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Abstract—The design of a new miniature broadband
implantable antenna and a dual-band on-body antenna are
presented along with the transmission performance between the
two. The former and latter antennas are intended for integration
into implantable medical devices (IMDs) and on-body repeaters,
respectively. The on-body repeater antenna favors the use of
very low power IMDs. The on-body repeater receives low power
data from an IMD (MedRadio band, 401-406 MHz) and
retransmits it to remote devices placed further apart (ISM band,
2400-2480 MHz). The MedRadio implantable antenna maintains
miniature size (399 mm?), and exhibits two close resonances
which increase the —10 dB bandwidth inside muscle tissue (87
MH?z). The on-body antenna is relatively small (6720 mm?), and
exhibits dual resonances in the MedRadio and ISM bands.
Assuming a typical arm implantation scenario and an on-body
receiver sensitivity of —75 dBm, the proposed configuration is
found to enable reduction of the IMD power by a factor of 100.
Patient safety and tolerance to electromagnetic interference are,
thus, preserved, and lifetime of the IMD is increased. The set-up
is, finally, shown to be robust to antenna misalignment and
polarization rotation.

Index Terms—Implantable antenna, medical device
radiocommunications services, phantom, repeater antenna,
telemetry, transmission coefficient.

. INTRODUCTION

MPLANTABLE medical devices (IMDs) may be used as
measurement/control devices (e.g., sensors, drug infusion
devices, artificial organ controls) or stimulators (e.g.,
pacemakers, neurostimulators, pain suppression devices,
cochlear implants), and are recently attracting significant
scientific interest for a number of diagnostic and therapeutic
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applications [1]-[3]. One of the most crucial aspects of IMDs
is their ability to wirelessly communicate with exterior
equipment for monitoring/control purposes. This necessitates
the design of implantable and exterior antennas for integration
into IMDs and exterior monitoring/control equipment,
respectively. Wireless telemetry for IMDs is most commonly
performed in the low—frequency band of 401-406 MHz, which
has been exclusively allocated for Medical Device
Radiocommunications (MedRadio) services [4]. Apart from
being internationally available, the MedRadio band allows for
acceptable propagation through human tissue, falls within a
relatively low noise portion of the spectrum, and is feasible
with low power circuits.

One of the major challenges of implantable antenna design
is to achieve a wide —10 dB bandwidth (BWyq4g), While still
maintaining miniature size and adequate radiation
performance. Inter—subject variations in anatomical structure
and tissue electrical properties [5], as well as fabrication and
testing inaccuracies [6], have the potential to detune the
antenna. In the literature, wideband MedRadio antennas have
been proposed for implantation inside the skin (BWio4s = 82
MHz) [7] and muscle (BW1ogg = 97 MH2z) [8]. However, they
exhibit relatively increased size (1266 and 791 mm’,
respectively), for the sake of improved radiation performance
(maximum far—field gains inside the tissue models under
consideration, Gpa, Of =25 and -27 dBi, respectively). A
miniature (122 mm?®), yet wideband (BWios = 122 MHz)
MedRadio implantable antenna has also been presented [9].
However, it exhibits poor radiation performance (Gpax = —38
dBi), as attributed to its small radiating surface. Furthermore,
all aforementioned antennas exhibit rectangular shape, and,
thus, sharp edges, which may traumatize biological tissues in
case they are directly exposed to the surrounding tissue
environment, rather than integrated within the IMD [10]. To
address this issue, conformal [11], [12] and circular [6]
designs have been reported for implantable antennas.

Given the requirement for miniaturization, MedRadio
implantable antennas exhibit very low radiation efficiencies
(usually less than 1%) [13]. Moreover, the maximum power
incident to an implantable antenna is restricted by patient
safety (e.g., IEEE C95.1-1999 [14] and IEEE C95.1-2005
[15]) and electromagnetic (EM) interference [4] regulations.
Therefore, in order to achieve increased telemetry ranges (e.g.

Copyright (c) 2014 |EEE. Personal use is permitted. For any other purposes, permission must be obtained from the IEEE by emailing pubs-permissions@ieee.org.


mailto:akiourti@biosim.ntua.gr�

Thisisthe author's version of an article that has been published in this journal. Changes were made to this version by the publisher prior to publication.
The final version of record isavailable at  http://dx.doi.org/10.1109/TAP.2014.2310749

AP1305-0717.R2

total of 5 m [16], [17] or 6 m [18]), the implant must be
operated at its maximum allowable transmit power levels.
This, in turn, implies a fast battery drain for the IMD.
Numerical transmission coefficient (|S,;) investigations
between MedRadio implantable and dipole antennas have
been performed in [6], [16]. Experimental |S,| investigations
have been performed at 402 MHz between implantable and
exterior loop antennas [19], and at 2450 MHz between
implantable and commercial chip antennas [20]. Numerical
and experimental |S,;| investigations between MedRadio
implantable and sophisticated miniature on-body antennas
have not been reported in the literature.

