44 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.12, NO.1 February 2014

Design of an Implantable Antenna Feasibility
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ABSTRACT

The objective of this research was to design a
patch antenna for communication with medical im-
plants in the 402-405 MHz Medical Implant Commu-
nications Services band (MICS). Imbedded antennas
used for biomedical telemetry such as cardiac pace-
makers have been previously demonstrated for use
either as sensing elements or as components of a wire-
less communication system. Designing an implanted
antenna as a sensor is rather less difficult since the
resonant frequency is seen to shift by changes in di-
electric properties of the surrounding implanted ar-
eas affected by glucose levels. Based on our previous
work of tissue characterization, an analytical tech-
nique can be developed to negate this frequency shift
due to the change of permittivity and conductivity,
from which the glucose levels are determined. This
paper presents an antenna design used for communi-
cation from the implant to an external receiver, re-
gardless of human tissue characterization. Using the
genetic algorithm (GA) and the finite difference time
domain (FDTD) method, the antenna is designed
to have minimal detuning due to changes in blood
glucose level. In this study, single and stacked non-
homogenous body layer for better performance were
determined.

Keywords: Implantable Medical Devices, Im-
plantable Antennas, Planar Inverted-F Antenna
(PTFA), Waffle-Type Antenna.

1. INTRODUCTION

It is estimated that 23.6 million people (8% of
population) in the United States, 48 million people
(7.8% of population) in Europe, and 125 million peo-
ple (9.2% of population) in Asia have diabetes, ac-
cording to the Center for Disease Control and Preven-
tion [1] as of 2011. In 2010, 700,564 people died due to
the complications related to diabetes and 77,935 died
from heart attacks [2]. Many of those patients even
had cardiac pacemakers activated with implanted an-
tennas inside. One of the reasons for this could possi-
bly be the effect of glucose levels on the cardiac pace-
maker that made implanted antennas malfunction [3].
Mostly, a diabetes condition affects insulin resistance
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in which there is an inability to control glucose levels
in the blood stream. The change of glucose concentra-
tion from normoglycemia to hypoglycemia or hyper-
glycemia shifts the resonant frequency and thus low-
ers the characteristic performances of an implanted
antenna. This is based on the fact that the glucose
levels affect the dielectric properties of blood, muscle,
fat and skin in which the antenna and biomedical de-
vices are located [4]. These patients required frequent
monitoring to avoid the effect of hyperglycemia or
hypoglycemia. However, fasting blood glucose tests
and other at-home monitoring procedures are painful
methods [5]. Therefore, there has been a need for re-
liable and continuous monitoring technology for im-
plantable cardioverter pacemakers and defibrillators
to help patients better manage their medical treat-
ments and avoid heart failures [6]. In order to reduce
or totally eliminate the diabetes related deaths of car-
dioverter patients, a new generation of a pacemaker
with a microwave antenna that has less sensitivity to
the surrounding biological tissue is needed.

A biosensor system combining RF technologies is
the key to developing the next generation of hyper-
thermia for medical treatments and monitoring var-
ious physiological parameters to improve the quality
of a patient’s life. In addition to medical therapy
and diagnosis, biosensor technologies are regarded as
important functions for implantable medical devices
(heart and brain pacemakers, defibrillators, artificial
eyes, cochlear implants, etc.), which need to trans-
mit diagnostic information. In contrast to a number
of research accomplishments related to hyperthermia,
studies on implantable biosensors used to build the
communication links between implanted devices and
exterior instruments for biotelemetry are widely re-
ported. These sensors can be implanted inside a hu-
man body along with the medical devices [7]. Regard-
ing the Food and Drug Administration (FDA) and
Federal Communication Commission (FCC), safety
issues related to implanted devices in terms of maxi-
mum available powers at the receiver locations must
be obtained. Furthermore, to provide the reliability
of the communication link and estimate the minimum
sensitivity requirement for the receiver, the radiation
characteristics and 1-g averaged specific absorption
rate (SAR) distributions are limited by American Na-
tional Standards Institute (ANSI)/IEEE limitations
[8]. These limitations protect the surrounding human
tissues from being damaged from exposure to radia-
tion.
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Considerable progress has been made in recent
years to develop implantable sensors that can con-
tinually monitor or communicate with equipment in-
side or outside of the patient’s body [9-14]. These
advanced technologies in medical telemetry allow
physicians to monitor patients’ physiological param-
eters and communicate with internal medical de-
vices using radio frequencies in order to modify func-
tions/parameters on implanted biomedical devices.
These devices require an integrated antenna in which
the types of antennas depend on the implanted loca-
tion. For instance, waveguide or low-profile antennas
are externally positioned, and monopole or dipole an-
tennas transformed from a coaxial cable are designed
for internal use. Nevertheless, several types of an-
tennas have been used or proposed for a variety of
embedded wireless communication applications. In-
ductive antennas (coils of wire around a dielectric or
ferrite core) have been successfully used for biomed-
ical telemetry [14], although data rates are low, and
size/weight and biocompatibility issues plague the
coil-wound devices. To facilitate improvements in
the communication range, the European Telecom-
munications Standards Institute (ETSI) reserved the
MICS band for medical and meteorological applica-
tions. The MICS band occupies the spectrum from
402 to 405 MHz with a maximum emission band-
width of 300 kHz [15]. Wire-type, microstrip, and
planar invert-F antenna (PIFA) embedded in the hu-
man body were designed and analyzed for artificial
eyes, cochlear implants, brain and cardiac teleme-
try. Designing antennas that would operate inside
the human body is a challenging task. Factors such
as human tissue dielectric property and conductiv-
ity, impedance matching, antenna size, specific ab-
sorb rate (SAR) requirements, and biocompatibility
play an important role in the design.

