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Abstract: A novel differentially fed fractal antenna coated with a layer of a dielectric film and operating at two bands of Medical
Implant Communication Services 402—405 MHz and Industrial, Scientific, and Medical 2.4-2.48 GHz, is investigated to enable
sufficient data transmission rates, while featuring a ‘mode-control’ signal to prolong the battery life. The symmetrical fractal
technology of Hilbert curve is employed to miniaturise the dimension. To facilitate interfacing with peripheral integrated circuits,
differentially feeding is adopted. To demonstrate how common-mode noises are suppressed, for the first time, a detailed
analysis about the noise suppression of the differential configuration with two feedings is presented. A layer of thin film is coated
around the proposed antenna to isolate the effect of human tissues and alleviate the electromagnetic coupling with human body.
Moreover, to draw a design methodological guideline, the key geometrical parameters are analysed numerically and
theoretically. Health safety considerations, radiation performance, and link budgets are also discussed to validate the proposed

antenna's applicability in biomedical telemetry.

1 Introduction

Owing to their inherent capabilities to detect the human vital signs
more accurately and conveniently than the sensors outside the
body, the implantable medical devices (IMDs) are getting
increasingly popular in the fields of diagnostics, biomonitoring,
and therapeutics. Some typical applications include implantable
pacemakers, cochlear implants, implantable drug pumps, vagus
nerve stimulators and so on [1]. IMDs need to exchange data with
the outside base stations/gateways wirelessly. Traditionally,
inductive coils have been implemented to undertake this task [2, 3],
while they suffer from numerous limitations, such as a low data
transmission rate and a limited communication range [4]. There is a
growing trend to employ implantable antennas due to their
advantages compared to the inductive coils [4-8].

To make the implantable antenna suitable for working in the
human body, several issues must be considered. Firstly, in view of
the stringent space limitations inside the human body, the
implantable antennas should have a compact size. In [9-14],
numerous miniaturising technologies, such as using high-
permittivity substrates, meandering patches, adding shorting pins,
and employing stacked structures, have been listed. Whereas, these
kinds of complex configurations increase the overall dimension
and the difficulty of antenna fabrication. Due to the self-similarity
and space-filling properties, the structure of fractal geometry can
lengthen the effective current path, minimising the dimensions of
the antenna. Various fractal antennas, such as Minkowski fractal
antenna [15], Koch modified microstrip antenna [16], and Fern-
fractal-shaped microstrip antenna [17], have been proposed.
However, these fractal geometries are too complex, and difficult to
be fabricated. Based on the fact that the dissipation of
electromagnetic (EM) waves through human tissues is increased
with frequency, the implantable antenna should operate at relative
lower frequency bands. Hence, the band of 402-405 MHz (i.e.
Medical Implant Communication Services (MICS) band), which
has been authorised as the implantable antenna's operating
frequency by Federal Communications Commission, is commonly
used for biomedical data transmission [18-21]. Finally, for the sake
of prolonging the battery life of IMDs, the implantable antenna
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should be low power loss. On the one hand, some single-band
implantable antennas have been presented in the literature [13, 22],
but considerable energy will be consumed due to uninterruptedly
operating of these antennas, hence dual-band implantable antennas
will be beneficial to saving energy for the purpose of allowing the
IMDs to operate in either a ‘sleep’ or an ‘awake’ mode
corresponding to different bands [23]. On the other hand, single-
fed configurations employed in previously proposed implantable
antennas [6—14, 21, 24, 25], require additional matching circuits or
baluns, thus increasing the volume and power dissipation of IMDs,
complicating their implantation into the human body. Therefore, a
differentially fed structure is preferable for the implantable antenna
as it allows for an easy direct connection with radio frequency
integrated circuits (ICs) [4] and has enhanced common-mode noise
suppression. However, to the authors’ knowledge, until now there
has been no quantitative evaluation of the noise suppression
characteristics of previously reported implantable antennas.