In this study, we suggest the use of an on-body repeater
which receives signals from the IMD and further retransmits
them to exterior monitoring/control devices. The repeater aims
to extend the IMD telemetry range by receiving weak signals
from the IMD (MedRadio band, 401-406 MHz), and
retransmitting them to exterior devices placed further apart
(Industrial Scientific and Medical, ISM, band, 2400-2480
MHz [21]). The high—frequency ISM band allows for the
design of efficient, yet small enough, antennas, which are
adequate for on-body usage. Another advantage of this relay
configuration is that lower power levels are required for the
implantable antenna, which assist in: (a) preserving patient
safety against radiated EM fields, (b) eliminating EM
interference, and (c) increasing the lifetime of the IMD.

The first challenge lies in designing and testing a novel
MedRadio antenna for muscle—implantation. Compared to
previous designs, the proposed antenna shows improved
tolerance to detuning, by exhibiting an enhanced -15 dB
impedance bandwidth (BWs¢g), further to its BWyggs. This is
a strongly desired property for implantable antennas which are
intended to operate inside unpredictable tissue environments
(electrical properties and geometry). Emphasis is also given in
preserving patient comfort, by introducing a circular shape to
avoid sharp edges, and miniaturizing its size. To assist in
experimental testing, a liquid muscle—equivalent phantom is
formulated in the MedRadio band. The second challenge lies
in designing and testing a novel miniature dual-band (402,
2400 MHz) on-body antenna. It is highlighted that, apart from
some preliminary recent work found in [22], no other on-body
antenna has been reported in the literature for dual-operation
in these bands. The last challenge lies in numerically and
experimentally investigating the transmission performance
between these antennas, and, therefore, the relay concept
feasibility. The goal is to assess the lowest power incident to
the implantable antenna which achieves reliable data telemetry
for a typical medical implantation scenario. Antenna
polarization and misalignment issues are also addressed, while
transmission of real data is demonstrated.

The paper is organized as follows. Section Il describes the
numerical method used in this study. Section 11l assesses the
formulation of the muscle—equivalent phantom. Design and
testing of the proposed implantable and on-body repeater
antennas are provided in Sections IV and V, respectively.
Transmission performance investigations are carried out in
Section VI. The paper concludes in Section VII.

TABLE |
RECIPE FOR MUSCLE—EQUIVALENT PHANTOM IN THE MEDRADIO BAND

Ingredients Percentage Contribution®
Deionized water 47.62%
Glycerol 50.81%
NaCl 1.57%

) measured permittivity = 58.0, measured conductivity = 0.8 S/m

I1. NUMERICAL METHOD

Finite Element (FE) simulations are carried out using the
commercial software Ansoft HFSS [23]. The FE solver
performs tetrahedron—-meshing of the geometry in an iterative
way, with the mesh being automatically perturbed by 30%
between each pass. The refinement procedure stops when the
maximum change in the reflection coefficient magnitude
(IS11]) between two consecutive passes is less than 0.02 or
when the number of passes exceeds 15. Single—frequency
simulations are performed at 402 MHz, whereas broadband
simulations are performed by means of a 400 point frequency
sweep inside a +100 MHz range around 402 MHz. Absorbing
boundaries are set 1o/4 (A is the free—space wavelength at 402
MHz) away from all simulation set-ups. The goal is to take
free—space radiation into account and extend radiation
infinitely far, while guaranteeing stability of the numerical
calculations [23].

I1l. MUSCLE-EQUIVALENT PHANTOM FORMULATION

Experimental investigations are carried out inside a liquid
muscle phantom, which is simple to form and nearly
equivalent to multi-layer phantoms for implantable antenna
design and performance investigation [24]. A recipe is
formulated for a MedRadio muscle-equivalent phantom in
liquid state, as indicated in Table 1. In the literature, there
exist some muscle—equivalent phantoms [25], [26]. As part of
this study, we adapted the mixture to obtain the required
electrical properties using only the ingredients shown in Table
1. Deionized water acts as the base. Addition of glycerol
reduces permittivity (), without affecting conductivity (o).
Salt increases o, and, slightly, increases ¢, [7].

