taken into consideration before designing any
WBAN solution, because the change of batteries could be very difficult, especially when sensors are implanted inside the human
body. For this reason, several research projects have been carried out on the adoption of energy harvesting schemes, that aim to
collect energy from several sources surrounding the human body (sun, body warmth, movements, heartbeat, RF radiation ...) and
transform it into an electrical energy to power the nodes of a WBAN. Nevertheless, this harvested energy must also be better
exploited, given the temporal variation nature of these alternative sources. The purpose of this paper is to present a general
overview of energy harvesting schemes, as well as methods in literature focusing on optimizing the exploitation of the harvested
energy in a WBAN, through Mac, routing or physical layer protocols.
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1. Introduction

The recent technological advances in electronics and short-range wireless communications have led to the
development of miniaturized wireless sensors that can be worn on, or even implanted inside the human body to
serve a multitude of applications operating at the human body scale!, which can be categorized into medical and
non-medical applications. Figl. Shows a set of medical and non-medical WBAN applications.

In the medical area, WBANS can be adopted to serve several applications, including?:

e Remote patient monitoring: which aims to continuously monitor the vital signs of patients. The known patient
monitoring devices include electrocardiography (ECG) and blood pressure sensors to monitor heart disease,
electroencephalogram (EEG) to monitor cognitive abilities, respiration and temperature sensors to detect
infections, or accelerometers to track patient mobility.

e Patient rehabilitation: which is dedicated to patients with mobility problems caused by traumatic brain injury or
stroke. The importance of patient rehabilitation is manifested in avoiding inappropriate exercises, updating the
complexity of the exercise and recovery monitoring to name a few.

o Biofeedback: means that the physiological activity is measured and transmitted “back™ to the user to better
control its activity and health.

e Assisted living: Is manifested by the appearance of smart homes, which introduce the use of several acoustic
vibratory and visual sensors, installed in a house to monitor the activity and lifestyle of the patient.

In non-medical WBAN applications, users are the target population. And the biological information can be used
for entertainment, security and self-quantization purposes? such as:

¢ Fitness, performance and well-being monitoring: this type of supervision is dedicated to athletes and military
personnel whose goal is to optimize training methods, thus improving their endurance.

e Cognitive biometrics: vital signals such as ECG, EEG and electrodermal activity can be considered as unique
biometric signatures that are difficult to be subjected to malicious operations (theft, falsification ...). thus, they
can be used in biometric authentication schemes.

e Serious Games: is a set of games designed to promote behavioral changes, or educational purposes?

wban applications

medical applications non medical applications
patient Fitness, performance and
monitoring well-being monitoring
patient bi ..
e —— biometric signature
rehabilitation g
- biofeedback L—| serious gaming

L1 assisted living

Fig. 1. A set of medical and non-medical applications of WBANS.
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Nodes in wbans are generally self-powered with integrated batteries, which makes energy efficiency one of the
major requirement in such networks*. Thus, shifting interest to energy harvesting schemes is highly recommended,
in order to achieve an Energy Neutral Operation ( ENO) WBAN, that can be powered only by clean and available
energy sources, such as, body motion, warmth or sun light to name a few.

However, the variable and time depending nature of these ambient energy sources, must be taken into account in
designing mac, physical layer and routing protocols, to better exploit the harvested energy in WBANSs. To the best
of our knowledge, a study of protocols optimizing the energy harvested in WBANs at the MAC, PHY and routing
level, is not yet present in the literature. Therefore, the purpose of this paper is to present a state of the art of the
important studies that have been carried out to optimize the exploitation of energy harvested in EH based WBAN:S,
at the mac, physical and routing layers.

The remainder of this paper is organized as follows: in section 2, the main energy harvesting methods in WBANSs
are presented. We propose in section 3, a state of the art of research works optimizing the exploitation of the
harvested energy in WBANS, and section 4 concludes the paper.

2. Energy harvesting methods in WBANs:

Energy harvesting techniques in WBANs consist of transforming the ambient energy sources into an electrical
signal using energy harvesters >° such as: piezoelectric transducers ( transform mechanical activity into an electrical
signal), thermoelectric elements ( transform body heat into an electrical signal), photovoltaic cells (transform light
into an electrical signal) , or antennas ( transform radio frequency radiation into an electrical signal).