In this paper, a coated differentially fed dual-band fractal
implantable antenna operating at MICS and Industrial, Scientific,
and Medical (ISM) bands is proposed. Instead of employing
shorting pins or stacked topologies, the Hilbert curve, a type of
space-filling configurations with their inherent self-similarity
property, is adopted to effectively increase the electrical length of
the current flow, thus miniaturising the dimensions of the proposed
antenna and making fabrication easier. Different from [26-28], the
proposed antenna, is composed of two pieces of the Hilbert curve
with different widths, resonating at the lower and upper bands for
the telemedicine. Moreover, differential feeding is adopted. The
differentially fed configuration virtually eliminates the loss caused
by matching circuits and baluns, and its symmetrical structure
enhances the ability of common-signal (‘noise’) suppression, the
first quantitative evaluation of which is studied in this work. The
dual-band operation allows IMDs, compatible with commonly used
transceivers, such as Zarlink ZL70102 [29], to operate in two
modes, thus saving energy and extending the battery life of IMDs.
Finally, to alleviate the effect of surrounding lossy muscles, a layer
of the biocompatible film has been coated around the fabricated
antenna.
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Fig. 1 Configuration of the proposed antenna geometry
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Fig. 2 FElectrical current plots of the proposed antenna at MICS (403
MHz) and ISM (2.44 GHz) bands

(a) Schematic drawing of current flow, () Simulated electric current distribution

Table 1 Dimensions of the proposed antenna parameters

Parameter Value, mm Parameter Value, mm
L 9.5 wi 0.4

w2 0.3 w3 1.2

w4 2.1 wb 15

h 0.635 d 1

d1 1.1 a2 3.1

n 5.8 12 0.7

This paper is organised as follows. In Section 2, the
differentially fed antenna and the simulations’ setup for practical
‘implantable configurations’ are introduced. The simulation results
and the key design parameters of the proposed antenna are
discussed in Section 3. The coating process and the ex-vitro
experimental verification results are presented in Section 4. The
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communication link budgets are analysed in Section 5, followed by
the conclusions in Section 6.

2 Antenna design
2.1 Antenna configuration

Fig. 1 displays the structure of the proposed antenna, which is
symmetric about the yz-plane. One proof-of-concept prototype is
etched on the substrate of Rogers RO3210 (e, = 10.2; tan 0 =0.003)
with a thickness of /4, has a square shape with the side width of L,
and the four corners of the substrate are polished into one-fourth
convex arcs with the radius of 1 mm. The rounded square shape
can eliminate the effect of sharp antenna's angles that could
potentially hurt in-body tissues in proximity. The radiation patch
has the shape of the Hilbert curve, which is a continuous fractal
space-filling curve. The width of Hilbert curve is non-uniform,
wherein the line on one side labelled with green colour in Fig. 1
has the width of w1, while the Hilbert curve in yellow has different
width of w2. As shown in Fig. 2, due to the self-similarity property
of Hilbert curve, the current-flow path can be easily extended in
terms of electrical length within the same antenna's surface area.

Specifically, the current path lengths from the feeding to the near-
open-circuit endpoints are approximately equal to a quarter
wavelength and six-fourth wavelengths at MICS and ISM bands,
respectively, drastically shrinking the physical dimensions of the
proposed antenna. Two copper solid cylinders with the diameter of
d are used as the differential-feeding ports. During the
experimental verification, the two feeding ports were connected to
the inner conductors of 50-Q coaxial cables, respectively. The
bottom side of the substrate is covered by the ground plane. The
optimal dimensions of the final prototype design derived with the
aid of ANSYS HFSS v.13 are listed in Table 1.

2.2 Definitions of performance-evaluation parameters

Although it is well known that differentially fed antennas feature
the merit of noise suppression, so far there have been no previous
publications to provide quantitative analysis. To provide design
criteria for the evaluation of the performance of noise suppression
and even provide benchmarking criteria for future related efforts,
some fundamental parameters are defined firstly. As the proposed
differential antenna can be equivalent to a two-port network,
according to the definition in the literature of [30], the differential-
mode and common-mode EM wave's power can be described as

agit 11 —1||la
acom] B E[l 1 ||a| (1
bgif 11 —1][b

= , 2
[bcoml \/5[1 1 Hbz ( )

where a; and b; (i=1 or 2) represent the incident and reflected EM
power, respectively. Then the differential reflection coefficient
(DRC) [ 4i can be expressed as

_b-b

Cgir=— =
deom=0 41— @D

Adif

deom =0

| 3)
= E(Sn —Sp—=S81+ Szz)-

Similarly, the common-mode reflection coefficient /.y, can be
defined as

bcom

_bi+b
aie=0 G+ @

Ceom =

Acom agif =0

| “
= E(Sn +Sn+ 8+ 8).

