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Abstract: Body sensor networks (BSN) have emerged as an 
active field of research to connect and operate sensors within, 
on or at close proximity to the human body. BSN have unique 
roles in health applications, particularly to support real-time 
decision making and therapeutic treatments. Nevertheless, 
challenges remain in designing BSN nodes with antennas that 
operate efficiently around, ingested or implanted inside the 
human body, as well as new methods to process the 
heterogeneous and growing amount of data on-node and in a 
distributed system for optimized performance and power 
consumption. As the battery operating time and sensor size are 
two important factors in determining the usability of BSN 
nodes, ultralow power transceivers, energy-aware network 
protocol, data compression, on-node processing, and energy-
harvesting techniques are highly demanded to ultimately 
achieve a self-powered BSN.  
 
Keywords: Big data, body area network (BAN), cooperative 
networks, embedded systems, network security, wearable 
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I. INTRODUCTION 
 
BODY SENSOR NETWORKS (BSN), sometimes also 
referred as body area networks (BAN), body area sensor 
networks, or wireless BAN, are designed to connect and 
operate sensors within, on or at close proximity to the human 
body [1], [2]. BSN have been applied for various purposes, for 
example, to monitor vital signs [3]–[5], daily activities [6], [7], 
gait patterns [8], [9], motor fluctuations in Parkinson’s patients 
[10], balance and fall [11], [12]. State-of-the-art sensor node 
and radio frequency (RF) technologies for BSN are becoming 
mature and various prototypes are commercially available. In 
particular, nowadays, consumer electronics (such as mobile 
phones) are often incorporated with sensors, which when used 
innovatively can provide valuable health information. BSN, 
together with the well-networked home appliances (such as 
television) and medical instruments in hospitals, form an 
excellent platform for collecting vast amounts of personal 
health data. Both the volume and the type of data that can be 
collected via BSN have grown tremendously and are now 
beyond the ability of commonly used software tools to process 
within a “tolerable elapsed time.” In particular, real-time 
decision support is in high  
 

demand in the medical and healthcare domains, which make 
BSN a crucial building block for future healthcare information 

systems, since they can be used to collect health information 
and deliver health decisions or therapeutic treatments to the  
users. The rest of the paper is structured as follows. Section II 
examines the field of BSN in relationship with its 
predecessors: wearable sensing and personal area network 
(PAN). Section III discusses the communication protocols for 
BSN and the challenges in RF and radio propagation modeling 
for BSN. Section IV discusses the hardware design of sensor 
nodes of BSN. Section V reviews software platforms and 
challenges to implement algorithms for using BSN to support 
real-time health decision making. Activity recognition (AR) is 
selected as an example for better illustration. Section VI 
concludes the paper by suggesting future directions for BSN 
research. 

 
II. EMERGENCE OF BSN 

 
The emergence of BSN was mainly driven by two key 

technological areas: wearable sensing [13] and PAN [14]. The 
advancement in wearable sensing or wearable computing is a 
result of the computer industry’s huge steps in miniaturization 
with an aim to turn the tethered computers into wearable 
devices that can otherwise be a normal pair of eyeglasses, 
clothing, etc. [15]. PAN was proposed, on the other hand, 
around the same time due to the anticipation of the need of a 
method to allow the sharing of data between personal 
electronic devices that were becoming smaller, lower in power 
requirements, and less expensive [14]. The need of BAN, 
which should have clearly distinctive aims than PAN, was soon 
raised [16]. Several important issues concerning BAN, but had 
yet been addressed in PAN were summarized as follows [16]: 
1) the support of flexible and heterogeneous networks for using 
multiple physical links, e.g., a mix of wired, RF, and infrared 
links; 2) the exchange of information between components 
rather than devices; 3) the ability to interface with other BAN 
and other networks; 4) the use of relaying techniques to form 
an ad-hoc network for the even shorter communication range 
available (targeting at 2 m for BAN as compared to 10 m for 
PAN); and lastly but most importantly 5) the focus of 
implementation of terminals on consumer gadgets, 

 

