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ABSTRACT An ultra-miniaturized implantable antenna for scalp and deep tissue implants operating in the
Industrial, Scientific, and Medical (ISM) frequency band is proposed in this communication. The proposed
antenna has a compact size of only 4.422 mm? (3.45 x 3.4 x 0.377 mm>). A meandered patch backed
by a full ground plane was used to implement the proposed ultra-miniaturized antenna. The full ground
plane does not allow backward energy flow, thus ensuring patient safety. The performance of the proposed
antenna was evaluated in three different simulation environments: homogeneous skin phantom (HSP),
skin implant multilayer phantom (SIMP), and muscle implant multilayer phantom (MIMP) models with
and without a dummy implantable wireless device (IMD). These models were considered to evaluate the
performance of the proposed antenna in more realistic complex human body environments. The proposed
antenna demonstrated excellent impedance matching performance at the ISM band with a measured —10 dB
impedance bandwidth of 260 MHz (2,249-2,511 MHz). The effects of coaxial cable on antenna performance
were also studied. The proposed antenna exhibited a maximum measured peak gain of —26.54 dBi.
Furthermore, the 1-g and 10-g specific absorption rate (SAR) values were calculated and satisfied the safety
guidelines. A reliable communication link up to distances of 15, 4, and 1.3 m for bit rates of 7 kbps, 100 kbps,
and 1 Mbps, respectively, can be established between the implantable device and external base station.
Finally, a sensitivity analysis of the proposed antenna was conducted showing that the proposed implantable
antenna can efficiently work under varying tissue conditions.

INDEX TERMS Communication link, impedance bandwidth, implantable antenna, specific absorption rate,
ultra-miniaturized.

I. INTRODUCTION

Implantable wireless devices (IMDs) can measure and collect
physiological data from various parts of the patient body such
as glucose level, temperature, and heartbeat and transmit the
data wirelessly to an external monitoring device [1]. The
implantable nature of the IMDs imposes size restrictions on
them; thus, there is a need to design miniaturized IMDs
without affecting their performance [2]. Designing a minia-
turized implantable antenna, a vital component of any IMD,
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is challenging. Implantable antennas have different radiation
characteristics than free space antennas and must be minia-
turized, satisfy various patient safety criteria [3], and satisfy
various other conditions [4].

The MedRadio band (401-406 MHz) is often used
for IMDs, but this band restricts the transmission of
high-resolution images due to bandwidth limitations. More-
over, the large wavelength at the 433/686/915 MHz bands
makes them unsuitable for the design of miniaturized IMDs
due to the bulky device size. Therefore, the Industrial, Sci-
entific, and Medical (ISM) band (2.4 GHz) is the most
suitable for designing IMDs with huge transmission data
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requirements and a small-sized antenna [5]. IMDs oper-
ating in this band might not face interference from other
services like Bluetooth, Wi-Fi, near-field communication,
or IEEE 802.15.4 because these short-range communication
systems have ultra-low power transmitters, different modula-
tion schemes, and different effective isotropic radiated power
(EIRP) [6].

Much research has been conducted on the design of minia-
turized implantable antennas operating at a 2,400 MHz fre-
quency band in recent years. Authors in [7] presented a
2,400 MHz implantable antenna with an ultra-miniaturized
size. A small volume of 8 mm? was achieved using a chip
resistor of 1.2 Q on the radiating part of the antenna. This
configuration resulted in increased losses and fabrication
complexities. In [8], a circular-shaped wideband antenna
operating in the 2,400 MHz band was presented with a vol-
ume of 39.3 mm? and a high specific absorption rate (SAR)
placing the patient in a hazardous situation.

Similarly, the authors in [9] presented a dual ring slot
antenna operating at the 2,450 MHz band for biomedical
applications. An array of metamaterial was used over a super-
strate to enhance gain, resulting in a bulkier size. More-
over, the presented antenna was not tested inside an IMD;
therefore, the effects of IMD circuitry were not studied.
In [10], a coplanar waveguide (CPW)-fed patch antenna
was proposed to operate at the 2,450 MHz band. The
antenna offers high performance but with a bulkier volume
of 705 mm?>. Similarly, a four-port multiple-input multiple-
output (MIMO) implantable antenna for high data rate appli-
cations was presented in [11]. This antenna, consisting of
an electromagnetic bandgap (EBG) decoupling structure,
has a volume of 434.6 mm?, which is unsuitable for most
IMDs. In [12], a meandered resonator-based dual-port MIMO
antenna operating at 2,450 MHz was proposed for medi-
cal implant applications with a volume of 3.98 mm?>. Size
miniaturization was achieved by meandering the patch and
introducing slots in the ground plane. Similarly, in [13] a quad
element MIMO antenna operating at a 433 MHz band was
proposed for high data rate applications.