Following the fundamentals of antenna theory, the radiation
intensity U is given by the following equation:
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U= (1-IF)GO.9) 52, )

where [ is the reflection coefficient, G is the radiation gain of the
antenna by using an isotropic antenna as a reference, Py, is the
input power, 6 and ¢ are zenith and azimuth angles in spherical
coordinates, respectively. Hence, the differential-mode radiation
intensity Ugir and the common-mode radiation intensity Uy, are
deduced as

Pin
Ugit = (1 = ITaiel’) Gaie (6, (P)E, (6)
Pin
Ucom = (1 - |Fcom|2)Gc0m(9’ (p)ﬂ . (7)

Noise is always considered as a common-mode signal in
differential structures. To estimate how much noise is suppressed in
differentially fed antenna configurations, the common-mode
rejection ratio (CMRR) KR can be written as

1 — Tl Gair(6, 9)

Kemr(0, @) = ,
cmr(6: @) = 17— ICeoml’ Geom(0: @)

®)

similarly to CMRR of differential amplifiers in conventional
lumped-element analogue circuits.

2.3 Setup of simulation

To enhance the design efficiency and accuracy in realistic
implanted configurations, as shown in Fig. 3, the proposed antenna
is firstly simulated by implanting it into a three-layer ‘human body’
model at a depth of dpl from the muscle surface with the
cylindrical layer dimensions approximating those of the human
body as shown in Table 2. Due to the fact that the dielectric
properties of tissues are dispersive, as listed in Table 3, the
permittivity and conductivity of every tissue are given at the centre
frequencies of 403 MHz and 2.44 GHz, respectively [31].
Furthermore, to reduce the unwanted EM coupling to nearby
tissues and prevent the rejection of the implant, the proposed
antenna is surrounded by a 70-um-thick biocompatible material of
alumina with the high relative dielectric constant of &,=9.2 and the
low loss tangent of tan J=0.008, thus decreasing the mismatch
between the insulated antenna and the ambient tissues.

After preliminary simulations and optimisation with an HFSS
approximate three-layer ‘human body’, the radiation characteristics
of the proposed antenna are further verified in the more realistic
CST heterogeneous male Zubal phantom, which is closer to the
actual conditions. In the Zubal phantom, that is shared by Yale
University [32, 33], the dielectric parameters of each tissue at the
frequencies of 403 MHz and 2.44 GHz are set according to Cole-
Cole formulation [31]. For proof-of-concept demonstration
purposes, as displayed in Fig. 4, the proposed antenna is implanted
into the muscle layer of the left arm at a depth of dp2 = 10 mm.

3 Simulation results and discussion
3.1 Simulated results and operating principle

The values of the simulated DRCs Iy for the proposed implanted
antenna using the HFSS cylindrical multilayer model and the CST
human model are shown in Fig. 5, featuring similar trends with
minor discrepancies in both MICS and 2.44-GHz ISM bands.

To evaluate the superior noise suppression capability of the
proposed antenna, the values of Kcyr are calculated and compared
to previously published reference antennas in HFSS simulation
environment. Without loss of generality, arranging the coordinate
system such that the angle (6, ¢)=(0, 0) is the main direction of
communication, only Kcyr (0, 0) at MICS and ISM bands is
considered. With reference to Fig. 6, the Kcpr of the proposed
antenna is more than 21.24 and 2.06 dB in the MICS and ISM
bands, respectively, significantly better than the prior art reported
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Fig. 3 ‘Human body’ simulation environment in HFSS

Table 2 Parameters of HFSS ‘human body’ simulation

setup

Parameter Value, mm Parameter Value, mm
dp1 10 Im 200
Rbone 12 Rmuscle 35
Rrat 39 Rskin 43

Table 3 Dielectric parameters of human tissues

Human tissues 403 MHz 2.44 GHz
& o0, S/m & o0, S/m
skin 46.7 0.69 38.0 1.46
fat 11.6 0.08 10.8 0.27
muscle 57.1 0.79 52.7 1.73
bone 22.4 0.24 18.6 0.80