2.1. Ambient energy sources™:

o Light energy (solar energy):

Sun light is a clean source of energy that can be transformed into an electrical signal to power sensor nodes in a
WBAN, it gathers a maximum of photons to create an alternative electrical energy. In outdoor conditions, sun light
can produce up to 15 mW per square centimeter, however, in a full indoor environment, this value drops out to 10
mW °,

e Vibration energy:

It is the energy produced by body vibration, due to physical movements, or physiological processes such as

breathing. From '°, the walking scenario can produce up to 10 Mw, using a piezoelectric transducer.
e Radio frequency energy:

Radio frequency energy harvesting takes interest from many RF sources such as base stations, wireless networks,
television towers...

e Thermal energy:

Human body warmth can also be a source of energy '!. Thermoelectric transducer can then be used to convert
thermal energy into an electrical energy, and can achieve a maximum power of 60 micro watt per cm square '2.

¢ Blood Pressure Energy:

Heart beat is another way to generate energy, according to 1> the heartbeat of a normal person can produce up to
0.93W.

3. Optimizing the exploitation of the harvested energy in WBANs:

The replacement of batteries when sensors are implanted inside the human body may involve surgical
operations'4. Thus, the energy harvesting in the human body's sensors can be performed through the integration of
specific equipment called energy harvesters, which aim to convert many types of energy sources into an electrical
energy. however, this method provides a small and time independent amount of energy. Therefore, several
researchers are focused on proposing WBAN protocols at the MAC, Routing and physical layers, taking into
account the energy harvesting constraints.
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3.1. At the physical layer:

At the physical layer level, Mosavat-Jahromi et al.'> studied the spectral efficiency of two communication links
(one hop, two hop based on a decode and forward relay) in a WBAN based on TDMA. the maximization of spectral
efficiency was therefore considered for the two links, taking into account the following constraints: the capacity of
the data buffer, the harvested energy, the transmission power and the probability of failure. In the proposed scheme,
the non-causal energy harvesting model is adopted (all energy values are known at the transmitter). therefore, the
transmitter knows the instants and the quantities of energy as well as the gain of the channel in advance (at t = 0).
from this work it has been shown that spectral efficiency maximization relies on the allocation of a power vector for
all time slots.

In !¢ a two phase resource allocation scheme has been proposed. the first phase optimizes both transmission
power allocation and source rate to improve long-term QOS performance. Whilst the second phase dynamically
adjusts allocation time slots to improve short-term performance of QoS of an energy harvesting based WBAN. The
studied constraint in the proposed work is long-term QoS (the average PLR should be less than a threshold).
Furthermore, the source rate and transmitted power are allocated based on the maximization of the throughput. the
effectiveness of the proposed algorithms has been evaluated for two comparison schemes (offline and online
scheme) in terms of long-term (PLR, delay and throughput) and short term QOS.

Table 1. a summarizing table of the proposed works in the physical layer.

Physical layer study idea Study constraints Study metrics
Hamed et al'® Maximizing the spectral | -the capacity of the data | -spectral efficiency
efficiency buffer. -energy consumption per
-the harvested energy. bit

-the transmission power.
-the probability of failure.

Liu Z et al'® Optimizing transmission | the average PLR should be | long-term (PLR, delay and
power and source rate. less than a threshold throughput) and short term
QOS.

3.2. At the mac layer:

The work in '7 proposes a mechanism of energy management called PEH Qos (joint power-QoS) which takes into
account some important QOS metrics in energy harvesting based wbans. according to this work, power consumption
in WBAN nodes is divided into two parts: consumption power of detection and consumption power of transmission.
the proposed mechanism is based on 3 interconnected modules (phases):

e The Power-EH Aware Management (PHAM): which deals with the calculation and management of harvested
energy. That is to say that the energy harvested from the human body will be distributed between the two spots of

a sensor node (the event detection and the transmission of packets).

e The Data Queue Aware Control (DQAC): which manages the queue of the packets, and ensures that only the
useful data are transmitted.

e The Packet Aggregator / Scheduling System (PASS): which uses the PHAM and DQAC information to
determine the optimal number of packets that can be transmitted in each communication process.