Electrical properties of the phantom are obtained from the
scattering matrix of an in-house developed sample holder,
measured using a Vector Network Analyzer (VNA). The
complex permittivity is de—-embedded using a technique
developed by the authors, presented in [27]. The technique is
based on reflection (S;1) and transmission (S,;) coefficient
measurements of a parallelepiped container intercepted by the
inner conductor of a coaxial cable. For example, Fig. 1(a)
shows the container filled with the liquid muscle-equivalent
phantom. The transfer function between the two coaxial
connectors outside the container depends upon the electrical
properties of the container’s filling material. This can be de—
embedded by comparing measurement with simulation results
for the same structure. The measurement set-up is shown in
Fig. 1(b). We highlight that the most common technique for
obtaining the complex permittivity of a dielectric material
consists of measuring the complex reflection coefficient [28].
In this work, we move the idea even further to apply a
transmission method which involves measurement of all
complex scattering parameters. As has been noted in [29], the
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(a) (b)
Fig. 1. MedRadio muscle-equivalent phantom: (a) coaxial container for
complex permittivity measurement, and (b) experimental set—up used for
measuring the phantom electrical properties.
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Fig. 2. Electrical properties results for the MedRadio muscle-equivalent
phantom (simulations are for g = 58.0, ¢ = 0.8 S/m): (a) reflection
coefficient magnitude (|Su1[), (b) reflection coefficient phase (phase S11), (c)
transmission coefficient magnitude (|Sx|), and (d) transmission coefficient
phase (phase Sy1).

relevant scattering parameters relate closely to the complex
permittivity of the material under test. For example, relative
permittivity of biological media has recently been computed
as a linear sum of a measured set of scattering parameters
[30]. Based on the above, the scattering parameters of the
coaxial container shown in Fig. 1 uniquely characterize the
enclosed phantom material, and can, therefore, be considered
as an equivalent representation of its complex permittivity.

Numerical and experimental results regarding the electrical
properties assessment of the phantom are superimposed in Fig.
2. Quite good agreement is observed at 402 MHz for g, = 58.0
and ¢ = 0.8 S/m. These compare well with the theoretical
electrical properties of muscle tissue at 402 MHz (g, = 57.1, ¢
= 0.8 S/m [31]). Deviations between numerical and
experimental results at frequencies other that 402 MHz are
attributed to the frequency dependency of the phantom’s
electrical properties. Analytically solving the EM structure of
Fig. 1 is an ongoing research topic, which aims to directly
translate the measured S—parameters into the complex
permittivity values of the phantom under consideration, but
this is out of the scope of this paper.

IV. BROADBAND IMPLANTABLE ANTENNA

A. Antenna Design

A parametric model of a broadband patch antenna is
proposed for muscle-implantation and telemetry in the
MedRadio band, as shown in Fig. 3(a)-(c) (e.g., glucose or
pressure monitoring etc). The antenna structure is circular

20 mum

10,635 mm
b 10.635mm g

(©) (d)
Fig. 3. Proposed broadband implantable antenna: (a) ground plane, (b)
patch plane, (c) side view, and (d) fabricated prototype.

(radius of R = 10 mm), and includes ground and patch planes
printed on 0.635 mm-thick Rogers RO 3210 dielectric
material (permittivity, g4 = 10.2, loss tangent, tand = 0.003).
Size of the antenna is selected as a compromise between
miniaturization and exhibited radiation performance, as
indicated by the authors in [32]. Origin of the coordinate
system is located at the center of the ground plane, according
to Fig. 3(a). The patch has a ring shape (outer radius of Ry,
inner radius of R;)), with a 2 mm-wide rectangular part
removed from one side (+y axis), and a (d + 1.2 mm)-long
meandered path added on the opposite side (-y axis). Copper
sheets with a thickness of hy, are considered for the ground and
patch planes. The structure is fed by a 50 Ohm EZ-47 coaxial
cable, placed at F: ((Rijn + Rou/2)*c0os@, — (Rin + Rou/2)*sing).
A 0.1 mm-radius shorting pin, placed at S: (0 mm, d/2 - 0.1
mm), connects the patch to the ground plane for
miniaturization purposes [33]. A 0.635 mm-thick Rogers RO
3210 superstrate  covers the structure to ensure
biocompatibility. Glue (permittivity of &, thickness of hy) is
used to bond the dielectric layers together. The importance of
simulating the presence of glue in multi-layered implantable
antennas has been demonstrated in [34]. The parametric model
is designed to excite two close resonances around the
MedRadio band, which help achieve a wide resonance
bandwidth for the antenna. More specifically, the current path
from the shorting pin (S) to the right end of the ring—shaped
patch (the one that passes through the +x axis) excites a
resonance at a frequency higher than 402 MHz, while the
current path from the feed point (F) to the left end of the ring—
shaped patch (the one that passes through the —x axis) excites
a resonance at a frequency lower than 402 MHz. Compared to
our previous implantable antenna design reported in [6], the
proposed antenna exhibits relatively increased occupied
volume (399 mm® vs 204 mm? [6]), in favor of enhanced
BWqgs (87 MHz), BW545 (66 MHz), and Gax (—31 dBi). Size
versus performance considerations for implantable antennas
have been discussed in [32], [33].