Antenna

Fig. 4 Zubal phantom simulation environment in CST

in [34]. To understand how the proposed antenna works, the EM
fields on the xz-plane crossing the antenna's structural centre are
analysed. As illustrated in Fig. 7a, an electric wall can be placed
along the yz-symmetry plane and is equivalent to a shorting plate,
when the two feeding ports are fed by differential-mode signals.
Hence, as depicted in Fig. 7b, the proposed antenna is equivalent to
a parallel combination of two planar inverted-F antennas (PIFAs),
sharing a common shorting plate. Due to the symmetry of the
proposed structure, the operation mechanism is similar to
traditional analogue signal differential amplifiers, as displayed in
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Fig. 6 KCMR (0, 0) of the proposed antenna
(@) At MICS band, (5) At ISM band

Fig. 7c. Due to the existence of the electrical wall, as illustrated in
Fig. 8, although two ports are very close, the isolation is very high
with |S,| less than —15 dB in the bands of 402405 MHz and 2.4—
2.48 GHz. On the other side, when common-mode signals are used
to excite the antenna structure, the magnetic field is normal to the
yz-symmetry plane, as plotted in Fig. 9a, effectively placing a
magnetic wall (open circuit) in the middle of the Hilbert curves.

Following the theory of transmission lines, the input reactance of
the open-circuit section, whose length is shorter than a quarter
wavelength, is negative being effectively equivalent to capacitors.
Thus, equivalent capacitances Ceq can be introduced in Fig. 95 to
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Fig. 7 Equivalent modelling of the proposed antenna with differential-
mode signals

(a) Electric field distribution on the cross-section of the proposed antenna using
differential feeding, (b) Parallel connected configuration of two PIFAs, and (c)
Diagram of differential amplifier circuit
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Fig. 9 Equivalent modelling of the proposed antenna fed by common-
mode signals

(a) Magnetic field distribution on the cross-section of the proposed antenna using
common-mode feeding, (b) Parallel connected configuration of two capacitive patches

represent the electrically short conductive lines that are terminated
to the middle plane, i.e. to the equivalent magnetic wall. Through
the comparison of the normalised input impedance values shown in
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Fig. 11 Simulated DRCs (T 4;¢) with different iterations of Hilbert curve

Fig. 10, it can be clearly observed that the proposed antenna is
much easier to match (closer to the normalised value of 1) to a 50-
Q coaxial cable under the differential feeding condition than under
the common-mode feeding. According to (8), Kcmr is enhanced as
[yir is decreased and I'op, is increased, thus leading to a stronger
common-signal suppression capability.

3.2 Analysis of key parameters

To investigate how the performance of the proposed antenna is
influenced and to provide design guidelines, numerous parameters
of interest are analysed. With reference to Fig. 11, as the dimension
of Hilbert curve, increases on a fixed surface area, the resonant
frequency of antenna shifts down, i.e. the antenna size can be
miniaturised through increasing the number of iterations of Hilbert
curve. Considering actual manufacturing technologies, the width of
the Hilbert-curve patch cannot be infinitesimally narrow. Finally,
an optimal tradeoff between the convenience of fabrication and the
miniaturisation is reached after four iterations.

As illustrated in Fig. 12, the feeding positions also play an
important role in the performance enhancement of PIFAs, due to
their effects on impedance matching during the differential feeding.
Considering an easy fabrication as well as a high performance, the
No.4 feeding position was chosen. The changes of input impedance
corresponding to different joints (interconnecting geometries of the
two antenna sections (yellow and green)) between the two stubs of
the PIFA patches are plotted on the Smith chart as shown in
Fig. 13. It can be inferred that the relative position of the ‘joints’
has a significant effect on the reflection coefficient at ISM band,
whereas the MICS band remains insensitive to the ‘joints’
positions.

Some other critical geometrical parameters, such as the widths
wl and w2 of the two antenna sections (yellow and green), are
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Fig. 13 Input impedance variation on a Smith chart at MICS and ISM
bands with respect to different ‘joint’ positions

analysed. With reference to Fig. 14, the resonant frequency shifts
to higher bands as wl decreases and w2 increases, or vice versa.
This is mainly due to the fact that the resonant frequency is
approximately equal to 1/271\/L_C, wherein the capacitance is
proportional to the width of wl, and the inductance is inversely
proportional to the width of w2.

