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Why Body-Centric Wireless Comms?

 Replaces cables and provide
flexibility to today’s
demanding users

« Natural progression of
Wireless PAN

e Should provide constant
availability, re-configurabillity,
unobtrusiveness and true
extension of a human’s mind

© Reima Smart Clothing, Finland
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Why Body-Centric Wireless Comms?

« Wearable computers used in =~

various applications such as:

Military
Healthcare
Sport

Education
Industrial control
Research
Fashion

Wearable computers courtesy of Xybernaut, Germany o
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Motivations & Needs

 Wireless sensor networks for healthcare applications is forecasted to save
around $25 billion worldwide*

o Estimates suggest patient monitoring WSNs, including outpatient and self-

monitoring applications made up half of the total units sold in 2012, or ~ 2.8
million units

— 120,000 units were sold during 2007.

 1In 2012 itis estimated that there was around 429,000 wireless sensor
networks shipped worldwide for hospital or clinical applications for patient
monitoring applications worth around $528 million, including services.
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BodyTel™
(www.bodytel.com)

*WSN for Healthcare: A Market Dynamics Report Published August
2008, URL.: http://www.onworld.com/healthcare/index.html
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Aging Population

 Market size for assistive living
technology in 2015*; -y
~ EU > $525.7m ,
~ UK > $141m | S

Percentage of people over 65

« Aging population (over 65) in the

UK is projected to grow to 2.6m In

=] ]
T T

2018 and to 5.1m in 2028
By 2030:

UK USA China
24% 20% 13%

*Older People in The United Kingdom — Key facts and
statistics, Age Concern's Policy Unit 2008
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Body-Centric Wireless Comms (BCWC)

 Human-self and human-to-human networking with the
use of wearable and implantable wireless sensors.

e |t combines wireless body-area networks (WBANS),
Wireless Sensor Networks (WSNs) and Wireless
Personal Area Networks (WPANS).

 |[EEE 802.15 WPAN™ Task Group 6 Body Area
Networks (BAN)
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IEEE 802.15 Task Group 6 - BAN

« formed in November 2007 and standard released in February
2012

e Setting a communication standard optimized for low power devices
and operation on, in or around the human body (but not limited to
humans) to serve a variety of applications including medical,
consumer electronics, personal entertainment and other.
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Applications of Interest

In-body

Off/on-body

ECG
(Wireless Implantable Biosensor

Wireless

BAN
Surrounding
Networks

@ Wireless Biosensor

Signals to be delivered to processing us

Under Skin Glucose Monitor &),
(Wireless Implantable Biosensor) .

Oxygen level

Base Unit

Pressure

'\.m ’ -y
Body-worn . . Body-Worn
base unit - Body Temperat o BB D A

Motion
Sensors

Sport Performance
Monitoring

Healthcare &

Medical Applications
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Challenges

 Technology
— Antennas
— Wave propagation
— Radio transceivers
— Power consumption

« Architecture
— Context-awareness
— application-specific
— user friendly

e Software Systems
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— Communication adjustment
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Research Activities for Body-Centric Wireless Comms
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Peter Hall and Yang Hao, “Antennas and Propagation for Body-Centric Wireless Communications “ 2006, Artech House.

Fun Human Body Simuetion| _Run 30 Cone Simuation_|
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Alomainy et al., “Statistical Analysis and Performance Evaluation for On-body Radio Propagation with Microstrip Patch Antennas ", IEEE Transactions on Antennas and Propagation, Vol. 55, Issue 1, January 2007, pp:245 - 248.

Alomainy et al., "UWB On-Body Radio Propagation and System Modelling for Wireless Body-Centric Networks", IEE Proceedings Communications-Special Issue on Ultra Wideband Systems, Technologies and Applications, Vol.
153, No. 1, February 2006.
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Accurate Localisation using Prior Knowledge

* New techniques and methods to enable the development of a
portable yet accurate hand motion capture system with ease of
use and reasonable degree of freedom.