In this study, our goal is to design an implanted
antenna operating at 402-405 MHz MICS band. This
small size antenna is mainly intended for use as a
cardiac pacemaker and also for continuous glucose-
monitoring applications. Fig. 1 shows the road
map of the research activities reported in this pa-
per. The antenna is a serpentine-shape PIFA with a
superstrate cover to prevent the human tissues from
shorting out the antenna and is shown in Fig. 2.
Methods to reduce the size of the antenna by adding
ground pins and using a high dielectric substrate ma-
terial were applied. The antenna was simulated in
a realistic human shoulder because pacemakers and
implantable cardioverter defibrillators are normally
placed between fat and muscle in the upper human
chest. Simplified four-layer geometry (skin, fat, blood
and muscle) from the human shoulder was used in a
design process since the dimension of this simplified
geometry could speed up the simulation time almost
50 percent [10]. Both uniform and non-uniform four-
layer models are evaluated.

In Human Body

Fig.1: Schematic Diagram of Research Activities.

~
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Fig.2: Structure of an Implantable Antenna.

The antennas are designed to operate in the 402-
405 MHz band regardless of the changes in human
tissues by different glucose levels by the genetic al-
gorithm (GA) combined with a finite-difference time-
domain (FDTD) solver. To measure the return loss
of manufactured antennas, these antennas were tested
in a three-layer fluid called TX-151 [16], the electrical
characteristics of which were similar to those of the
biological tissues on an HP8510C network analyzer.

This paper is organized as follows. Section II out-
lines the effect of glucose level on the dielectric prop-
erties of the human body. In Section III, we exam-
ine a design example to serve as the communication
system and glucose sensor. In Section IV, the test
results from a prototype antenna are compared with
the simulation results.

2. EFFECT OF GLUCOSE ON THE DI-
ELECTRIC PROPERTIES OF HUMAN
BODY

This section discusses changes in the relative per-
mittivity (e,) and the conductivity (o) of human tis-
sues (skin, fat, blood, and muscle) with glucose levels.
In order to investigate the effect of glucose levels on
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Table 1: Dielectric Constant and Conductivities
for Biological Tissues of the Simulation for Normo-
glycemia at 403 MHz [18 and 19]

Tissue €e 0.(S/m)
Fat 5.6 0.041
Skin 46.68 0.64
Skin(dry) 46.7 0.69
Skin(wet) 49.8 0.67
Muscle 57.1 0.797
2/3-Muscle 42.07 0.646
Bone Cancellous | 22.4 0.235
Blood 57.29 1.72
Cartilage 43.64 0.65

implanted antennas for higher frequencies, we need
to define the electromagnetic properties of the ma-
terials. Classical antenna theory mainly deals with
antennas placed in a vacuum or in air, which is a
non-conducting environment and has a permittivity
of g = 8854 - 10-12 F/m. With a higher permit-
tivity and non-zero conductivity environment, theory
must be revised from the usual simplifications used
in antenna design. The permittivity € and the con-
ductivity o of a medium are defined in their real and
imaginary parts as (1) and (2). The complex permit-
tivity defined from the effective permittivity € and
the conductivity o is defined as (3).

’

e=¢ —je* (1)
c=0 —jo* (2)
. Oe
€0 = Ee —
0 onw (3)

The effective dielectric and conductive properties of
human tissue have been characterized as described by
(4) and (5). The loss due to conductivity in matter is
often expressed as a dissipation factor or a loss tan-
gent tand. They are defined as (6) where the imagi-
nary parts of € and o are due to time lags in the elec-
tromagnetic response of the materials [17]. Specifi-
cally, €” is due to the polarization response of the ma-
terial and ¢” is mainly due to time lag in the conduc-
tion response caused by large ions. The effective per-
mittivity €. and conductivity o, of different human
tissues are relevant for medical implants and are given
in Table 1. All data is given for a frequency of 403.5
MHz and are from [18]. The frequency-dependent rel-
ative permittivity and conductivity [19] of skin (wet
and dry), fat, blood, and muscle are shown in Figs. 3
and 4. A shift in resonant frequency was studied to
determine the characteristic of blood glucose level in
three conditions (hypoglycemia, hyperglycemia, and
normoglycemia) [20]. The relative permittivity used
for the 2/3-mucle tissue regarding to the blood glu-
cose level on resonant frequency is shown in Fig. 5.
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Fig.3: Biological Tissue Model Relative Permittivity
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Fig.4: Biological Tissue Model Relative Conductiv-
ity [18].
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3. METHOD OF ANALYSIS, EVALUATION
AND OPTIMIZATION