Regarding the biocompatibility of the proposed antenna
design, two issues need to be highlighted. Firstly, Rogers RO
3210 (g4 = 10.2, tand = 0.003) has been selected because of its
availability in our lab, and its similar electrical properties to
biocompatible ceramic alumina (eq = 9.6, tand = 3-10°),
which has been long used in medical implants [35]. Secondly,
in the current set-up, the antenna ground plane is considered
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to be in direct contact with the surrounding biological tissues.
Even though copper is a non-biocompatible material, this
approach has been adopted as a proof of concept for the
resonance and radiation performance exhibited by the antenna,
as has been the case in [6], [7]. Nevertheless, the ground plane
can easily be plated with a biocompatible metal, or hidden by
a very thin layer of biocompatible dielectric. In a realistic
scenario, the antenna might be integrated into a biocompatible
IMD which will also serve as its ground plane, or it might be
included within the IMD’s biocompatible case. In such
scenarios, the modification of the antenna surrounding does
not imply a change of the antenna design and concept, but
rather a tuning of its parameters [36].

As part of this study, fine-tuning of the antenna design is
performed inside the tissue—box of Fig. 4(a), which simulates
muscle tissue at 402 MHz (g, = 57.1, o = 0.8 S/m [31]). This
tissue-box has been shown to achieve accelerated and
optimized design for implantable antennas, regardless of the
specific medical application scenario under consideration
(e.g., implantation inside the muscle tissue of the human arm
or the human trunk etc) [24]. The antenna is placed inside the
box so that the coordinate systems of Fig. 3(a) and Fig. 4(a)
coincide. Size of the box is determined by the antenna
dimensions (R = 10 mm is the radius of the antenna), and the
actual air-to—antenna separation distance for a typical muscle
implantation scenario (h = 10 mm). For example, if h, and h,
are to be ignored, for simplicity purposes, then the design
parameters of Table 1l (“simplified antenna”) are found to
achieve the desired resonance characteristics. The reflection
coefficient frequency response of the “simplified antenna” is
shown in Fig. 5.

As compared to previously reported broadband implantable
antennas, the proposed “simplified antenna” exhibits the
following advantages: (a) increased tolerance to detuning
phenomena caused by inter—subject variability, fabrication and
testing inaccuracies, etc (BWisgg = 66 MHz, BWog = 87
MHz MHz), (b) implant—friendly shape (circular), and (c)
good compromise between size (399 mm?®), bandwidth and
achieved radiation performance (Gnx = -31 dBi). All
aforementioned performance parameters have been evaluated
for the simulation set-up of Fig. 4(a). Furthermore, the
proposed parametric antenna model: (a) increases flexibility in
design thanks to the high number of variable parameters or,
equivalently, degrees of freedom, and (b) includes a glue—
layer which allows fine-tuning of the antenna at the
fabrication step.

B. Sensitivity Tests and Measurement Results

A prototype of the proposed implantable antenna is
fabricated and tested. |Initially, fabrication—specific
considerations are addressed, as imposed by the available pre—
metalized substrate (h,) and glue (hy and &) materials. The
design parameters of Table 11 (“to—be—fabricated antenna”) are
found to fine—tune the antenna in this case. Glue parameters
(hg and &) are set to values found through previous
experience. The occurring reflection coefficient frequency
response is shown in Fig. 5 (“to—be—fabricated antenna”).

Sensitivity tests are further performed, which aim to assess
antenna tolerance to the most sensitive experimental factors,
as determined by the authors in [27]. Fig. 6 shows the

R + 4 mm

R+ 4 mm

@)
Fig. 4. Tissue models used for implantable antenna design and testing: (a)
numerical model, and (b) experimental phantom.

TABLE Il
VARIABLE VALUES OF THE PARAMETRIC IMPLANTABLE ANTENNA MODEL
simplified antenna to—be—fabricated antenna

hm 0mm 0.035 mm

€rg - 45

hg 0 mm 0.08 mm

0] 20 deg 25 deg
Rout 9.9 mm 9.9 mm

Rin 4.5 mm 4.3 mm

d 18.9 mm 20.1 mm

——simplified antenna (simulation)
—to-be-fabricated antenna (simulation)

== prototype antenna (measurement)

Refl. Coeff. [dB]

300 350 400 450
Frequency [MHz]
Fig. 5. Reflection coefficient frequency response of the proposed
broadband implantable antenna.