Correct movement
with Mentor Processing User Training
) Demonstration or j Training or Rehabilitation Ph:se
Learning Phase
i P A b L A
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Controlling Robotic Hands

New techniques and methods to enable the
development of a portable yet accurate hand

IIIUI.IUII bdplUle byblelll WII.II CdotC UI UusS<c dllu
reasonable degree of freedom.
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Augmenting Social Interaction
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Outline

 Domains of Body-Centric Wireless Communications
— In-Body
— On-Body
— Off-Body
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Domains of Body-Centric Communications

. Off-body
— Human-to-Human or Human- mm::::zw HEARING
to-Base Units ECG
GLUCOSE
° On'bOdy @x BLOOD PRESSURE

POTS

— Within on-body networks and

o
wearable systems L K Y
; “e ® ' PROTEIN
) In_body Nl CELLl.JfF. / TOXINS
— With medical implants and g :
sensors using hierarchal or b
direct links IMPLANTS
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Antennas and Propagation for Wireless Implants

e Flexibility to the patience and the surgeon in terms of replacement
and long life time.

e Constant availability and ease of operation is required for future

patient monitoring and diagnhosis systems.
e Applications include but not limited to:

— Accurate drug delivery.

— Non-Invasive Endoscopy.

— Patient diagnosis and locator.

— Muscle stimulator.

— Brain signals analysis and control.

Kenneth R. Foster and Jan

Jaeger, “RFID Inside”, IEEE
Spectrum, March 2007, INT

Source: http://www.givenimaging.com/
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Numerical & Experimental Analysis

402 MHz

T
A 4

Physical Phantom

Wave propagation from implants at 402,
868 and 2400 MHz

iversity of London and Philips Research East Asia,
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A. Alomainy and Y. Hao, "Modelling and Characterisation of Biotelemetric Radio Channel from Ingested Implants Considering Organ Contents", IEEE
Transactions on Antennas and Propagation, Special Issue on Body-Centric Wireless Networks, 2009, Vol. 57, Issue 4, Part 1, April 2009, pp. 999-1005.
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Source Tracking Possibility

e Locate the wireless
implants with a couple of
scans

e Needs accurate probes and
fast sweep systems
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Link budget in an Indoor Environment

¢ Numerical modelling of radio propagation in the Body-Centric Wireless
Sensor Lab at the Antennas Measurement Laboratory in QMUL

Body-Centric Wireless Sensor Lab
Queen Mary University of London

Total size: 153 metre?

L
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Link budget in an Indoor Environment

S[dBm] = Pt[dBm| + Gimp|dB] Gy |dB|
/ Using the half a wavelength loop

L e
iyt

Full-wave simulation of the path height

of 1.5m ol 0.5m
loss 1n the body-centric lab Paeringe of coverage
. of coverage 33,1 %
43.2 % R
T |
Txi
A=
soor 1 3
L
e Using the wavelength loop
height height
2 of 1.5m of 0.5 m
percentage percentage
of coverage of coverage
b 62.7 %
8.0 All disee i -
Bi f 10 kb ical ] "E 3 b
it rate o ps (typica &
value for the transmission ‘g
of physiological data) '
bad link [l good link
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On-Body Communication Channels

e Measurement of radio propagation channels when both
transmitter and receiver placed on the body.

e |nvestigating different on-body links for different body
movements and postures.

e Applying both narrowband signals (2.45 GHz) and UWB
measurement.

e Various antenna types to highlight their effects on the radio
link

e Statistical channel models for path loss and time delay
profiles

L
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Wearable Antenna Considerations

Physical Size
Low-Profile
Conformal
Robust Radiation
Durable iciency
Wearable
Joinht Antenna _* ,
I Pad Detuning
| L & Res Freq Shift
Flexible A Radiation
Substrates - Pattern
Integrate RF ragmentation
Circuitry .
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Modelling inter-body radio propagations

Simulations and measurements were performed at 2.4 GHz

Human muscle Bed cushion Bed frame = Walls/floor

Dielectric constant 52.79 1.3 1.0 2.4
Conductivity 1.7 0.01 10° 0.15

C I S centre for
intelligent sensing

Average

Simul. | 46.2 54.8

Meas. 47.5 56.2

L

% Queen Mary

University of London




Subject-specific on-body radio channel

e Propagation along the torso PL, (d) =10y log(d /do) +PLg (do) + X
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The transmitter 1s on the left side of the
waist.

* Good agreement between simulated and measured data.

* Subject with a bigger curvature radius at the trunk (F05, M03, M04) presents
higher path loss exponent.= the on-body channel is subject specific.
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Why UWB for Body-Centric Communications?