The proposed antenna consists of four separate meandered
semicircular resonators with a total volume of 23.6 mm?>.
A shortening pin was used to achieve size miniaturiza-
tion. Authors in [14] proposed a dual-band meandered line
antenna operating at 910 MHz and 2,450 MHz bands.
Size miniaturization was achieved using meandered res-
onator and a square slot in the ground plane. The proposed
antenna had a total volume of 8.41 mm3. Yausaf er al. [15]
proposed a multi-band conformal antenna for endoscopic
applications. The proposed antenna operates in MedRadio
(401-406 MHz), Industrial, Scientific, and Medical (ISM)
(433.1-434.8 MHz, 868-868.6 MHz, 902-928 MHz), and
midfield (1200 MHz) bands. Acceptable bandwidth and
gain performance has been achieved at the desired fre-
quency bands. The antenna, however, has a bulky vol-
ume of 57 mm> and 48.98 mm? in the flat and wrapped
form, respectively. Likewise, in [16], an ultra-wideband scalp
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FIGURE 1. Conceptual overview and detailed architecture of scalp/deep
implantable device.

implantable antenna operating at ISM (2,400-2,480 MHz)
band is proposed. The proposed antenna offers a bandwidth
of 1,038.7 MHz and a peak gain of —20.71 dBi with a
volume of 9.8 mm?>. The authors in [17] proposed a tri-band
ultra miniaturized implantable antenna with a volume of
13.195 mm?® operating at ISM bands of 902-928 MHz and
2,400-2,483.5 MHz and midfield band of 1,824—1,980 MHz.
Acceptable bandwidth and gain performance at the desired
frequency bands were obtained. Similarly in [18], the authors
reported an ultra-miniaturized antenna for deep implanted
biomedical devices operation in the ISM 2,450 MHz band.
The proposed antenna had a volume of 7.8 mm? and offers a
bandwidth and gain of 480 MHz and —16.5 dBi, respectively.

In this communication, we propose an ultra-miniaturized
implantable antenna for operation in the 2,450 MHz ISM
band. The antenna consists of a meandered patch with a
condensed volume of 4.422 mm>. The proposed antenna
outperformed existing implantable antennas in terms of gain,
bandwidth, and SAR. Size miniaturization and impedance
matching at the desired band of 2,450 MHz is achieved by
T-shape, L-shape, and open slots in the radiator only.

Unlike existing implantable antennas, in which miniatur-
ization is achieved either by slots in the ground plane or by
using shortening pins or both. In this work no modification is
performed in the ground plane and no shorting pin is used for
size miniaturization, reducing the back lobe and improving
antenna gain performance. A homogeneous skin phantom
(HSP) of size 100 x 100 x 100 mm?> was used for simulation
purposes. Moreover, system level study was performed by
installing the proposed antenna in a flat-type device that
mimics IMD (Figure 1), and the simulations were carried
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TABLE 1. Comparison of proposed implantable antenna with previous studies.

Ref Antenna size Frequency SAR SAR  Bandwidth Gaig Implantation Via
(g’ (MHz) lg  l0g (MHz) (dBi)  Depth(mm) /GPM
[10]  (0.125>0.125 > 0.0.0061) 2,450 482 315 1100 -15 4 NY
[16] 0.097>0.097 < 0.0028 2,450 289.7 N/A 1038.7 -20.71 N/A Y/Y
[18]  0.0904 < 0.0834 < 0.0028 2,450 185.56  N/A 480 -16.5 N/A Y/Y
[19] (0.080 < 0.638 <0.032) 2,400 508 -- 310 -22.7 3 YY
[20] (0.097 X 0.097 < 0.0027) 2,450 350.8 - 1533 -22 12.5 Y/Y
[21] (0.076 < 0.102 < 0.012) 2,400 2702 314 371 -25.9 - N/N
[22] (0.080 < 0.408 < 0.032) 2,400 856.4 922 400 -373 4 Y/Y
[23] (0.25 <.0.25 < 0.032) 2,400 486 93.1 540 -33 3 Y/N
;‘[,‘(l:ls( (0.089 < 0.088 < 0.009) 2,450 141 14.2 260 -26.54 10 N/N