500

deviation of the original antenna’s reflection coefficient
frequency response to changes in: (a) glue permittivity, &g
(Fig. 6(a)), (b) thickness of glue, hy (Fig. 6(0)), (c) radius of
the antenna, R (Fig. 6(c)), (d) permittivity of Rogers RO 3210,
&g (Fig. 6(d)), (e) phantom permittivity, e, (Fig. 6(e)), and (f)
phantom conductivity, oy, (Fig. 6(f)). Percent deviations of the
center resonance frequency (f;), average reflection coefficient
within the bandwidth (|Sii|@sw), and —-10 dB bandwidth
(BWyqgg) are found to range in the [-2.3%, +2.8%], [-28.6%,
+23.6%], and [-8.4%, +7.2%] intervals, respectively.
However, the antenna resonance performance is found to be
adequate in the MedRadio band (|S11|@medradio < —10 dB) for
all these scenarios, thus, highlighting its tolerance to detuning
phenomena caused by fabrication and testing inaccuracies.

An antenna prototype is then fabricated, using
photolithography (Fig. 3(d)). The prototype is placed at a
distance of h = 10 mm under the side surface of a typical
drinking plastic cup (lower diameter of 55 mm, upper
diameter of 75 mm, height of 110 mm) (Fig. 4(b)), semi—filled
with the muscle—equivalent phantom that was formulated in
Section I1l. The aim is to emulate the muscle tissue simulating
box of Fig. 4(a), by taking into account the fact that the exact
shape of the surrounding tissue does not influence the
experimental results. The reflection coefficient frequency
response of the antenna is measured with a VNA, and is
super—-imposed in Fig. 5 (“prototype antenna”). Good
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Fig. 6. Sensitivity tests of the proposed broadband implantable antenna to
changes in: (a) permittivity of glue (eg), (b) thickness of glue (hg), (c)
radius of the antenna (R), (d) permittivity of Rogers RO 3210 (&), (€)
phantom permittivity (epn), and (f) phantom conductivity (oph).

agreement exists between numerical (“to—be—fabricated
antenna”) and experimental (“prototype antenna”) results.
Recorded percent deviations of f;, |Si1|@sw, and BWqqs equal
—2.0%, +20.2%, and —8.4%, respectively, which lie within the
aforementioned expected intervals of uncertainty.

It is worth noting that the feeding coaxial cable used in the
simulations (Fig. 3(c)) and measurements (Fig. 3(d)) is having
a negligible effect on the antenna performance. As a proof of
concept, Fig. 7 super—-imposes numerical results for different
lengths of coaxial cables, along with results for the case where
the coaxial cable feed is replaced by a discrete port. This has
further been verified through simulations and measurements of
the antenna performance at different insertion depths within
the phantom (a reduced insertion depth frees the cable from
the phantom [11]). Results are attributed to the fact that the
antenna ground plane is in direct contact with the phantom, so
that the high losses of the equivalent biological tissues
attenuate the currents on the ground plane and prevent their
flow on the cable [37].

V. DUAL-BAND ON-BODY REPEATER ANTENNA

A. Antenna Design

A dual-band patch antenna is proposed for integration into
on-body repeater devices which are intended to extend the
communication range of IMDs by receiving their weak signals
(MedRadio band, 401-406 MHz) and re—transmitting them to
monitoring/control devices placed further apart (ISM band,
2400-2480 MHz). Apart from some preliminary recent work
found in [22], no other on-body antenna has been reported in
the literature for dual-operation in these bands. The numerical
antenna model is shown in Fig. 8(a). The geometry exhibits
rectangular shape (60 mm x 70 mm), and consists of

—5 mm coaxial cable ---40 mm coaxial cable

=+++ dliscrete port

Refl. Coeff. [dB]

300 350 400 450
Frequency [MHz]
Fig. 7. Resonance performance of the implantable antenna considering
different feeds, showing that the coaxial cable is having a negligible effect.

500
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41 mm

70 mm : - .
(@) (b)
Fig. 8. Proposed dual-band on-body repeater antenna: (a) numerical
model, and (b) fabricated prototype.
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Fig. 9. Reflection coefficient frequency response of the proposed dual-
band on-body repeater antenna around the: (a) MICS, and (b) ISM bands.

rectangular ground and triangular patch planes printed on 1.6
mm-thick FR4 dielectric material (¢, = 4.4, tand = 0.02).
Origin of the coordinate system is located at the center of the
rectangular ground plane. In order to excite dual resonances,
the shape of the triangular patch is modified to include two
conductive rectangles on its top vertex (length of 8.4 mm,
width of 1.2 mm) and bottom side (length of 41 mm, width of
1.5 mm), while a shorting pin is inserted at S: (0 mm, 5.2 mm)
to connect the ground and patch planes. The structure is fed by
a 50 Ohm EZ-86 coaxial cable, placed at F: (0 mm, 22.2 mm).