 
Fig. 1. Communication links and software programs for      

nodes of BSN. 
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wearable accessories or even clothing instead of personal 
computing products (e.g., laptop and desktop computers) or 
portable devices. It soon became apparent that the knowledge 
of the two areas must be merged in order to further bring the 
field forward. Although the applications of BSN are wide, its 
role in medical and healthcare settings is important. An 
objective of BSN is to provide long-term monitoring of health 
with the aim of capturing life-threatening events and enable 
early interventions. Ideally, nodes of BSN should operate 
reliably for long periods of time (i.e., days and months) 
without recharging/replacing its battery, but yet miniature in 
size. Since the communication range of the BSN nodes 
commonly targets to be less than 2 m, gateway devices are 
often needed to connect them to remote stations and data 
repositories. Fig. 1 shows a body control unit (BCU) (e.g., a 
smart phone) that is used as a gateway to transmit the collected 
data from sensor nodes to remote stations (e.g., a remote PC) 
using a second wireless link. Through a gateway device, sensor 
devices worn or implanted in the human body can be 
connected to the internet. Several interconnecting networks are 
often needed for a typical healthcare system. Wearable sensors 
need to communicate directly with the gateway device through 
a star topology. In case of multiple users in the same 
environment, the same star topology can be used to connect 
several gateway devices to a remote station [17]. Unlike 
wearable sensors, gateway devices can be placed at a close 
proximity to the human body but not necessarily to be worn on 
the body, for example, an ambient sensor can also act as a 
gateway device. Communication between gateway devices and 
remote stations can use short range wireless PAN, long-range 
wireless local area networks, or 3G/4G mobile data network to 
extend the communication range to beyond the 10-m limit.  

 
III. NETWORK 

 
The IEEE wireless BAN standard (IEEE 804.15.6 TG6) [18] is 
formed in order to standardize the Physical Layer (PHY) and 
Medium Access Control (MAC) protocols for short-range, 
low-power, and reliable wireless body sensors. Some important 
features of this standard are [18]: 1) support of scalable data 
rates; 2) low power consumption; 3) small and lightweight 
sensor nodes (i.e., wearable); 4) Quality-of-service (QoS) 
support that has ability to prioritize medical data transmission 
of crucial signals; 5) secure data transmission; 6) coexistence 
with other wireless technologies; 7) formation of a 
communication network with a control device up to 2 m. A. 
Physical Layer Several communication media have been 
proposed for BSN, including using electroactive polymer-
based e-textile materials as a wired medium [19], [20], 
electromagnetic or inductive coupling techniques for implants, 
and in-body RF communication such as the Medical Implant 
Communication Service bands [21]. A main challenge of a 
wireless BSN, when compared to conventional wireless 
systems, is that the channel over which the communication 
takes place is highly affected by the proximity of the human 
body, which is a highly lossy and dispersive media. The human 
body therefore will attenuate, delay, and distort the transmitted 
signal. Moreover, the complex geometry of the human body 
will also heavily affect the field distribution around it, due to 
the scattering from different surfaces. Finally, the presence of 
human tissues close to the antennas may cause detuning and 
pattern distortion effects. Therefore, in order to design a 