GPM: Ground plane modification, Y: Yes, N: No, N/A: Not Available

out in HSP. Afterward, for further validation of the results
attained by the device in the HSP, additional simulations were
conducted in skin implant multilayer phantom (SIMP) and
muscle implant multilayer phantom (MIMP). The maximum
gain attained by the proposed antenna inside the skin phantom
at 2,450 MHz was —26 dBi.

The SAR of the proposed device was also conducted in the
head and deep tissue of the Gostove human model for safety
evaluation by using a finite-difference time-domain (FDTD)-
based software. Link budget computation for wireless com-
munication and maximum input power calculation were also
conducted for the suggested implantable antenna. Sensitiv-
ity analysis was also conducted to ensure the acceptable
performance of the proposed antenna under varying tissue
properties. In addition, the coupling effects of the IMD’s
components and the proposed antenna were analyzed. The
simulated design was fabricated and tested, and the measured
results agreed closely with the simulation results. Finally, per-
formance comparison of the proposed antenna with similar
implantable antennas recently published was also performed
and is presented in Table 1. Based on the comparison of the
proposed antenna with similar antennas available (Table 1),
the proposed antenna provides adequate performance with an
ultra-compact size.

Il. METHODOLOGY

A. ANTENNA AND SYSTEM DESIGN

The detailed configuration of the proposed ultra-miniaturized
implantable antenna is depicted in Figure 2. Rogers
RT/duroid® 6010 laminates (e, = 10.2, tané = 0.0035)
with thicknesses of 0.25 and 0.127 mm are used as the
substrate and superstrate, respectively. The high permittivity
substrate shortens the effective wavelength and decreases
antenna losses, contributing to size miniaturization. The use
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FIGURE 2. Detailed profile proposed antenna (Units: mm): (a) Radiating
patch. (b) Ground plane. (c) Side view. (d) Exploded view.

of the superstrate serves two purposes; size miniaturization
and decoupling the antenna from the lossy surrounding envi-
ronment [3], [24]. Roger materials are not biocompatible;
therefore, the proposed antenna is covered with a thin layer of
ceramic alumina (Al,O3) with a permittivity of 9.8 to achieve
biocompatibility.

The radiator is created with meandered lines of variable
lengths to produce a highly miniaturized antenna and obtain
resonance at 2,450 MHz. These meandered lines on the
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radiating patch increase the current path, which reduces the
size considerably. Furthermore, a full ground plane backs the
radiator, resulting in no backward energy leakage. This results
in reduced backward radiation resulting in low back lobe,
subsequently improving the gain and safety of the patient.

In the proposed design, miniaturization in size is attained
by the slots in the radiating patch; the overall volume of the
antenna is only 3.45 x 3.4 x 0.377 mm? (4.422 mm?). For
measurements, a semi-flexible 50 2 coaxial cable is used
to connect the antenna to a vector network analyzer (VNA).
For optimal impedance matching, the excitation is given at
a location of X = 0.4 mm and Y = 2.4 mm. For skin and
muscle tissue implants, the antenna is integrated with a flat
type IMD with a volume of 13 x 8 x 3.25 mm?, as depicted
in Figure 1. The proposed IMD consists of batteries, elec-
tronic components, sensors, and the proposed implantable
antenna. Rogers RT/duroid® 6010 is used for the sensors
and electronic components, while a perfect electric conductor
(PEC) is used for the battery packs [2]. For biocompatibility
of the IMD, the proposed antenna with all the components is
encapsulated in biocompatible ceramic alumina (Al O3) with
a permittivity of 9.8 and thickness of 0.25 mm. In the HSP
environment, an implantation depth of 5 mm is considered.
For a SIMP environment, the implantation depth remains the
same. However, below the skin, fat and muscle layers are
added. Similarly, for MIMP, the IMD is placed in muscle at a
depth of 10 mm. Figure 3 illustrates these setups.

