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On-body Wearable Repeater as a Data Link
Relay for In-body Wireless Implants

Sam Agneessens, Patrick Van Torre, Emmeric Tar@tieter Vermeeren,
Wout JosephiMiember IEEEand Hendrik RogielSenior Member, IEEE

Abstract— Wireless medical devices implanted at different
locations in the human body have a wide applicatiomange. Yet,
high data rate communication in the 2.4 GHz Industial,
Scientific and Medical band suffers from high in-bay
attenuation loss. Link improvement cannot be obtaiad by simply
increasing transmit power, as battery life is limied and in-body
absorption has to remain low. To overcome these pbtems, a
flexible on-body textile patch antenna, robustly m&ched directly
to the human body, is designed and developed as paof a
wearable repeater, enhancing communication with imjanted
wireless devices. This receive antenna, which caiope with
different morphologies and patient movements, enabk reliable
high data rate and low power communication links wih an
implant. A data link measurement is performed for hie on-body
repeater system placed on the human torso, relayinthe signals
to nearby medical equipment, without wired connectn to the
patient. The performance of the data link is expermentally
assessed in different measurement scenarios. For rapeater
system relying on simple analog amplification, whie is low cost,
energy efficient and can be fully integrated into Iothing,
excellent results are obtained, with an average meared signal to
noise ratio of 33dB for tissue depths up to 85mm.

Index Terms— Textile antenna, on-body antenna, in-body
radio channel, link budget, medical implants

I. INTRODUCTION

ITH each passing day, the era of the internet of mings'_ .
betweeHistinctly at 2.45 GHz compared to the 402-405 MMICS

draws closer. Wireless communication
virtually each conceivable device requires creaiitegration
of antennas at unconventional locations. In thercbeaf
solutions, close-proximity, on-body and in-body eamas
have received their fair share of attention.

which on-body textile antenna designs are propasearoad:
WBAN communication [1] , positioning [2], etc.

Research into implantable antennas is another dyit.t
Wireless medical devices can be implanted almost
everywhere in the human body, providing remote raoimg
of patients by transmitting the collected biometiigta to a
receive station, which can help to temper the gigimedical
cost brought on by aging of the population. Suchlamtable
antennas operate in the 402-405MHz Medical Implant
Communication Services (MICS) band [3], the 2.45GHz
Industrial, Scientific and Medical (ISM) band [4]r dn
multiple bands [5].

The antennas designed for the MICS band have limite
bandwidth, making high data rates, required for hhig
resolution applications, impossible. Another dragkaof
these low frequency antennas is that designs ferMKCS
band either may exhibit poor performance or toogdar
dimensions to be implantable in a real life sitoati

In many applications, 2.45 GHz ISM band antennas ar
preferred: their size makes them suited for img@iton, the
good radiation performance allows for low power
consumption, which is vital to achieve acceptabédtdny
lifetime of the implanted devices. In addition, therger
bandwidth opens possibilities for high data ratpliaptions,
such as video transmission. The higher in-bodynatton,
owever, reduces the signal-to-noise (SNR) ratioremo

band, making it more difficult to set up reliableks at high
data rates. Since in-body absorption needs to reamlow as
possible, one cannot simply increase the transinfitaver to
maintain an acceptable SNR at the receiver (whiahnot

On-body textile antennas boast the advantage afigbeialways be placed in the direct vicinity of the humiedy).

flexible, light-weight and can easily be
unobtrusively into clothing. The range of applicas for
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integrated To overcome these conflicting demands, this Igitesents

an easy integrable, low-intrusion, flexible on-boghpeater,
leveraging textile materials to construct the ridgelements
and safeguarding the patient’s comfort, which ipanmant in

2012. medical applications. The repeater topology cossist a

transmit and receive antenna, as well as activsitiy.

The receiver antenna, which also operates in the GHz
ISM band, differs from other textile antennas pntse so far,
as it is designed to hmatched tcandradiate intothe human
body, instead of radiating in free spamgay fromthe human
body. Careful design guarantees stable antennarpehce in
changing conditions related to on-body use, suclpesple
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with different morphologies, a moving patient, aions in
electrical parameters of different body parts, etc.

The active part of the repeater consists of an iierpbr
transceiver, which transfers the received in-badpa to the
transmitter, relaying it to a remote medical end for further
processing. Parasitic oscillations in the repeateravoided by
using a textile ground plane to isolate the regefvem the
transmitter. The goal of this letter is to presantvearable
on-body repeater with experimentally validated perfance
for an in-to-out body link.

In Section Il the antenna design related to theeatgy is
described. Section Il presents data link measunesnthat
include the wearable relay, leading to the conolusi
presented in section IV.