reliable and efficient BSN, a proper analysis and modeling of 
the radio channel including the human body is required. It is 
important to investigate and characterize antennas and RF 
devices that are suitable for both on-body and off-body 
communication, with an aim to optimize power consumption 
and satisfy coexistence conditions [22], [23]. Various antennas 
and propagation studies have been focused on the ISM 2.4-
GHz and 5.8-GHz frequencies, and the 3.1–10.6 GHz 
ultrawideband (UWB) [22], [24]–[27]. These studies provide 
excellent candidates for initial analysis of diversity and 
multimode concepts in relation to BSN. Although narrowband 
wearable antennas can be designed with mode switching 
capability to improve onbody and off-body communication 
links [28]–[30], these antennas that work in specific bands 
limit the choice of spectrum space to use and, therefore, may 
lead to congestion of certain frequency bands in indoor 
environments. On the other hand, compact wearable antennas 
modeled on FR4 substrate with a thickness of 1.57 mm and a 
ground plate of 60 × 60 mm2 are designed to operate at two 
bands (1.9 and 2.4 GHz) with dual radiation modes [30]. As 
shown in Fig. 2, improvements as large as 20 dB have been 
shown for on-body path loss in comparison with conventional 
printed antennas. Since different body shapes and sizes can 
significantly affect the channel performance of BSN [31], [32], 
numerical human models are needed to estimate the impact 
caused by the morphologic variations of the human body to the 
propagation of radio waves. Geometrical models are often too 
simple to reflect the realistic variations of the body shapes for 
this purpose [33]. Inhomogeneous models [34], based on 
computed tomography and sectioning of cadavers, can be used 
to analyze radio propagation inside the body to design antennas 
for ingestible or implantable devices. Nevertheless, these 
models are difficult to generate and, therefore, to study on 
body propagation, especially at frequencies such as the ISM 
band (2.4 GHz) where signal penetration into the body is very 
low, scenario numerical models with homogeneous lossy 
dielectric properties are often used. Whole body voxel models 
can be obtained by segmenting images from magnetic 
resonance imaging [35]. Parameters generated from 50 
statistical shape models have been used to ensure high data 
reliability of a belt-to-chest link by modeling path loss as a 
linear function of the logarithmic distance between the two 
[36]. 

 

 
Fig. 2. Dual-band and dual-mode wearable antennas. (a) On-

body elevation plane radiation pattern at 1.9 GHz. (b) On-body 
azimuth plane radiation pattern. (c) On-body channel path gain 
for various body positions using proposed dual-band dual-
mode antenna, printed monopole antenna, and conventional 
vertical monopole on a ground plane (reproduced from [30]). 
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Fig. 3. Sensor placed on the male model provided by the 
visible U.S. human project [37]. 
Antennas have to be efficient and immune from frequency and 
polarization detuning. In addition to understanding the antenna 
radiation pattern when placed on the human body, it is also 
important to specify how coupling occurs during propagation, 
either as a surface wave, free space wave or a combination of 
both. If the sensor is placed too close to the human body, it will 
have low efficiency due to signal loss but good coupling to 
surface wave. For example, when a sensor is placed on the 
human chest, as shown in Fig. 3, the antenna performance can 
be optimized using various numerical and experimental tools to 
improve the gain value by 2.4 dB. This allows the range of 
coverage to be increased up to 10 m, as compared to a 
maximum of 2 m in a conventional wire antenna [36], [37]. B. 
MAC Protocols RF transmission of a sensor node in BSN is 
usually one of the most power hunger entities. To minimize 
power consumption of the sensor node, the MAC sublayer 
must be carefully designed to provide controlling or duty 
cycling the RF module. A MAC protocol for BSN normally 
operates at very low duty cycles to extend the lifetime of the 
sensor nodes. Main requirements for a MAC protocol are 
reliability, flexible transmission mechanism, high channel 
efficiency, and a low end-to-end delay time [21]. For BSN, 
three main classes of MAC protocols have been proposed: 1) 
time division multiple access (TDMA), 2) polling, and 3) 
contention-based protocols, which are also known as random 
access protocols. The TDMA and polling protocols are 
contention free but centralized in nature. The TDMA protocol 
introduces a strict synchronization requirement, whereas a 
polling network requires a high overhead of polling message 
transmission. ALOHA and carrier sense multiple access 
(CSMA) have been proposed for low-power sensor network 
applications. These protocols do not require any centralized 
control signal from the control unit. They are also dynamic in 
nature and offer minimum packet transfer delays for a low-
traffic network. The performance of a contention-based 
protocol degrades when the total traffic load increases 
significantly. CSMA can also use a collision avoidance (CA) 
mechanism (so called CSMA/CA) to allow only one sensor 
node to communicate and send a packet at one time to avoid 
the interference and collision between sensor nodes. The 
CSMA/CA MAC protocol is also used by the IEEE802.15.4 
(wireless PAN) standard and offers lower delay and reliable 
transmission of packets in small-size networks. MAC protocols 
based on carrier sensing and clear channel assessment are not 
preferred for UWB-based devices because of difficulty in 
assessing the channel condition of pulse-based 
communications. The IEEE802.15.6 standard [18] defines the 
detailed MAC architecture for in-body and on-body wireless 
communications for both narrowband and UWB technologies. 
The star topology is suggested with a super frame structure. 
There are three access modes in the standard; beacon enabled 
with super frame boundaries, non beacon enabled with super 