Ultra High
Bandwidth
Per User

Low Cost
& Interoperability

“Fused” Capability
Inherent Radar
& Tracking

Robust

InAnNnnr
1HIVUUUVUI

Performance

C I S centre for
intelligent sensing

Channelization-
Highly
Efficient Use
Of Spectrum

Ultra Low Power

Private —
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Transient Characteristics In Free Space

e Performance of the antennas as a spatial filter.

e The two antennas facing each other is the best case and it is used
as a reference for the fidelity calculation.

—
Front |
|
1 = 180"
' = I = 45"
Itl-----l-?-?{-}?------- | =800
Front E p
Front
50 cm ] _ p
: | =0v
' | =00
e P L 1
J; Front . N 1
——— _ 50 cm
n >
(a) Face-to-Face {b) Side-by-Side

A. Alomainy, A. Sani, A. Rahman, J. Santas and Y. Hao, “Transient Characteristics of Wearable Antennas and Radio Propagation Channels for Ultra Wideband
Body-Centric Wireless Communications”, IEEE Transactions on Antennas and Propagation, Special Issue on Body-Centric Wireless Networks, Vol. 57, Issue 4,

Part 1, April 2009, pp. 875-884.
&
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Transient Characteristics In Free Space

0 degrea (Ref) : |
- 45 degree bl
- - - - 90 degres ij :
0.3 .k L] 1 : v
i . e B :”1 : I.:I] I \ Pl
; ok ﬁﬁfmﬁﬂmnj\ ﬂ; | 1 illljl:((':"r "\}JP "ﬂﬁf
| s
3 ] .J\' v
1 T
| 0
y I:"
1.5 '

Tirme (nanosecand)

3

Mean value of pulse fidelity
considering different antenna
orientations:

PICA: 89.5%

TSA: 85.1%

For the miniaturized TSA antenna results demonstrate slightly higher
distortion, however the pulse fidelity values are acceptable for short
distance communications.
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Experimental Investigations

e Statistical and deterministic
modelling of radio channels
in various environments.

e Both narrowband and ultra
wideband technologies are

HPET20ES Vector Networl Analyser used for Foliow physical pRarcm i e Amsnna

explored extensively for TR et "

body-centric networks.

KNSOKIND pabon anternas DIBORT 0N T S CRW-fe0 UWE aniennas piaced on ihe Wi
wEEl (Tx} and fght side of me chesl (Fx) WREL 3nd nghl sise of iPe chest for Sequenoy

for 24 GHz onbody propagstion domaln vl wideband onHbody  chanme
measurement In ihe chamber measurement
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Transient Radio Analysis

Identifying multipath components and possibly analysing user’s
behaviour and habits within a healthcare settings.

Normalised Amplitude

o
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Effect of the body movements
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OFDM-based UWB System-Level Modelling

e System performance using Multi-carrier OFDM based UWB for both
stationary and dynamic scenarios.

|
Random bit ! OFD M |
generator—>|(Input Data tranSrYtter |
T |
l
- Digital Baseband Rx Front End -
Binary Data | _ Sj
CES Processing +  Pioimulated On-body . + . S
Processin g = > Decoder=> BER
/ 9 Tx front end Channel OFDM Rx X
Pulse generator | \
and QPSK Frequency band 3-10 GHz Viterbi
modulator decoder
Data Rate 200 Mbps
No. of subcartiers 122
Subcarrier spacing 4.125 MHz~
Sampling time 0.315 nsec

Q. H. Abbasi, A. Alomainy, Y. Hao, "Characterisation of MB-OFDM based Ultra Wideband Systems for Body-Centric Wireless Communications ",
IEE&Tgnr&grz‘atl}g ¥girreless Propagation letter, Volume 9, pp. 324-327, Dec. 2011 v by y
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System Performance

Various Energy-to-Noise ration to determine optimum Eb/No
for low-power system

B S B S B B
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Location number of antenna on bady in indoor environment

L

centre for
C I S intelligent sensing \5.—.._" Queen Mary

University of London



Performance vs. On-body Location

Various Energy-to-Noise ration to determine optimum Eb/No

for low-power system

Link Quality | Good | Acceptabhle | Bad
Torso 50.0 35.0 15.0
Arms 333 16.7 0.0
Legs 625 12.5 250
Head 100.0 - -