B. SIMULATION AND MEASUREMENT ENVIRONMENTS
The proposed ultra-miniaturized implantable antenna (with
and without a system) was modeled and designed using a
finite element method (FEM)-based simulator (HFSS). Ini-
tially, the simulations were conducted in an HSP of dimen-
sions 100 x 100 x 100 mm> with a depth of 5 mm and
enclosed by a radiation box, as presented in Figure 3(a). The
electrical properties of the skin, such as a permittivity (¢,) of
38 and electrical conductivity (o) of 1.46 S/m at 2,450 MHz,
were considered.

Moreover, SIMP and MIMP composed of skin, fat, and
muscle are also constructed to verify the performance of the
proposed implantable antenna in a complex human tissue
model, as depicted in Figures 3(b) and 3(c). The thickness
of the skin, fat, and muscle layers are 20, 20, and 40 mm
with an &, of 37.88, 5.28, and 54.81 and a o of 1.44, 0.10,
and 2.25, respectively [11], [25]. The difference between
heterogeneous (SIMP) and deep tissue (MIMP) models is
the depth of the proposed implantable antenna. In the SIMP,
the antenna is placed in the skin layer at a depth of 5 mm,
while in the MIMP, the antenna is placed in the muscle
layer at a depth of 10 mm. The prototype of the proposed
antenna was fabricated, and measurements were taken based
on the setup depicted in Figures 3(e) and 3(f) to validate
the simulated reflection coefficient and radiation pattern. For
the measurements, the prototype of the proposed antenna
was plunged in minced pork to approximately mimic human
tissue properties.
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FIGURE 3. Simulation and measurement setups of the proposed
multiband implantable antenna (a) HSP model, (b) SIMP model, (c) MIMP
model, (d) prototypes of proposed antenna, and (e) measurement setups
for reflection coefficient (S;;), and (f) radiation pattern.

A three-step process for optimizing the proposed antenna
was followed to obtain resonance at the band of interest,
as depicted in Figure 4(a). The initial design of the pro-
posed antenna started from a rectangular patch antenna. Then,
adding meandered slits in the radiating patch resulted in
size miniaturization and impedance matching at the band of
interest. The reflection coefficient (S71) and Z-parameters
plots of each step are portrayed in Figures 4(b) and 4(c),
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FIGURE 4. (a) Design steps. (b) S;; of design steps. (c) Real and
imaginary part of impedance for each design step.

respectively. Step I shows that Imag Z is capacitive at the
operating frequency while the Re Z is around 7 2. In step II,
by decreasing the length of the upper L-shaped slot resulted
in improving the Re Z to 10 Q2 while Imag Z remains
capacitive. Finally, in Step III by putting a shortening
strip in the top right slot increased the inductance making
Imag Z = 0 while Re Z becomes 45 2. This resulted in
achieving resonance at the desired frequency as clear from
Figure 4(b).

C. LINK BUDGET INVESTIGATION FOR WIRELESS
COMMUNICATION

The communication link budget is evaluated to analyze
the established communication link between the proposed
implantable antenna and the external receiving antenna. A
schematic setup for the calculation of the link budget is
shown in Figure 5. The proposed antenna can be seen as
a transmitting antenna, while a dipole antenna acts as a
receiving antenna. The standard equations (eq (1) and (2))
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FIGURE 5. Conceptual diagram for the link budget analysis.

TABLE 2. Important parameters used in link budget calculation of
proposed antenna.

Parameters Variable Value
Frequency (MHz) £ 2,450
Antenna Gain (dBi) G, -26
Distance (m) d 0-15
Transmitter power (dBm) P, -16
Receiver Gain (dBi) G, 2.15
Boltzmann Constant k 1.38x102%
Path loss (dB) Lf distance dependent
Reference distance (m) do 1
Path loss exponent 4 1.5
Shadowing effect (dB) S 4
Polarization mismatch losses eP 0.3
Impedance matching of the proposed antenna (dBm) MLTx 0
Impedance matching of the receiving antenna (dBm) MLRx 0

in [26], [27], and [28] are used to calculate the link budget
by considering losses such as path loss, antenna and material
losses, and cable losses. For effective communication, a link
margin of O dB or greater should be achieved. Therefore, a
20-dB link margin is considered for reliable communication
between IMD and the external base station in this study. The
critical parameters involved in evaluating the link budget are
presented in Table 2.