frame, and non beacon without super frame. The medium 
access mechanisms explained above can be integrated in sensor 
nodes using these three modes. The scheduling of data 
communication using methods such as polling can be 
implemented with non beacon mode with super frame. A 
CSMA/CA protocol for beacon enabled is used in the standard 
with exclusive access phase (EAP) and random access phase. 
EAP is suggested for higher priority data transmission. Various 
groups have devoted themselves to the study of network 
topology and transmission protocols for BSN [23], [38], [39]. 
It is worth pointing out that since applications for BSN are 
highly dynamic, CSMA or TDMA protocols are often 
nonideal. To provide the necessary bandwidth and robust 
communication link, a highly optimized approach would be 
needed, especially for operating in the tiny sensors with limited 
computational power. 

 
Fig. 4. Total energy consumption against margins for multi-
hop (MH) and single-hop (SH) for sensor (S3) placed at the 
back of the human torso and S4 placed at the back of the head 
with the sink on the right wrist [37]. 
 Network Layer To successfully deploy a BSN performing 
long-term and continuous healthcare monitoring, it is critical 
that the wearable devices are small and lightweight, lest they 
be too intrusive on patient’s daily life. Single-hop 
communication links have been frequently considered between 
various scattered sensors to deploy a BSN. Nevertheless, the 
impact of the human body on the signal often result in path 
losses larger than 50 dB [40]. Due to these high losses, direct 
communication between the sensors and the gateway will not 
always be possible, especially when increased sensor lifetime 
is desired with ultra-low range transceivers. Multihop 
communications exploit spatial diversity as an advantageous 
solution to ensure connectivity, improve link reliability, extend 
coverage, and possibly improve the energy ef- ficiency of 
wireless BSN . In a relay multihop network, each sensor is 
required to transmit or relay information packets, while in 
cooperative multihop network, each sensor can perform both 
operations sequentially. Bari et al. showed in  and  that a 
network power gain of around 6 dB is achievable when using 
multihop cooperative communication topology compared to 
single-hop links. Nevertheless, the network gain does not 
usually reflect positively in terms of sensor lifetime or power 
consumption. Tradeoffs have been quantified for a BSN that 
monitors the electrocardiogram (ECG) . As illustrated in Fig. 4, 
for a packet delivery ratio >0.9, the multihop scheme can 
provide the network with a margin gain up to 14 dB, while 
resulting in an energy demand up to 30.7% higher than a 
single-hop scheme. The packet loss ratio shows that a 14-dB 
network gain can be achieved for a cooperative (multihop) 
network, as compared to a star (single-hop) network. Further 
work is needed to analyze the true power consumption of 
sensors with ultralow power chipsets in different specific 
health monitoring environments. These include critical care in 
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hospitals, elder care or athlete monitoring, while enhancing 
network efficiency and reliability. IV. SENSOR At present, 
sensor nodes placed on the human body are mostly battery 
operated. Low power consumption is a major design 

 
Fig. 5. Example of body sensor node with battery. 

 
Fig. 6. Examples of wearable sensors using narrow-band 
communication technology. (a) Oxygen saturation and heart 
rate ring sensor . (b) e-AR sensor for detecting gait impairment 
. (c) Clip-free eyeglasses for measuring heart rate . 
challenge for BSN nodes. Fig. 5 shows the block diagram of a 
typical BSN node. Since physiological signals or physical 
activities obtained from the human body are usually very weak 
and noisy signals, they should be first amplified and filtered 
(A/F). A multiplexer is then used to switch between each 
sensor node if more than one sensor signal is required. An 
analog-todigital conversion (ADC) stage is required to digitize 
the body signals for further processing. The microcontroller 
will code the data before the data are sent to a radio 
transceiver. A multiaccess protocol is usually implemented in 
the microcontroller to ensure network reliability.  