The performance of the proposed mechanism was studied on the basis of several metrics such as: the
effectiveness of detection, the storage efficiency. The normalized throughput, the Packet loss, the end to end delay,
and the energy efficiency.

HEH BMAC '# is another MAC protocol that uses dynamic schedule algorithm to combine user-defined polling
with probabilistic contention random access, while considering the variable nature of energy harvesting sources, and
traffic prioritization. The used modes are:
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e ID polling access mode: which is a contention-free access mode used for nodes with a predictable (heartbeat) or
high priority energy source.

e probabilistic contention random access mode: this access mode is applicable to nodes with unpredictable
energy source, or low priority.

The performance of the proposed protocol is compared to the non-beacon access mode without superframe
boundaries proposed by the IEEE 802.15.6 standard and based on the CSMA / CA protocol (with its two cases:
small CW, large CW), in terms of energy efficiency and throughput, however some important metrics have not been
evaluated (latency, packet loss ...). the comparison between this protocol and that of the IEEE has shown an
improvement in performance in terms of the cited metrics.

Based on a two-hop topology (cooperative topology introducing relays) the CEH-MAC ' protocol (cooperative
energy harvesting mac) allows relays of a WBAN network to switch to idle mode in order to be charged. this time is
selected by the network hub based on the amount of available energy of the other nodes. two links are possible in the
adopted topology (direct link: between source and destination. indirect link: source-relay-destination). the main idea
of this protocol is the introduction of a charging time (Tcharge) which allows the relay nodes to recover enough
energy to carry out the cooperation phase. The Tcharge parameter is adjusted dynamically by the coordinator in each
communication period, depending on the feedback information about the relay's energy levels and the expected
duration of the cooperation phase (depending on the number of relays, channel conditions, etc.). the proposed
protocol is compared with a basic cooperation scheme of IEEE 802.15.6 entitled Coop802.15.6 based on the CSMA
/ CA protocol. and that does not take into account the energy levels that can change over time in EH- based
WBANS. the performance of the CEH protocol was evaluated in terms of throughput, latency and energy efficiency,
and showed improving results in comparison with the COOP802.15.6 protocol, however no evaluation was made in
terms of packet loss.

Table 2. A Comparative table of the proposed EH aware mac protocols

Mac Detection Storage Throughput | Packet Energy topology | Traffic | Latency
protocols | efficiency | efficiency loss efficiency priority
PEH- v v v v v One hop v
Qos 7
HEH- v v One hop v
BMac '8
CEH- v v Two hop v
Mac!®

3.3. At the routing level:

In 2° the proposed protocol dynamically modifies the routing trees taking into account the recovered energy
available, based on an maximization of Dijkstra’s shortest distance algorithm to address the dynamic nature of
energy harvesting. the proposed protocol considers the dynamic link cost function which changes within every data
gathering round. in this work, network sustainability was studied using the outage as a metric of evaluation in
function of data packet size, thus it was proved that low data-rate applications can be implemented using the current
energy harvesting technology that high data-rate applications warrant further improvements in harvesting methods.

In 2! a new routing algorithm was proposed ( EHARA) for WSN based IOT applications that considers a new
parameter called extra backoff which aims to extend the backoff period in the IEEE 802.15.4 CSMA/CA, thus
allowing nodes to have more time to wait and harvest energy from the ambient energy sources. the evaluation of the
proposed protocol is done in comparison with the existing Randomized Minimum Path Recovery Time (R-MPRT)
and Energy Harvesting Aware Ad-hoc On-Demand Distance Vector Routing Protocol (AODV-EHA), in terms of
energy efficiency, packet delivery ratio, packet losses ratio, throughput and goodput. and it was shown that the
proposed protocol (EHARA) has a better performance, however it didn't study the feasibility to be adopted for IEEE
802.15.6 WBAN:S.
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4. Conclusion

Energy efficiency is one of the major requirements that must be considered in WBANS. therefore, there is much
research that has focused on providing mechanisms to improve the energy efficiency of WBANS, including energy
harvesting from different sources around the human body.

In this paper energy harvesting methods in Wireless Body Area Networks have been reviewed, as alternative
sources for powering WBAN nodes. However, these methods should be well exploited as they are variable and time
dependent. Thus, the paper also presents an overview of the proposed EH aware mac, physical, and routing
protocols in literature.
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