Q. H. Abbasi, A. Sani, A. Alomainy and Y. Hao, “Radio Channel characterization and
system-Level Modeling for Multiband OFDM Ultra Wideband Body-Centric wireless
networks”, IEEE Transactions on Microwave Theory and Techniques, Vol. 58, no. 12,

pp. 3485-3492.
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Sensor Transceiver Module

Top Layer - Transceiver Bottom Layer - Transceiver

Antenna printed around
the circumference of
the sensor transceiver
board

Akram Alomainy, Yang Hao and Frank Pasveer,
Chapter 6: Antennas for Wearable Devices, in
Sensor Prototype “Antennas for Portable Devices”, Wiley & Sons, Inc.,
2007
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Applied Sensor Models

e The performance of the sensor antenna is investigated using
full wave EM numerical modelling techniques.

Copper Connectors Sensor Antenna

AN

»
Transceiver layer

Timm

Secondary layer PEC representing chip

and other components

Battew\a

i >
12.65mm M
ifiustration of
production sensor
centre for v - v
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Improved Antenna Performance

Measurement performed with Microstrip
Patch at 2.4 GHz working as the receiver.
Output power of 0dBm. Three cases are
applied for transmitter:

» Transceiver module with external

monopole antenna.

» Transceiver module with modified QMUL
antenna.

> Initial
antenna.

quarter-wavelength printed strip

Received Power (dBm)

-50
55 -
-60 -
-65 -

-70 -

-90
2.375 2.38

External Monopole Antenna
QMUL Antenna
Initial Printed Strip Antenna

W

2.385 2.39 2.395 2.4 2405 241 2415 242 2.425
Frequency (GHz)

A. Alomainy, Y. Hao and W. F. Pasveer, "Numerical and Experimental Evaluation of a Compact Sensor Antenna Performance for Healthcare

Devices"

C I S centre for
intelligent sensing
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Body-Worn Sensor Modelling

e Multi-layer human model (based on US Visible man project).
e Antenna placed on the chest longer sensor dimension parallel to the body at 2 mm

away.
CIS centre for \.*,l Queen Mar
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Wave Propagation around the Body

Top view

lllustration of electric field distribution at 2.4 GHz when the sensor is placed

on the centre of the chest.

Existence of creeping waves caused by diffraction from body curvature.

L
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Outline

e Going Smatrter ...
— The smarter and the greener . the better
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— Scaling down to Nano
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The need to go cooperative!

 Developing a cooperative Body-Centric Wireless
Networks demonstrator for e-health applications.

 Maximize the minimum lifetime of the system and
estimate the Network energy saving and

* Achieve various tasks in the cycle of antennas-radio
channels-system performance-implementation.

 Comprehensive statistical channel modelling for body-
centric wireless communications.

« Evaluation of system performance in various scenarios
and providing recommendations.

L
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Example Applications:
BAN for ambulatory monitoring of physiological responses

L
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Wearable Units

e A market available sensor kit has
been used.

e Sensor prototype have been in-
house built and ready to work.

* In-house system design allows to
test different antennas

Capability Sensor (Sentilla)
RAM (kB) 512
Flash (kB) 4096
Speed (MH2z) 8
The table _sh_ows the Sentilla Motes hardware Active (MA) 4
characteristics. The Motes embeds a CC2420 802.15.4
Radio, MSP430 microcontroller and several analogue Idle (mA) 1
sensors, including a 3-axial acceleration sensor. Sleep (UA) 1
Architecture 16-bit
centre for \ > { Q M
CIS intelligent sensing ol Wueen iviary

University of London



Sample Payload

 The network throughput is set to be compatible with the
application data rate, e.g. an ECG.

 ECG trace captured from in-house built device, as possible
payload to be transmitted through the network. The signal is
band-pass filtered. The data rate is 1byte/20ms = 0.05/s

60

| B

20

] | ~lw"| P ’ l,ﬁl |
|

"
20 !
-0 L

I 1 \ 1 1
-6% 2000 40900 6000 8000 10009 12005
Samples Index

N ANy
V| .ﬁ'I‘ﬁn’ lU' ‘W rff'\f Vi _ﬂ‘N \JI IH‘1

o \ 'I' A ,
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Measured Body-Centric Links

R EE— -

= Asample on-body real case
scenario is selected for test
evaluation. No movements were

A s allowed.