A. Narrowband-Based 
 Sensor Nodes Narrowband communication at 2.4-GHz ISM 
band is one of the earliest and most commonly used wireless 
technologies for sensor nodes of BSN, as summarized in Table 
I. In order to be unobtrusive, sensor nodes of BSN are often 
embedded into gadgets and accessories, such as a finger-ring 
earpiece and eyeglasses as shown in Fig. 6. The greatest 
advantage of embedded sensors into finger-rings is that people 
seldom takeoff their rings, even during shower or sleep. 
Twenty-four-hour monitoring can, therefore, be achieved with 
this sensor-embedded ring. By placing sensor nodes on the 
earlobe, one can measure pulse waveform and 
temperature.This system uses a Bluetooth module (KC 
Wirefree Inc.) 
and a PSoC microcontroller (Cypress Semiconductor) that 
combines analog and digital signal processing for medical 
signal. A very compact node, 26 (L) × 15 (W) × 7 (H) mm3, 
for monitoring ECG has also been developed using Nordic’s 
nRF24E1 transceiver, a 2.4-GHz RF transceiver together with 
an embedded 8051-compatible microcontroller (DW8051) with 
512 byte ROM, 4K RAM, and 9-bit ADC. E Watch  is a 
wearable sensing platform built into a wrist watch and uses the 
Bluetooth wireless link to commutate with a cellular phone or a 
remote computer. The eWatch platform is designed to sense 
light, motion, audio, and temperature. It uses a MEMS 
accelerometer device (ADXL202) to measure planar 

acceleration of the human hand. The microcontroller is an 
ARM7 from Phillips with 128Kb FLASH and 64 kB of RAM. 
The sensor data are obtained from an external 10-bit ADC and 
is stored in 1-MB external FLASH memory. Flexible materials 
and textile technology can be used to integrate sensor 
electronics, boards, and connectors wirelessly for BSN, leading 
to lighter, more comfortable and easier attachment on the 
human body. Examples are a wireless ECG patch that has been 
developed on a flexible circuit board by IMEC, Belgium , as 
shown in Fig. 7. The electronics have been integrated on a 
flexible substrate (polyimide substrate) as well as textile 
material that can easily be worn by patients because of its 
flexibility and stretchability. The antenna has been placed at 
one side while one connector for the location of an Ag/AgCl 
electrode is printed on the opposite side. In addition to 
fabricating electronics on a flexible substrate, flexible sensor 
nodes can also be developed using inkjet-printing technology . 
The prototype measures temperature wirelessly using a 
transmission frequency of 904.4 MHz. The dimension of the 
device is about 8.2 cm × 4.5 cm. Fig. 7(c) presents a polymer-
based flexible sensor, which can be placed over the radial 
artery on the wrist to measure the pulse wave. When integrated 
witha wireless unit and a microcontroller, these flexible 
sensors can be embedded into clothing or fabrics as smart 
apparel.  

B. UWB-Based 
 Body Sensors Compared to narrowband systems, UWB 
wireless technology has the following advantages: low-power 
transmitter design, low RF and electromagnetic interference 
effects in medical environment, small-size antenna, and high 
data rate capability. UWB wireless devices have been used 
efficiently for simultaneous monitoring of many continuous 
physiological signals such as EEG, ECG, and EMG , detecting 
neural signals for brain–computer interfaces because of its high 
data rate capability , and capturing videos from the 
gastrointestinal tract via 

 
Fig. 7. Flexible BSN nodes. (a) Wireless ECG patch developed 
by IMEC on a flexible substrate . (b) Sensor node developed 
using inkjet-printing technology . (c) Flexible pressure sensor . 