E
LmZPtx+Gtx+er_17b+KTO+Br_L055a (nH
0

here Py, Gy, and Gy, represent the transmitted power (dBm),
the gain of the transmitter antenna (dBi), and the gain of the
receiving antenna (dBi), IETZ is an ideal phase shift keying,
Ny represents the noise power density (dB/Hz), K is the
Boltzmann’s constant, Ty is the temperature in kelvin, and

B, is the data rate in kb/s, respectively. The associated losses
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can be described as

(Loss) dBm = (Ly) dBm + (ep) dB
+ (ML) dBm + (ML,,) dBm, (2)

where Ly, ep, MLy, and ML, represent the path loss, polar-
ization mismatch loss, antenna mismatch loss, and dipole
antenna mismatch loss, respectively. For the calculation of
path loss, a long-distance model was adapted as follows:

d 47‘[d0
(Lf) dBm = 10y loglo(d—) +201log;, (A_) + (S) dB.
0 0
(3)

Here, y is the path loss environmentally dependent com-
ponent, d is the distance between the Tx and Rx antennas,
do is the reference distance (dyp < d), Ag is the free space
wavelength, and S is the shadowing effect [28].

D. IMPACT OF IMD COMPONENTS ON THE

ANTENNA PERFORMANCE

IMDs contain various components like PCB, RF, and elec-
trical components. The majority of these components are
made up of conductive materials, therefore, coupling effect
could be produced with the antenna. This coupling affects
the impedance matching and radiation performance of the
antenna. Therefore, the antenna should be placed at a certain
distance from the metallic components inside the IMD to
minimize this coupling. In order to find the optimum place-
ment of the antenna in the IMD a parametric analysis was
performed, as shown in Figure 6. It can be observed that as the
distance ‘d’ increases matching of the antenna improves. The
proposed antenna performed well when it was placed closed
to the metallic objects. However, to improve matching at the
desired frequency of operation ‘d’ is chosen as 1 mm. Thus,
in the practical scenario styrofoam of 1 mm with a dielectric
constant close to 1 should be placed between the antenna and
metallic components.

0
Flat IMD
-5 -
Antenna
]
o -10
)
g $o
p= PCB
N 15
— d=0.2 mm
-20 — d=0.6 mm
= d=1 mm
— d=1.4 mm
-25 T T - - T
2.0 21 2.2 23 24 25 2.6
Frequency (GHz)

FIGURE 6. Influence on impedance matching of the placement of the
metallic objects near the antenna.
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Ill. RESULTS AND DISCUSSION

The proposed miniaturized antenna was fabricated on Rogers
RT/duroid® 6010 and placed inside a 3D printed IMD.
The prototype of the flat type IMD containing different
components along with the proposed antenna is shown
in Figure. 7(a) and (b). the sealed device was immersed in
minced pork for measuring the return loss through a vector
network analyzer (VNA). The simulated and measured return
loss of the proposed implantable antenna is presented in
Figure 8. The performance of the proposed antenna was eval-
uated in three different environments, as depicted in Figure 3:
HSP, SIMP and MIMP. The return loss of the proposed
antenna with and without system integration is also presented
in Figure 8. There is a slight shift in resonance frequency after
integration with the device.

Batterie§ PCB

©
(=
c
(5]
-
=
@®©
[}
1=
=
o
-
L)
Je)
[0}
(&)
%
L5

Superstrate
(a)

FIGURE 7. 3D printed IMD with dummy electronics. (a) Exploded view of
the IMD and (b) sealed IMD with coxial cable for S;; measurement.

5
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= SIMP Sim.

.20 4 | = MIMP Sim.

——— HSP with Device Sim.
——— Minced Pork Meas.

2.0 21 2.2 23 24 2.5 2.6
Frequency (GHz)
FIGURE 8. Simulated and measured reflection coefficients comparison of

the proposed antenna system in different human body tissues with and
without device integration.
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FIGURE 10. Radiation pattern comparison of proposed antenna in
different scenarios at 2,450 MHz. (a) YZ (E)-plane, (b) XY (H)-plane.

However, the intended band is still covered, and no modi-
fications are required in the antenna structure, likely because
of the full ground plane without any slots resulting in reduced
backward radiation. Furthermore, the proposed antenna is
resonating at the 2,450 MHz band for the different simulation
scenarios. The measured impedance bandwidth covered by
the proposed antenna is 262 MHz (2,249-2,511 MHz). Small
shifts in the resonance frequency are apparent in Figure 8.
They may be mainly due to 1) imperfections in fabrication,
2) air gap that exists between the superstrate and the antenna,
3) electrical properties differences between the minced pork
and simulation environment, and 4) cable losses.