Owing to the large difference of the relative permittivity
between the coating alumina film and the human tissue (e.g.
muscle), there is a large discontinuity when EM waves propagate
outwards, resulting in the majority of the EM energy getting
reflected back. Hence, it is essential to analyse the influence of the
thickness of the alumina film on the performance of the proposed
antenna. Fig. 15 shows the DRC curves, varying with the thickness
hc of the alumina film from 50 to 90 um with a step of 20 um. As
can be seen from the figure, the DRC curves shift to higher
frequencies with hc increasing; this is because the thicker the
encapsulating alumina film is, the smaller the effective permittivity
of the ‘near-field’ antenna surrounding area consisting of the
alumina and the muscle is, hence, smoothing the discontinuity
between antenna and surrounding tissues and enhancing EM wave
transmission.

3.3 EM radiation properties and safety considerations

As shown in Figs. 16 and 17, the proposed implanted antenna
features the strongest radiation in the off-body direction, hence,
effectively realising wireless communications between medical
devices inside the body and base stations/gateways outside the
body. As shown in Fig. 18, the gain in MICS band is almost
constant with a maximum value of —28.1 dBi, while the gain at
ISM band is lower with a peak gain of —31.3 dBi. There is a
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Fig. 15 Simulated DRCs (Tyys) DRCs for different values of the
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fluctuation of <3 dBi between the MICS and ISM bands, mainly
because the mismatch at the ISM band caused by the surrounding
human tissues is more serious than that at the MICS band and
radiation patter at the upper band is less intense in the off-body
direction than that at the lower band.

It has to be stressed that for the proposed implantable antenna,
health safety regulations have to be considered. As a proof-of-
concept demonstration, 10-g average SAR distributions at MICS
and ISM bands are computed by setting the differential input power
to 1 W for the arm-implanted configuration. Fig. 19 plots the
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Fig. 16 3D radiation patterns of the proposed antenna for the arm-
implanted configuration
(a) 403 MHz, (b) 2.44 GHz

distributions of 10-g average SAR, demonstrating maximum values
of 47.9 and 45.5 W/kg at MICS and ISM bands, respectively.

However, according to IEEE C95.1-2005 standards [35], the
average SAR in a volume of 10-g tissue must be <2 W/kg. As a
consequence, the differential input power should not exceed 41.8
mW. Moreover, the ITU-R recommendation specifies the
maximum allowable limit of equivalent isotropically radiated
power (EIRP) at MICS band to be =16 dBm [36].

EIRP is defined according to the following equation:

EIRP = P, + G, )

where Pj, is the input power in dB and G is the radiation gain of
the antenna in dBi. Through (9), to meet the requirement of EIRP,
the maximum input power should be <12.1 dBm (16.2 mW). Due
to the fact that both SAR and gain values at ISM band are lower
than those at MICS band, safety conditions will be satisfied at ISM
band if they are met at MICS band. Thus, a differential input power
level <16.2 mW would satisfy SAR and EIRP standards for both
bands.

3.4 Performance comparison to other implantable antennas

Table 4 summarises the comparison of previously published
implantable antennas with the proposed antenna topology.

The tradeoff between radiation gain and volume has been
thoroughly investigated. The proposed antenna features the
smallest reported volume of 56.45mm3. Moreover, the data
transfer bandwidth in MICS is larger than most other antennas,
whereas pulse-controlling bandwidth in ISM is about 13.1% (2.37—
2.69 GHz). It has to be stressed that the proposed antenna features
the first-ever reported common-mode rejection ratio Kcmg, @
unique advantage over all other listed antennas for practical
implantable ‘noisy’ configurations. Compared with [34] that also
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employed a differentially fed topology, the proposed antenna has a
lower 10-g average SAR, thus being safer for human health.

4 Coating film and in-vitro measurements

To further verify its performance under realistic implantable
conditions, the designed antenna was fabricated, and ex-vitro
measurements were performed for the antenna prototype shown in
Fig. 20a. In this work, a thin layer of Al,O3 was coated utilising
vacuum magnetron sputtering with an aluminium target [37], as
shown in Fig. 205.