A s1 » The transmitted power

O P2 (expressed in dBm) is constant
e S3

and equal to 0 dBm for all motes.
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Topologies and Power Margins

_ = Z = The Network Power Gain
@ 27 (NPG) can be related to
33 51  STAR the minimum  power
21 margins, estimated
@ against the  receiver

21 @ threshold -95dbm.
COOPERATIVE (S3 €57 —> (5234 = Minimum power margins
23 51 are 20 dB and 26 dB for
21 the star and cooperative

s1 topology, respectively.
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Initial Network Test results

50

-e-Star ®-Co-operative |  ® These values can be
translated as 6 dB NPG for
the cooperative network.

« The NPG depends on the
particular displacements
scheme and the number of
the sensors on the bodly.

45
40
35
30
25
20

PACKET LOSS RATIO (%)

15

10
5

 The cooperative routing
processing overhead does
30 28 26 24 22 20 18 16 14 12
POWER MARGIN [dB] @-85dBm not degrade the sensors
performances.

0

Performances comparison of the two network
topology.
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Modified System Set up

Sentilla Mote used for this research. The Motes
embeds:

-a CC2420 802.15.4 Radio,

-MSP430 microcontroller

-several analogue sensors, including a 3-axial
acceleration sensor.

T T{ T ][
_ B [H 1 Ty | Tix ' T, I . | [

Dlsplacement map of sensor ¢ \ {
sensors on volunteer body A= = — -4 —y
7 Sink l“ IpR Iy Tpr Iy [ ”_

Time ’
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Network Topology Characterisation: Link Cost

SO Y Legend:
e s [RSSI_VAL; RF power]
e 29,741 2= 2308 TR O
.f:’___,._.__h__ J,_________h‘\ ________':':‘*
v [-17;-62] *~ w7 1-23;-68] ~¥\. 7 [-16;-61] N
\ [1; -44] \ [-16:-61] [-30;-75]  N[9;-54]
\\ \" \\-\. \"“ - h?;

-

Link Costs based on Averages RSSI /RF powers in dBm
for sitting postural set-up

L

CIS maiaen vQ Queen Mary

intelligent sensing University of London



Network Topology Characterisation: Power Consumption

15
1 4 B — Sensor 1, Multi/Single-Hop
13- e e S 4 MH - - o —2— Sensor 2, Multi-/Single-Hop
—_ ( S S S > S S S S € S s S S S 9} A e Sensor 3’ Mu]ti-]—[op
é 1 2 - —e— Sensor 4, Multi-Hop
—'2' S 3, Single-H
—=—Sensor 3, Single-Hop
5 4 dB
g 1 1 B —b— Sensor 4, Single-Hop
&
o 10 _
)]
2]
)
> 9 ]
<
8 ]
7 |
6 \ \ \ \ \ \ \ \ \
0 5 10 15 20 25 30 35 40 45 50
Margin [dB]

Average power consumption against margins for multi-hop (MH) and single-hop (SH)
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Network Packet Delivery Ratio

1

TW =93.75 ms - 25

0.9

0.8

=
v

Throughtput [kbps]

T
[EEN

BSH PRR
B MH PRR - 0.5
& SH Throughput

# MH Throughput
muw = L0

No link SH S3-SINK No link SH S3-SINK
blockage link blockage blockage blockage

* |In case of S3-sink link blockage, the SH PDR degrades of about 23% compared
to the MH with no link blockage for both T, cases, while the SH throughput
reduction is 21% and 25% for the T, case of 93.75 ms and 250 ms, respectively.

 This means that the MH topology can be successfully used to overcome SH link
blockages.
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Network Lifetime: Single vs. Multi-Hop

* Network lifetime of the MH
network is reduced by 25%
to 45% compared to SH.

5‘)lguuiiiiii;;;;éuﬁiwiazﬁs»>>3:)>>>>3>5 i « T corresponds to the

e lifetime of sensors S3 and

S4 for SH and MH

configurations
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Flexible Radio Front-end is Required ... Cognitive Radio

e A device may have intelligence but without the RF flexibility it
won’t make correct decisions.

e On the other hand, an extremely flexible device is not worth
much if it lacks the intelligence to make use of the
information it is receiving.