In the MIMP, the impedance matching deteriorated more
than in the other cases. However, it still covers the band
of interest, likely due to the asymmetric loading of the
body tissue [3] and the different electrical properties of
body layers. Moreover, the measured return loss shifted to
2,400 MHz, likely due to a soldering bump over the patch
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and the existing air gap between the patch and superstrate,
in addition to the fabrication intolerance and measurement
inaccuracies [21], [29].

Furthermore, the effects of coaxial cable on the per-
formance of the proposed antenna in the skin phantom
(HSP) were investigated because the coaxial cable can
affect the impedance matching and radiation performance
of electrically-small antennas. The diameters of the inner
and outer conductors of the coaxial cable are 0.28 mm and
1.19 mm, respectively. Teflon (¢, = 2.1 and tand = 0.001)
was used as an insulating material between these conductors
with a diameter of 0.94 mm. Three cases were considered
in simulation, as depicted in Figure 9(a): Case a (antenna
without coaxial cable), Case b (antenna with short coaxial
cable), and Case c (antenna with long coaxial cable). The
simulated return loss and plots of radiation pattern presented
in elevation plane are depicted in Figures 9b and 9c, respec-
tively. A slight shift in the resonance frequency and a minute
change in the radiation pattern are evident. These changes can
be attributed to the coupling between the outer coaxial cable
conductor and the biological tissues [30].

Simulated polar plots of the radiation patterns at the operat-
ing frequency in the HSP, SIMP and MIMP with the measured
once (in minced pork) in the E-plane (YZ) and H (XY) plane
are illustrated in Figure 10. The radiation patterns were mea-
sured in the anechoic chamber where a high gain horn antenna
was the transmitting antenna and the proposed antenna placed
inside minced pork meat was the receiving antenna. The
radiation patterns in both planes are nearly omnidirectional
in HSP, SIMP, and MIMP. In the minced pork meat, how-
ever, due to the asymmetric dielectric and conductivity dis-
tribution, the omni-directionality of the pattern is disturbed.
Omni-directional patterns have the advantage that they can
transmit or receive information from any direction. Such kind
of radiation pattern is highly desirable in implantable antenna
applications. The maximum gain of —26 dBi of the proposed
antenna was realized in the skin phantom at the operating
frequency. The measured peak gain of the proposed antenna
at 2,450 MHz was —26.54 dBi. However, the discrepancy
found in the measured radiation patterns in both planes that
may be attributed to fabrication intolerance and measurement
inaccuracies. In addition it might be due to the asymmetric
distribution of permitivity and conductivity of the minced
pork meat.

The current distribution of the proposed implantable
antenna at the operating frequency is depicted in Figure 11.
At the resonance frequency of 2,450 MHz, the whole radiat-
ing patch is activated. The figure shows that the current on the
patch is flowing in the same direction following the longest
path thus insuring a good impedance match and larger elec-
trical length at the resonance frequency. At this frequency,
the current does not change its direction, which corresponds
to a quarter wavelength monopole mode [3]. The current on
the ground plane remains almost uniform at the center with a
lower current density. However, a stronger current is focused
at the edge of the ground plane close to the feeding point.
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FIGURE 11. Current distribution of the proposed implantable antenna at
2,450 MHz on (a) radiating patch and (b) ground plane.

Due to the weak current densities on the ground plane, the
coupling between the back radiations and the components of
the IMD will be very less, therefore, minimal detuning of the
operating frequency was observed (as shown in Figure 6).

The use of an implantable antenna can cause electromag-
netic energy to accumulate in body tissue. Consequently,
it is essential for evaluating patient safety. SAR is regarded
as the evaluating standard for implantable antennas. IEEE
C-95-1999 and IEEE C-95-2005 confined the SAR values
averaged over 1-g and 10-g of human tissue to be less than
1.6 and 2 W/kg, respectively [31]. The SAR distribution at the
operating frequency of the proposed antenna was calculated
by implanting the antenna in the heterogeneous head with an
implantation depth of 5 mm and chest with an implantation
depth of more than 10 mm of the Gostove human model
in a finite-difference time-domain (FDTD)-based simulator,
as depicted in Figure 12.