The numerical reflection coefficient frequency response of
the antenna around the MedRadio and ISM bands is shown in
Fig. 9(a) and Fig. 9(b), respectively. Simulations have been
carried out considering the antenna: (a) in free—space (“sim. /
free—space”), and (b) at a distance of 15 mm from a 300 mm x
300 mm x 70 mm block of muscle tissue (to mimic the
presence of clothes) (“sim. / on—body”). Numerical results in
these two cases are almost identical, indicating that the
exhibited resonance performance is not affected by the
presence of biological tissues in close proximity. Dual
resonances are excited at 402 and 2400 MHz, which exhibit
BWo4s Values of 6 MHz and 45 MHz, respectively.

Current distributions on the patch surface at these
frequencies are shown in Fig. 10(a) (antenna in free—space)
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Fig. 10. Current distributions on the patch surface of the on-body repeater
antenna when placed: (a) in free—space, and (b) at a distance of 15 mm
from a 300 mm x 300 mm x 70 mm block of muscle tissue.

and Fig. 10(b) (antenna at 15 mm distance from the 300 mm x
300 mm x 70 mm block of muscle tissue). At 402 MHz, high
currents are excited around the shorting pin and the conductive
rectangle which has been added on the top vertex of the
triangular patch. At 2400 MHz, the current is more evenly
distributed within the surface of the patch. Nearly no change is
induced in the current patterns by the presence of human
tissue at a close distance (15 mm).

B. Sensitivity Tests and Measurement Results

A prototype of the proposed dual-band on-body antenna is
fabricated and measured. |Initially, sensitivity tests are
performed, which aim to assess antenna tolerance to the most
sensitive fabrication factors, i.e. positioning of the coaxial feed
(F) and shorting pin (S), and permittivity of the substrate
material. Changes in the y coordinate of F and S within the
[23.7 mm, 25.7 mm] and [20.2 mm, 22.8 mm] intervals,
respectively, and changes in the FR4 permittivity by +4% are
found to alter the original resonance frequency around the
MedRadio band (fuvedradgio), the average reflection coefficient
within this first resonance bandwidth (|Si1|@medradio), the
resonance frequency around the ISM band (fisv), and the
average reflection coefficient within this second resonance
bandwidth (|S11|@ism) by [-2.1%, +5.6%], [-8.2%, +35.1%)], [-
1.9%, +2.0%], and [-1.6%, +43.1%)], respectively.

An antenna prototype is further fabricated, using
photolithography (Fig. 8(b)). The reflection coefficient
frequency response is measured with a VNA, and is super—
imposed in Fig. 9 (“meas. / free—space”). Good agreement
exists between numerical and experimental results in both the
MedRadio and ISM bands. Recorded percent deviations of
fedradior [S11l@medradior fism, and [Sizism equal +0.2%, +1.4%,

BT

@) (b)
Fig. 11. (a) Numerical and (b) experimental set-ups for investigating the
transmission performance between the antennas (“vertical polarization”).
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Fig. 12. Set-up for investigating the effect of misalignment between the
antennas in the exhibited transmission performance (in the figure not all
dimensions are in scale).

+1.1%, and +20.1%, respectively, which lie within the
aforementioned expected intervals of uncertainty.

VI. TRANSMISSION PERFORMANCE INVESTIGATIONS

A. Numerical and Experimental Set-Up

The numerical set-up used for investigating the transmission
performance between the proposed implantable and on-body
antennas is shown in Fig. 11(a). Origin of the coordinate
system is located at the center of the on-body antenna’s
ground plane (Fig. 11(a)). The “to—be—fabricated antenna”
design parameters are used for the implantable broadband
antenna (Table I1). The implantable antenna is further placed
at a distance of 10 mm under the side surface of a typical
drinking plastic cup, which simulates the implantation
scenario of Fig. 4(b). The tissue model is assumed to be filled
with dielectric material which simulates the electrical
properties of the muscle—equivalent phantom formulated in
Section 1l (¢, = 58.0, ¢ = 0.8 S/m). We highlight that this
tissue model has been selected because: (a) it is small in size,
thus accelerating simulations, (b) it can be easily replicated
experimentally, thus expediting direct inter—comparison
between numerical and experimental results, (c) size and
shape of the tissue model have been found to have negligible
effects on the performance of implantable antennas, as long as
the implantation depth remains the same [24], [38], and (d)
size and shape of the tissue model have been found to not
significantly affect the performance of the exterior on-body
antenna, as indicated in Fig. 9 and Fig. 10, and further
discussed in Section 1V.B. The exterior dual-band on-body
repeater antenna is placed at a distance of 15 mm outside the
tissue—model, to account for the presence of human clothing in
a realistic medical implantation scenario. Its ground plane
faces the superstrate of the implantable antenna, which aims to
favor the exterior 2400 MHz link. The simulation set-up is
surrounded by free—space and absorbing boundaries.
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The corresponding measurement set—up is shown in Fig.
11(b). The fabricated prototype of Fig. 3(d) accounts for the
implantable antenna, which is further placed inside a typical
drinking plastic cup, according to Fig. 4(b). The drinking cup
is filled with the muscle-equivalent phantom that was
formulated in Section III (g, = 58.0, 6 = 0.8 S/m). The
fabricated prototype of Fig. 8(b) accounts for the exterior
receiving antenna of the telemetry link.