RF erxibiIityA
Full
CR
Basic
Radio
s
Vi >
Intelligent
Signal

Processing

L
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Reconfigurable Antennas

e Low insertion loss

o Simple biasing with few external
components

o Good efficiency
o \ery low power consumption

_5 (—

m -10-
o
B st
o
= . .
570 UWB +multiband operation
& Band

25 la

30t

| | | 1 1 1 1 1 1 |
% 1 2 3 4 5 6 7 8 9 10 11
Freauencv, GHz
T. Aboufoul, A. Alomainy, "Reconfigurable UWB Antenna for .
centre for Cognitive Radio Applications Using GaAs FET Switches", IEEE
C I S intelligent sensing Antennas and Wireless Propagation Letters, Vol. 11:392-394, 2012. ‘5.—.._4 Queen Mary
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Realised Gain and Efficiency

Realised gain and efficiency for UNB case

Gain improved by 20%

with reconfiguration Frequency(GHz) Gain (dB1) n (%)
Simulated Measured Simulated Measured
o ] 2.4 2.2 1.8 90 72
Total efficiency is at 42 2.7 22 91 80
. 3.3 2.3 2.0 88 77
similar performance > 19 e <0 o8
Switches consume less
than 33uW FREQUENCY (GHZ) Gain(dBi)
Simulated Measured
Gain for 2.4 (band I) 2.5 2.2
reconfigured 4.2 (band 11) 33 3.0
bands 3.3 (band I1la) 3.0 2.7
5.4 (band I1Ib) 4.6 4.4
FREQUENCY (GHZz) 1: (%)
o Simulated Measured
Efficiency for 73 (band ) %6 70
reconfigured 4.2 (band II) 90 77
bands 3.3 (band I1la) 87 73
5.4(band I1Ib) 84 75
CIS centre for % * { Queen I\/Iar
intelligent sensing == y

University of London



Real-Time Implementation

Using software-defined radio development kit

e Ettus Research Universal Software Radio Peripheral
(USRP) Boards

e Testing of cooperative concept and channel sensing

 Reconfigurable antennas designed and fabricated by PhD
student to be intearated with the test platform

[FM Monophonic Receiver with USRP(TM) Harcware |

™ i
nnnnnnn >
FFT
mmmmmmm
33333
Fil Receiver 100
D)ﬂL
'''''' TR
SDRu Rreceiver J%

SDRu Receiver

Magnitude-sguared, dB

-145

-150
-100 &0 B0
Frame: 43264

-40 =20 a 20 40 E0 B0 100
Frequency (kHz)
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Human Body Motion Capture

@ cstimated On patient/athlete’s body Timestamp, compression data
Q acual for distances between nodes
UWB Sensor UWB Sensor
- Buffering, data processing for
Dual directional 802.15.6 UWRB global position of NC and
radio link lSJQNnS%,O RS Osensor relative position of all nodes,
6-10 GHz ultra- 3 f and movement reconstruction
short pulse \ \-vl /

X /
UWB Sensor Q- - -\ *fOUWB Sensor

Global positioning
(TDOA)
802.11 NB

N\ Wearable Controlm /
Y Portable Y

gtwork Coordinator

transmitter

YV In the field \ll/
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Scaling Down to Nano-networks

120

100

Internet

Healthcare Provider

MNano-micro
= Nano-node ;
interface

é Nano-router Gateway

4580

460

Distécm

Nano-link —— Micro-link

FregTHz

EM wave attenuation in human

Nano-communication for future healthcare EM wave attenuation in
pPlood as a Ttunction or frequency
in the THz spectrum.
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Multidisciplinary Topic
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Summary

CIS

Comprehensive antenna and radio channel parameters and
models for body-centric wireless networks are essential for
future progress.

Guidelines for radio system designers to be applied in upcoming
Medical Body Area Networks.

Increasing interests in user-centric approaches to wireless
personal communications is the main drive for continuous and
active research in body-centric networks.

In addition to academic interests, industrial applications and
potential commercialisation will always provide the platform for
further funding and collaborations.

As long as wireless communication evolves,

accessible and efficient means of utilising the av allable
resources will always be in demand.
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THANK YOU

Dr Akram Alomainy

School of Electronic Engineering and Computer Science
Queen Mary University of London
Mile End Road
London E1 4NS, UK

E-mail: akram.alomainy@eecs.gqmul.ac.uk
Web: http://www.eecs.qmul.ac.uk/~akram/
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