For the 1-g SAR standard at a 1-W input power in the
ISM band of 2,450 MHz, the calculated SAR values were
141 and 162 W/Kg in the head and chest of the Gostove
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FIGURE 12. Simulated averaged SAR Average over 1 g of tissue (a)-(b)
and 10 g of tissue (c)-(d) at 2.45 GHz.

TABLE 3. Maximum peak SAR and maximum allowable input power
(input power = 1W).

Implantin Peak 1-g Peak 10-g 1-g Maximum 10-g Maximum
lz iss ; s SAR SAR allowable power allowable power
" (W/kg) (W/kg) (mW) (mW)
Head 141 14.2 11.34 140.8
Chest 162 16.6 9.87 120.5

human model, respectively. In contrast, the 10-g SAR values
at the operating frequency band were 14.2 and 16.6 W/kg in
the head and chest of the Gostove human model, respectively.
Table 3 presents the detailed SAR values of the proposed
antenna, including the allowed maximum power. These val-
ues are much less than existing implantable antennas [10],
[16], [18], [19], [20], [21], [22], [23].

For reliable communication with an external base station,
analysis of the link budget at three different bit rates (Br):
7 kbps, 100 kpbs, and I Mbps was performed. Input power
of 25 uW (—46 dBW) at 2,450 MHz of the implant sys-
tem was used, and the external antenna had a gain (Gr) of
2.15 dBi. The other values are listed in Table 2. The com-
munication link margin changes against distance are depicted
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FIGURE 13. Link margin plotted against distance at 2,450 MHz.

in Figure 13. With a 20-dB margin and at bit rates of 7 and
100 kbps, the proposed antenna can communicate at dis-
tances of 15 and 4 m, respectively. However, the communi-
cation range decreases to 1.3 m when the bit rate increases
to 1 Mbps. Based on these results, the proposed implantable
antenna system is suitable for the proposed biotelemetry
applications.

The dielectric properties of the surrounding human tissues
have a major impact on the performance of an implantable
antenna. Therefore, accurate antenna performance analy-
sis must be conducted under different tissue loading con-
ditions. Hence, the permittivity (¢,) and conductivity (o)
of the HSP varied from 50% to 150% as shown in
Figures. 14(a) and 14(b), respectively. Figure 14(a) clearly
shows that as &, increases and decreases the resonance shifts
towards the lower and upper frequencies, respectively. This is
the result of the inverse relationship between ¢, and resonance
frequency as given in Eq. (1).

fr=—= @

Ly #5=

where f1; ¢, Lg, and ¢, represent resonance frequency, speed of
EM wave in free space, length of the antenna, and combined
relative permittivity of the dielectric and superstrate, respec-
tively. Similarly, to analyze the effect of o on the performance
of the antenna, it was varied from 50% to 150% as depicted
in Figure 14 (b). As clear from the figure variation of o
has a minimum effect on the resonance frequency of the
proposed antenna. The variation only affects the impedance
matching [20] resulting in an increase or decrease in the
depth of reflection coefficient (S11). Additionally, the tand
of the tissue is also affected by both ¢, and o as given

by Eq. (2).
®

tand =

Eréow
where &9 and w are the free-space permittivity and fre-
quency in radian, respectively. The results presented in
Figure 14 show that the proposed antenna can offer stable
performance when the antenna is placed in locations having
different varying tissue conditions.
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FIGURE 14. Sensitivity evaluation of the proposed antenna by varying
(a) permittivity and (b) conductivity of the tissue.

IV. CONCLUSION
This paper presented an ultra-miniaturized implantable
antenna for biotelemetry applications at the 2,450 MHz
band. A high permittivity substrate/superstrate and mean-
dered patch resulted in a compact size of 3.45 x 3.4 x
0.377 mm (4.422 mm?). The antenna’s performance with and
without integration with dummy electronics and batteries was
analyzed in three types of phantoms: HSP, SIMP, and MIMP.
Moreover, coaxial cable effects on the proposed antenna
performance were studied. The antenna was fabricated, and
measurements were taken in saline solution and minced pork
for return loss, radiation pattern, and SAR, which agreed
closely with the simulated results. Based on the results
obtained and its compact size, the proposed antenna could be
an excellent candidate for intended biotelemetry applications.
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