Investigations for this telemetry set-up show small
deviations in the exhibited |S,;| with rotations in polarization.
As a proof concept, two polarization set-ups are hereafter
investigated, i.e. “vertical polarization” (as shown in Fig. 11)
and “horizontal polarization” (on-body antenna rotated by 90°
around the Z axis of Fig. 11). Nevertheless, in practice, it is
extremely unlikely that the link will become cross—polar.
When the on-body antenna is attached to clothing, the worse
that can happen is a misalignment, but little polarization
mismatch is expected. To address this issue, the on-body
antenna is assumed to be scanning a transversal plane at 25
mm far from the implanted antenna. Numerical and
experimental investigations are carried out to assess the
transmission performance in a vertical plane (20 cm x 20 cm
in size), with a step of 25 mm, as shown in Fig. 12. An
automated linear XY translation stage is used for the
measurements. The goal is to avoid human presence in the
vicinity of the antennas and uncertainty of antenna position
and cable random bending.

B. Radiation Performance Investigations

The antenna radiation performance is investigated
numerically, considering the simulation set-up of Fig. 11(a).
Simulations are carried out at 402 MHz. Radiation efficiencies
of the implantable and exterior antennas are calculated as
0.05% and 0.12%, respectively. The far—field gain radiation
patterns exhibited by each of the antennas are shown in Fig.
13. The implantable broadband antenna radiates a directional
radiation pattern, with its main lobe pointing out of its
radiating patch. The radiation pattern of the exterior dual-band
on-body antenna is a nearly omni-directional radiation
pattern, as attributed to its small electrical length at the
frequency under consideration (402 MHz). Maximum far—
field gain values are calculated as —31.7 dBi and —27.2 dBi for
the implantable and exterior antennas, respectively. For the
sake of completeness, radiation performance of the exterior
antenna at 2400 MHz has also been investigated. Radiation
efficiency has been calculated as 34%, whereas the antenna
has been found to exhibit a typical patch antenna-like far—
field gain radiation pattern, with a maximum gain value of
+2.1 dBi. Nevertheless, for short inter-antenna separation
distances, the antennas are in the respective near field of each
other. Concurrently, Fig. 14 shows the 3D polar plot of the
total electric field (Eww) in the near—field of the antennas
(radius of 25 mm, incident power of 1W). Minor changes are
observed in the polar plot of Fig. 14(b) for varying phantom
sizes.

C. Transmission Coefficient Investigations

Transmission coefficient (S,;) investigations are hereafter
performed between the implantable (port 1) and on—body (port
2) antennas. The numerical and experimental set-ups used are

X X ]_ I
<28 -34 -40
|

GainTotal [dB]
(a) (b)
Fig. 13. Far—field gain radiation patterns exhibited by the (a) implantable
(coordinate system defined in Fig. 3) and (b) exterior (coordinate system
defined in Fig. 8) antennas at 402 MHz, for the set-up of Fig. 11(a).

50 35

Etotal [V/m]
(@ (b)
Fig. 14. Polar plot of the total electric field (Ewtw) in the near—field
(radius of 25 mm, incident power of 1 W) of the (a) implantable
(coordinate system defined in Fig. 3) and (b) exterior (coordinate system
defined in Fig. 8) antennas at 402 MHz, for the set-up of Fig. 11(a).
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Fig. 15. Contour plots of the measured |S,| for various locations of the
on-body antenna across the measurement plane of Fig. 12: (a) “vertical
polarization”, and (b) “horizontal polarization”.

those depicted in Fig. 11. Fig. 15 shows contour plots of the
measured |S,;| for various locations of the on-body antenna
across the measured plane of Fig. 12. Actual measurement
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(@) (b)
Fig. 16. Realistic arm-implantation scenario: (a) implantable antenna
inside arm model, (b) telemetry set—up with exterior antenna.

results are depicted in Fig. 15(a) (“vertical polarization”) and
Fig. 15(b) (“horizontal polarization™), which have been found
to differ by less than 13.5% compared to simulations. Such
deviations may be attributed to reflections by objects in the
surrounding environment of the experimental set-up. Results
show that reasonable misalignment of the antennas and
polarization rotation are allowed within a [-5 cm, 5 cm] x [-5
cm, 5 c¢cm] area at the expense of up to 15 dB excess
attenuation in |Syy).