 
Fig. 8. Examples of sensor nodes for BSN. (a) Mica2DOT . (b) 
T-node (c) PiiX sensor node from Corventis. (d) SHIMNMER 
platform . 
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ingestible wireless capsules . Unlike narrowband technologies, 
UWB can support scalable data rates in a single node. For 
example, it can easily be designed to transmit from 10 bps to 
10 Mbps without introducing much additional complexity in 
the hardware. An example of an UWB-based sensor node is 
described. The sensor node, 30 mm × 25 mm in size, consists 
of three major sections: a pulse generator, a RF circuit and a 
controller. Narrow square pulses ranging from 0.5–2 ns are 
generated and modulated by the data bits. UWB sensor nodes 
are usually designed to operate in the band of 3.5–4.5 GHz. To 
ensure safety, the power level of the frequency spectrums for 
UWB signals should be less than the maximum allowable 
power level defined by the FCC (−41.3 dBm/MHz). C. 
Commercial Sensor Nodes A number of sensor platforms are 
commercially available, using either ZigBee (IEEE 802.15.4) 
or Bluetooth (IEEE 802.15.1) protocols that operate in the 2.4-
GHz ISM band. Fig. 8 shows some of the smallest existing 
sensor platforms for BSN in the early days, e.g., Mica2DOT 
[61] and T-node . Fitbit has developed a wireless sensor node 
that tracks motion of a human body. It contains of a 3-D 
motion sensor for estimating health indices such as calories 
burned, steps taken, distance traveled, and sleep quality. The 
senor can be worn on the waist, in pocket or on undergarments. 
Shoes companies such as Adidas and Nike have also entered 
the market to produce body worn devices—Nike+iPod and 
miCoach Pacer—for sportive activities. Shimmer sensor  is an 
activity monitoring body sensor that can wirelessly capture 
physiological and kinematic data, including ECG, EMG, GSR, 
accelerometer. The platform contains a Bluetooth module, 
IEEE 802.15.4 compliant (CC2420) radio transceiver, 
microcontroller-MSP430 from Texas Instruments, and 
microSD card socket which can store data up to 2 GB of data. 
Fig. 9. Upcoming smartphone platforms. (a) Apple Watch. (b) 
Samsung GearS . (c) Sony SmartWatch. Corventis, Inc., has 
developed a small sensor node called PiiX for wireless 
cardiovascular solutions [65]. It uses a wireless gateway device 
named zLink to communicate with the monitoring center. PiiX 
is intended to be used by a single patient and cannot cope with 
implantable devices. The unique features of this device are 
leadless and water-resistant. It eliminates the cumbersome 
leads and wires and can still operate during showering or 
sleeping. PiiX sensor is quite small and can easily be attached 
to the body like a plaster. Philip has recently launched a 
disposable adhesive patch for Chronic Obstructive Pulmonary 
Disease sufferers, allowing diagnostic stats like heart rate, 
respiratory function and physical activity (or inactivity) to be 
gathered continuously, transferred to the patient’s mobile 
device and uploaded to a cloudbased healthcare repository . 
VitalConnect, on the other, introduced a HealthPatch that 
consists of a family of biosensors, which is the first solution of 
its kind capable to capture clinical-grade measurements in a 
continuous, configurable and unobtrusive manner using a small 
yet powerful patch worn on the chest. The FDA-cleared patch 
provides a serious of parameters including single-lead ECG, 
heart rate, heart rate variability, respiratory rate, skin 
temperature, body posture for fall detection/severity, steps, 
stress, and sleep staging (hypnogram)/quality. Moreover, 
sensors are often incorporated in personal consumer electronics 
nowadays, e.g., on the smartphone platforms. Upcoming 
smartphone platforms shown in Fig. 9, such as Apple Watch , 
Samsung GearS , and Sony SmartWatch, further enable real 
hands-free mobile experience and unobtrusive measurements. 

With the increasing number of commercial platforms available, 
the collection for vast amount of health and medical data via 
BSN is becoming possible in this era of big data.  