Il.  REPEATERS RECEIVE ANTENNA DESIGN

A. Design

As mentioned in Section I, the repeater needs tiotion in
close vicinity of the human body under varying @tierg
conditions, while providing maximum user comfortn-Gody
robustness can easily be achieved for the weatadtsmit
antenna by using a ground plane, extending at }¢&8talong
all sides of the antenna patch, to shield it frbm patient. The
repeater's receive antenna is more susceptiblehdoctose
proximity of the wearer as it is placed directly tre body,
with its main beam pointing into the body, resudtin a more
challenging design.

To fulfill these design goals, a rectangular rirgpdlogy
with probe feed is adopted, which leverages textibgerials
to create a conformal, lightweight, and comfortabigenna,
suited for on-body use. By exciting two orthogormaides on
the antenna patch, achieving wide bandwidth aravallg for
circular polarization, which makes the orientatiof the
implanted in-body antenna much less critical.

The antenna substrate is a very flexible closeldexplanded
rubber protective foam with permittivity, = 1.485, a loss
tangent tad = 0.0243 and a height r 3.94 mm. A spacer,
made from a foam layer of thickness h2 = 7.92 nmusied to
physically separate the conductive parts of therard from
the body, providing steady performance by ensurimgtching
to 52 under changing conditions. Ground plane and pateh
fabricated using the 80m thick e-textile Flectron®, which
has a sheet resistivity of 0.@8sq at 2.45 GHz.

Using CST microwave studio, the antenna is optichitze
cover the 2.4GHz
I'<-10 dB) in distinctly different operating conditis: direct
contact between antenna and body (on-body sityatiod far
away from the human body (free space situation)ersure
that the antenna remains reliable under varyingraijpey
conditions.

Parameters for the human tissue are chosen t H&0.8

ISM band (reflection coefficient,

phantom. Since size and shape of the human tiasue
found to have small influence on the antenna rasmng3],
instead of relying on a detailed body model, sitiafatime is
decreased by simply positioning the antenna on allsm
homogeneous block (length and width 80 mm, hei@hinin)
with dielectric properties corresponding to the N8k0 fluid.
This approach is validated in the next subsectpmbans of
measurements.
Antenna topology and final dimensions are showfign 1.
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Fig. 1. Repeater-receive antenna topology. (W € 4fm, L =48.7 mm,
Wyg=8.8mm, lg=13.2mm, X=7.8mm, ¥=185mm, h=3.94 mm,
h,=7.92 mm, d= 1.3 mm, d=5.5 mm)

B. Simulation and measurement results

Fig. 2. depicts the simulated and measured réflect
coefficient when the antenna is placed on the @idl flat
phantom (Speag, Zurich, Switzerland) filled witheth
MSL2450 liquid. The used flat phantom is compatifbligh
the IEC 62209-2 standard and is used for complidestng
of handheld and body-mounted wireless devices ia th
frequency range of 30 MHz to 6 GHz at positionseotthan
the ear. The antenna is well matched around thératen
frequency of 2.45 GHz in both cases, and has aure®n-
body bandwidth of 355 MHz, which is sufficient tope with
changes in the body parameters.
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Fig. 2. Simulated (full line) and measured (dasliree) reflection coefficient

for antenna placed on phantom filled with MSL2488ue mimicking liquid.

Inset: on-body antenna placed on phantom.
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andc = 2.01 S/m at 2.45 GHz, corresponding t0 the &Ssu As mentioned, no two subjects have the same masghiol
mimicking fluid MSL2450 recommended by CENELECand dielectric properties are subject to largeatimns when
standard EN50383 [6] and used in Section III tatfie human  considering different parts of the human body. €fme, the



antenna is tested on several distinctly differeositons
(stomach, back and head) on the body of a maleesuhijith
height 1.83m and body mass index of 21.8. Fig.
demonstrates that the antenna remains well matcineler
these varying operating conditions, validating éimenna as a
functional on-body antenna. We also tested thenaateon
some different human subjects and the reflectiovesiare
subject to some changes, but these are small andotio
compromise the antennas good functionality
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Fig. 3. Measured reflection coefficient for antenpkaced at different
positions on the human body: stomach (full lined¢ck (dashed) and head
(dot-dash).

A. Configuration

To validate the improvement achieved by the usanobn-
body repeater, we assess the data link quality deriwan
implanted transmit antenna, placed at various depththe
human body, and a receiver. By means of a flat foiman
filled with tissue mimicking fluid MSL2450, the o of a
patient is emulated.
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Fig. 4. Configuration: phantom filled with MSL24%8sue mimicking liquid
(e= 50.8,6 = 2.01 S/m at 2.45 GHz), immersed dipole, repeatet fixed
remote monitoring station. (wW=0.8 m,1=0.5n508.12m,d =2 m)

The general setup is shown in Fig. 4. Different lanp
positions, varying from -10 cm to 10 cm along thaxis with
respect to the repeater’s receiver placed at thginprand
depths, ranging from 1 cm to 10 cm (y-axis), aadized by a
vertically placed in-body isolated dipole antenidg fvhich is
moved by a scanning system and has a measuredfy8ii
dBi in the MSL2450 liquid. The repeater is placedtbe side

of the phantom, comparable to placement on the huorao,
with the receive RX, antenna's boresight along the y-axis and
e direction of main gain of the transmit [Xantenna,
described in [8], along the negative y-axis. Theetaantenna

is linearly polarized along the z-axis, has 8.2 dBinand is
used to relay the data to a third remote anteneagban
external monitoring device placed at a fixed lamatd =2 m
away in line-of-sight of the phantom body.