The film-coating equipment is shown in Fig. 21. Firstly, acetone
fluid is used to clean the fabricated antenna, thus enhancing the
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Fig. 19 10-g average SAR distributions for the arm-implanted
configuration
(a) 403 MHz, (b) 2.44 GHz

Table 4 Comparison of the proposed antenna with other

designs
Ref. Volume, Relative Peak Kcmr, 10-g Avg.
mm?3 bandwidth, % gain, dB SAR
dBi (W/kg)
(Input
power =1
W)
[24] 1322.5 MICS: 6.79 -26 — —
ISM: 7.53 -10 — —
[9] 5945 MICS: 2.3 -288 — —
ISM: 6 -185 — —
[34] 179.0 MICS: 16.5 -306 — 63.1
ISM: 24.7 -191 — 76.0
[8] 67.8 MICS: 47.5 -305 — 40.3
ISM: 31.6 -19.2 — 39.2
Prop. 56.45 MICS: 22.8 -28.1 21.24 47.9
ISM: 13.1 -31.3 2.06 45.5

adhesion of the thin film onto the surface. Then, the antenna is
inserted into chamber 1. After closing the flap in chamber 1,
vacuum pumps, such as ‘roots’ and ‘molecular’ pumps, run in turn
to generate a high vacuum environment. Subsequently, the valve
between chamber 1 and chamber 2 is opened, then it is closed after
the antenna is transferred to the designated position in chamber 2.
The film-coating process taking place in chamber 2, is briefly
illustrated in Fig. 22. In the beginning, a mixture of the inert gas of
argon and oxygen gas is simultaneously pumped into chamber 2.
Argon is ionised under high electric voltage and collides with the
aluminium target, releasing aluminium atoms. The oxygen gas
oxidises the aluminium atoms, depositing a film of alumina on the
surface of antenna. During the sputtering, the voltage of power
supply is 398 V, the current is 26.1 A, and the air pressure in
chamber 2 is 0.93 Pa. Considering the compactness and the
adhesion requirements, the deposited film should not be too thick.
After 10-hour coating, a film of thickness around 70 pm can be
deposited. The coated antenna prototype is shown in Fig. 20b.
Owing to its similarity to human tissues, a piece of pork belly,
consisting of layers of skin, fat, and muscle, is introduced to
function as a human phantom during ex-vitro tests. As shown in
Fig. 23, the DRC of the proposed antenna prototype was measured
by using a two-port vector network analyser Agilent N5230A when
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Fig. 20 Antenna prototype
(a) Before coating, (b) After coating

Fig. 21 Coating machine for the proposed antenna
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Fig. 22 Schematic principle of magnetron sputtering

the antenna implanted into the pork at a depth of dp3 =10 mm. The
ex-vitro measured results are illustrated and compared with the
simulated results in Fig. 24. With reference to the figure, the
measured bandwidths are 92 MHz (359—451 MHz) and 320 MHz
(2.37-2.69 GHz) with DRC less than —10 dB at MICS and ISM
bands, respectively, indicating a good correlation, especially in the
MICS band. Although there is a slight disagreement in the ISM
band, the measured curve still covers the whole 2.44-GHz ISM
band. This is mainly due to the higher sensitivity of the
performance to fabrication tolerances (e.g. SMA connector and
soldering) at higher frequencies, as well as to the fact that the
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Fig. 23 Ex-vitro measurement setup for the proposed antenna
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Fig. 24 Comparison of the measured with the simulated results

electric properties of the pork belly are slightly different with those
utilised in the simulation phantoms.

On account of the significantly lower gain of the implanted
antenna and the limited input power of the measurement setup, the
far-field EM signal radiated from the antenna under test in a
traditional anechoic chamber is easily clogged by the channel
noise. In real application, the transmitted signals would be
delivered to a long-distance through technological use of signal
processing and ways of modulation. Therefore, to make a deep
look into the potential communication range and practicability, the
relationship between the communication range and the link budget
is investigated in the following part.