 
IV. TOWARD SELF-POWERED SENSING 

 
A grand challenge for BSN is the limited power source for the 
sensor nodes. Although small rechargeable batteries are 
currently available for BSN, it is not always possible or 
convenient to replace batteries. The solution to successfully 
develop selfpowered sensor nodes relies on energy-harvesting 
techniques that extract energy from the surrounding 
environment, motions and/or heat generated by the human 
body. Wirelessly charging or using energy-harvesting methods 
to provide a continuous power source will enable a complete 
selfsustaining body sensor device for medical monitoring. For 
example, WISP sensor node in Table I is an RFID-based 
sensing mechanism operating without a battery . Fig. 11 shows 
a general block diagram representing a body sensor with 
energy harvesting. The power is recovered from the external 
ambient such as solar and RF or vibration and motion from the 
human body and then regulated or stored to provide power 
supply for the wireless body sensor device. In the implantable 
case, human intervention in replacing the batteries should be 
kept at a minimum level to avoid frequent surgical procedures. 
For implantable medical sensors, the energy is provided to the 
body sensor device wirelessly using inductive links. The 
charging transmitter should be very close to the patient’s skin 
to charge or energize the body sensor device 

 
Fig. 12. Autonomous sensor nodes. (a) PV energy-harvesting 
sensor node [52]. (b) RF energy-harvesting WISP sensor nod. 
In these systems, a low-frequency transmission has been 
attractive to eliminate the absorption of more energy. Fig. 12 
shows a wireless body sensor prototype with energyharvesting 
unit placed on the arms for distributed biometric monitoring. 
The system is based on a solar energy source to store the 
harvested energy in a super capacitor using photovoltaic (PV) 
panels for powering the wireless sensor node. The work 
demonstrates that the wearable sensor node is able to 
continuously monitor temperature, read (temperature is 
submitted every 1 s) and transmit back to a remote station 
without the need of a battery. The body sensor uses the TI 
eZ430-RF2500T board which features the MSP430F2274 
microcontroller and CC2500 2.4-GHz wireless transceiver. 
Recent microelectromechanical energy harvesters will present 
great opportunities for medical body sensors. A self-power 
generation with micro- or nanomechanical energy-harvesting 
methods can power small body sensors without the need for 
batteries. Although processing on-node can significantly 
reduce the power consumption of BSN sensors, using 
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conventional digital processor, it is not feasible to achieve self-
powered sensing, where the body sensor will be powered 
solely by energyharvesting techniques. With the advances in 
semiconductors, recent ultra-low power processors can operate 
with submilliwatt power. However, this requirement is still 
much higher than energy-harvesting mechanisms can provide. 
For instance, a piezoelectric energy harvester can supply up to 
60 μW , and a MEMS electrostatic harvester can provide up to 
80 μW. To further reduce power consumption and enable 
selfpowered sensing, the signal processing and pattern 
recognition process will have to be implemented in low-power 
analog or digital circuits [2]. Using the AR application as an 
example, all four stages of the recognition process can be 
implemented in lowpower analog form, except for the feature 
selection/projection process. For the feature extraction phase, 
although not all features can be implemented in analog form 
(ex. variance), many features can be extracted using analog 
circuits, such as zero-crossing and Fourier features . As feature 
selection is an iterative process and data projection transforms 
data into different spaces, these processes cannot be 
implemented in analog form. However, relevant features can 
be selected offline and a classifier can be configured to use 
only the selected features. In terms of classifiers, most 
classifiers can be implemented in analog form, for example, 
HMM, SVM, SOM , and MLP. The energy consumption of an 
analog classifier can be as low as 200 nW, which can 
potentially be powered by energy-harvesting mechanism. In 
summary, the battery operating time and sensor size are two 
important factors in determining the usability of BSN sensors. 
Future research should be conducted in ultralow power 
transceivers, energy-aware network protocols, and data 
compression. The most effective way to reduce the power 
consumption is to process the sensor data on-node. Although 
not all signal processing and machine learning algorithms can 
be implemented on miniaturized sensor nodes, many machine 
learning techniques can be built in BSN sensors. However, 
there are very few studies have actually implemented the 
processing on the sensor node. This could be due to the lack of 
suitable machine learning software tool for BSN sensors. On 
the other hand, to further reduce the power consumption, low-
power analog circuit methods can be introduced and 
implemented into the sensor circuits or ASIC, which could 
facilitate the realization of self-powered sensing.  
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