In order to put the aforementioned results in a realistic
perspective, further numerical investigations are carried out at
402 MHz for the implantation scenario of Fig. 16. That is, the
implantable antenna is placed at a distance of 10 mm under the
muscle tissue of a cylindrical three—layer (skin, muscle, bone)
arm model [38], while the on-body repeater is placed at 15
mm away from it. Assuming a power of P, available at the

transmitting port (implantable antenna), then the power that is

absorbed by a 50 Ohm load terminating the receiving on-body
antenna, P, , may be calculated as [20]:

|321|2 = P%X (1)

However, P, is limited by the patient safety and EM

interference regulations, as follows:

e The IEEE C95.1-1999 patient safety standard restricts the
Specific Absorption Rate (SAR) averaged over any 1 g of
tissue in the shape of a cube to less than 1.6 W/kg [14]. For
the arm-implantation scenario, IEEE C95.1-1999 is found to
restrict P, to5.186 mW.

e The IEEE C95.1-2005 patient safety standard restricts the
SAR averaged over any 10 g of tissue in the shape of a cube to
less than 2.0 W/kg [15]. For the arm—implantation scenario,

IEEE C95.1-2005 is found to restrict B, to 30.17 mW.

e To mitigate EM interference with other services taking
place in the same frequency band, MedRadio regulations
restrict the effective radiated power (ERP) of implantable
antennas to 25 pW [39]. For the arm-implantation scenario,
P, must be restricted to 50.0 mW in order to fully meet the

requirement of the ERP limitation.
Given the strictest out of the three aforementioned power

limitations, P, should be limited to less than 5.186 mW.

Assuming a receiver sensitivity of =75 dBm, numerical and
experimental investigations show that this amount of power
can achieve a telemetry range of 60 cm between the proposed
antennas. Considering the same receiver sensitivity and the
antennas placed in the repeater configuration of Fig. 16, then

P, can be limited to 0.05 mW for the same telemetry range.

Of course, in the latter case, another exterior antenna will be
required to establish the 2400 MHz link with the on-body
antenna. Aligned antennas in the “vertical polarization” set—up
have been considered for these investigations. In other words,
the proposed repeater configuration is found to achieve a
reduction in the IMD power by a factor of 100. In this case,
patient safety and EM interference performance of the
implantable antenna are far below the regulatory limits, while
lifetime of the IMD may be considerably increased. If the
maximum allowable power level is delivered to the
implantable antenna in this repeater configuration, then
successful data telemetry may be achieved even if the on-
body antenna is cross—polarized and deviated by 10 cm from
its original position. Even lower P, values can be achieved

for higher—sensitivity receivers. For example, a receiver
sensitivity of —-116 dBm may be achieved by the Texas
Instruments (T1) CC1101 transceiver module [40] for 0.6
kBaud transmission of Gaussian Frequency Shift Keying
(GFSK) modulated data.

VII. CONCLUSION

In this paper, we designed and tested a novel MedRadio
antenna for muscle—implantation, as well as a novel on-body
antenna for operation in the MedRadio and ISM bands. The
idea is to integrate these antennas into IMDs and on-body
repeaters, respectively. The repeater will be placed at a close
distance to the low—efficiency IMD to receive its transmitted
data (MedRadio band), and re-transmit them to exterior
devices placed further apart (ISM band). The advantage of this
relay approach is that it reduces power consumption in the
IMD, and extends its battery life. Compared to previous
designs, the proposed implantable antenna shows improved
tolerance to detuning, by exhibiting an enhanced BW 545 (66
MHz), further to its BWoes (87 MHZz). Emphasis is given in
preserving patient comfort, by introducing circular shape to
avoid sharp edges, and miniaturizing its size (399 mm?®). The
proposed on-body antenna is one of the very few designs
appearing in the literature for dual-operation in the MedRadio
and ISM bands.

The transmission performance between these antennas was
further investigated. Results indicated that the power delivered
to the implantable antenna may be limited to as low as 0.05
mW for a typical arm implantation scenario, and an on-body
receiver sensitivity of —-75 dBm. For comparison, the
maximum telemetry range that could be achieved for these
antennas in a non-repeater configuration (60 cm) would
require a delivered power of 5.186 mW. Therefore, using the
proposed configuration, patient safety and EM interference
performance of the implantable antenna are far beyond the
regulatory limitations. Even lower power levels may be
achieved  for  higher—sensitivity  receivers.  Further
investigations demonstrated that the exhibited transmission
performance is nearly insensitive to slight misalignment and
polarization rotation of the antennas.

Overall, a repeater configuration approach was proposed for
IMDs, and proved to be feasible, enabling reduction of the
IMD power by a factor of 100 for acquiring the maximum
telemetry range that could be achieved without the repeater
configuration. At the same time, small size factor was
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maintained for the implantable and repeater antennas, while

the

configuration was shown to exhibit robustness to

uncertainties inherent to the relative positioning of the
antennas.
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