5 Communication link analysis

To evaluate the wireless communication performance between the
implanted antenna and base-station outside the body, the half-
wavelength dipole with a realised gain of 2.15 dBi is adopted to
work as the external receiver for proof-of-concept demonstration
purpose and the losses caused by impedance and polarisation
mismatches are neglected. Firstly, the link budget is calculated to
analyse far-field communication quality. According to [38], the
link margin LM is given by

M = Link£ - Required£
NO 0

E,
=P+ G, =L+ G, = Ny— 1 (10)
0
—10log,,B, + G. — G,
where
4rd
Ly= 2010g10(T), (11)

and d is the distance between the transmitter and the receiver. The
parameters relating to the communication channel used as the basis
for the link budget estimation are listed in Table 5.

The computed link margins of the proposed antenna at MICS
and ISM bands are shown in Fig. 25. It can be seen that the link
margins are both greater than 0 dB within a distance of 10 m when
the input power levels are —45 dBm and —30 dBm at MICS and
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Table 5 Parameters for link budget estimation

Transmission

operating frequency, GHz 0.403/2.44
Tx power Py, dBm -45/-30
Tx antenna Gain Gy, dBi -28.1/-31.3
Receiver

Rx antenna Gain Gy, dBi 215
ambient temperature Tg, K 293
receiver noise figure NF, dB 3.5
Boltzmann constant k 1.38x 10723
noise power density Np, dB/Hz -199.95
Signal quality

bit rate By, kb/s 7.0

bit error rate 1.0%x10°5
Ep/Np (ideal-BPSK), dB 9.6
coding gain G¢, dB 0
fixing deterioration Gy, dB 25

ISM bands, respectively. Accordingly, at the given maximum input
power of 12.1 dBm, the communication range would be larger than
10 m.

Since the near-field boundary of an electric small antenna is
A2m, its corresponding values at 403 MHz and 2.44 GHz are 118
and 19.5 mm, respectively. Then, in practical cases, the receiver
may be within the near-field region of the proposed implantable
antenna. Thus, it is necessary to analyse the near-field coupling
strength between the transmitting antenna inside and the receiving
antenna outside the body. The whole system is regarded as a three-
port network. Port 1 and Port 2 lie in the transmitting antenna,
while Port 3 belongs to the receiving antenna. According to the
definitions of the differential-mode incident wave agir and of the
common-mode incident wave a.omy, the coupling strength CS can
be described as

by e
cS=—2 = ﬁ(&1 Su). (12)

Adif lacom =0 a3 =0

The computed values of CS at MICS and ISM bands as a function
of the distance from 30 to 350 mm are plotted in Fig. 26. Since the
power dissipation caused by the lossy human tissue increases with
frequency, CS at MICS band is higher than that at ISM band.

6 Conclusion

A novel coated differentially fed implantable dual-band antenna
has been introduced in this paper. Integration techniques of high-
permittivity substrates, fractal technology and PIFA structures are
employed to achieve miniaturisation to a volume of 56.45 mm?3.
Dual-band operability in 359-451 MHz and 2.37-2.69 GHz is
chosen to enhance the channel capacity while prolonging its
operation lifespan. Differential feeding is adopted to suppress
common signals and enable easy interfacing with ICs. The
distributions of electric field with differential feeding and magnetic
field with common-mode feeding have been analysed to
thoroughly understand the operation principles, various critical
design parameters have been identified and the first-ever reported
quantitative evaluation of the noise suppression capability is given
for reference purposes. The featured 10-g average SAR
distributions with a peak value of 47.9 and 45.5 W/kg satisfy the
human safety requirements in both bands. Ex-vitro tests
demonstrate a good consistency with the simulated results and the
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Fig. 25 Computed link margins of the proposed antenna in far-field
communications

_30 v 1 M 1 I 1 1 1 I
-35- \ A— MICS
\A\A\ = ISM |
2 -40- A
) A — J
5, -454
= -
=
» 504
a J
£
=
& 55 .
S \l
60 ~=
-60 I~ o
—
\.
-65 T v 1 T

— 7
30 70 110 150 190 230 270 310 350
Distance (mm)

Fig. 26 Coupling strength between the proposed antenna and the external
receiver in near field

far-field and near-field link budgets of the proposed antenna

demonstrate its potential applicability to numerous implantable
electronics and biomonitoring applications.
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