Data modulation, transmission and remodulationaisdfed
by the Signalion Hardware in the Loop (HalLo) equinity a
Multiple Input Multiple Output (MIMO) test systenedcribed
in [8]. The transmit power is 10 mW, which corresgds to
about half the allowed SAR limit of 2 W/kg averagager 10
g of tissue [IEC 62209-1]. The HalLo hardware messihe
SNR by using a transmit gap after each sent fr@dueng this
transmit gap, the noise, measured by the receizesampled
in order to calculate the noise power.

B. Measurement scenario’s and results

Scenario 1: Direct link from implanted antenna (T¥)
medical end terminal (RX)

The first scenario represents a patient in the sao® as a
wireless monitoring station. An implanted devic¢éhgas data,
which is transmitted wirelessly to a remote terhiptaced at
a distance d=2m. As the patient's movements raye
constrained by wires maximal comfort is achievede T
received SNR in this first test has an average @B &ver the
scanning grid, which only allows for low data rate
communications. Note that signal paths leavingghantom
along top and bottom (where liquid depth is lower)
significantly contribute to propagation, which masult in a
constant, and higher than expected, SNR for |latgpths.
Scenario 2: Direct on-body reception

Fig. 5 displays the measurement results for theptsan by
the on-body antenna (Rx), indicating an average SNR of
30.1 dB. The SNR now remains larger than 15 dBd&pths
up to 85 mm in the body, which is a considerable
improvement over the direct link scenario, allowiog high-
rate data communications, as required for neurcti@leic
interfaces or video links for capsule endoscopyliegtions,
which are not achievable by means of the dire&tdicenario.
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Fig. 5. Scenario 2: Received SNR on on-body antei®¥.,) (Y-axis =
antenna depth in body; X-axis = position relativétte on-body antenna).
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Scenario 3: On-body transceiver
Attachment of the receiving device directly on-badygluces
the wearability, patient's movements and hence oomflo
overcome this, the third scenario uses a wirelemssteiver,
which demodulates the signal, received by  &RXand
remodulates it for transmission via antenngg}, Xesulting in
a compact wearable module suitable for
integration [8]. Measurement results demonstratenarage
SNR of 40dB, which does not introduce bit errorsain?
Mbit/s QPSK test transmission. However, full tregiser
hardware and signal processing are required, whih
expensive, large and power consuming.
Scenario 4: Retransmission with amplification

A simpler scenario consists of retransmitting teeeived
signal, without data processing. An amplifier, wit3.8 dB
gain at 2.45GHz, is used to amplify the signal et by
RXep Which is then retransmitted by T Oscillations are
avoided by the shielding effect of the textile grduplanes.
Measured isolation between R)X and TXe, is 55 dB.
Received SNR levels are displayed in Fig. 6. Th&Silues
achieved at remote terminal are very comparabtkdaesults
achieved in the second scenario (direct on-bodegptéan),
with an average SNR of 33.0 dB. Due to interferdnetsveen
the direct and retransmitted signal, some sidesl@e visible
for small depths of the implanted antenna. Thigafis not
expected to cause significant problems.
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Fig. 6. Scenario 4: Received SNR on RX, retranschitty amplification (Y-
axis = TX depth in body; X-axis = position relatiteR X, antenna’s center).

IV. CONCLUSION

An on-body receive antenna for communications with

wireless implants was designed, fabricated ancedesthe
design is robust (i.e. it can cope with differerdrphologies,
patient movements, etc.) and is well suited foriciffit
wireless communication with implanted devices, i@

lower transmit power and energy conservation for aﬁ] D. Kurup, W. Joseph, G. Vermeeren and L. Martehs,

implanted battery-powered device.

Measurements using a tissue mimicking liquid, shaw
considerable improvement with respect to the cafieout an
on-body receiver with received signal levels ofdBBSNR for
tissue depths up to 85 mm, enabling high datakirsike.

A transceiver system with full re-modulation oftalas
tested and validated as a liable substitute for often
cumbersome wired connection between patient andcaled
end device, improving patient comfort. A repeatgstem

making use of simple analog amplification worksyvealiably
and is, in comparison to the transceiver set up; l@v cost,
energy efficient, and can be fully integrated imothing.
Measurements confirm the high signal-to-noise safir the
relayed signal, received at 2 m from the body.

Future research will focus on further link improvem by

unobtrusiuexploiting multiple antennas, diversity and MIMQhaiques.
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