The Finite Different Time Domain (FDTD)
method is used to simulate the microstrip antennas.
From the previous work it has been observed that for
the purposes of optimization, the FDTD simulation
can be relatively imprecise while still yielding rela-
tive performance metrics that lead the optimization
to a good design. Thus, completed convergence, ideal
boundary conditions, and etc. are compromised for
the sake of computational speed in this already com-
putationally intensive process. The grid size is Ax =
Ay = Az = 1 mm and later is changed into 0.5 mm.
The perfect matched layer (PML) absorbing bound-
aries are 160 cells away from the antenna model. The
analysis with the general features is as follows.
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Fig.5: Relative Permittivity Used in Antenna Sim-
ulation.

A. Initial Serpentine PIFA Design

The initial antenna design is shown in Fig. 6. The
radiation width is 3 mm and other parameter are as
follow: L1 = 22, L2 = 22, L3 = 22, L4 = 22, L5 =
11,D1=45,D2=3,D3=4.5,D4 =3, W1 =W2 =
W3 =W4 =3, Fx =0, Fy = -4, Gx = Gy = 0; the
unit is in mm. The Rogers RO3210 (e, = 10.2, tané
= 0.003) is used for the substrate and superstrate
material. A shorting pin is used to assist in antenna
miniaturization. The pin behaves like a ground plane
and increases the electrical length of the serpentine.
First the antenna is embedded in a 140 mm x 140
mm x 30 mm block of 2/3 muscle as shown in Fig. 7a.
The 2/3 human muscle is commonly used to represent
average body properties. The electric properties are
2/3 those of pure muscle (¢, = 42.807 and o = 0.6463
S/m for normoglycemia). For hypoglycemia and hy-
perglycemia, the electrical properties are &, = 38.12
with 0 = 0.85 S/m and ¢, = 47.97 with ¢ = 0.59
S/m, respectively. The simplified model helps speed
the simulation time. Finally a four-layer phantom
similar to those in a human chest is used to simulate
the performance of the antenna in the presence of four
different tissue layers (skin, fat, blood, and muscle).
Skin 3 mm thick was placed on top of a 4 mm fat
layer, a 3 mm blood layer and a 20 mm muscle layer
as shown in Fig. 7b. The antenna location was care-
fully selected in order to match the real implanted
location. The antenna was placed between the skin
and muscle tissues within the superstrate layer un-
derneath the skin. These tissues and their processes
are similar to [9]. The XFDTD provided by Remcom
[21] has been used for all simulation processes.

Fig. 8 shows the simulated return loss of the ini-
tial design. Note that measured skin properties are
used from [22-23] during simulations. The operat-
ing frequency between the antenna implanted in a
2/3-mucle model and in a simplified four-layer model
are slightly different. Still, a 2/3 muscle can be used
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Fig.6: Top View of the Antenna.
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Fig.7: Human Body Tissue Model (a) 2/3-Muscle
and (b) a Simplified Four-Layer.

to predict the trend and it can speed the simula-
tion process by 30-40 percent. In a simplified model,
the antenna resonates at 388 MHz in hyperglycemia,
418 MHz in hypoglycemia and 402 MHz in normo-
glycemia level. The total frequency shifted from hy-
perglycemia to hypoglycemia in a 2/3-muscle and in
a simplified model is 22 MHz and 30 MHz, respec-
tively. Although close, the results do not match the
desired frequency at 402-405 MHz, and the return
loss is higher than 10 dB for hypoglycemia and hy-
perglycemia conditions. To tune and improve the an-
tenna characteristics, a genetic algorithm optimiza-
tion is applied.
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Fig.8: Return Loss of the Antenna in (a) 2/3-

Muscle and (b) a Simplified Four-Layer.

B. Genetic Algorithm Optimization

The initial objective of this work is to design a
microstrip antenna with a reflection coefficient lower
than 15 dB in the 402-405 MHz MICS band for all
glucose conditions. Although it was well achieved in
the normoglycemia, the resonant frequency failed to
perform in hypoglycemia and hyperglycemia. The
reflection coefficient at the communication frequency
should be as insensitive to glucose level as possible,
so that varying dielectric properties does not de-tune
the antenna performance. The optimization tech-
nique requires the cost function (magnitude of the
reflection coefficient) to be evaluated for each test an-
tenna, which is represented by its own GA chromo-
some. Each chromosome is composed of genes that
describe a sequence of binary bits containing antenna
design parameters to be optimized.

For the optimization procedure, the antenna geom-
etry was organized as shown in Fig. 6, while main-

taining the configurations and dielectric properties for
a phantom model as described in the previous section.
The dimensions of the substrate and superstrate were
kept constant at L. = 29 mm and W = 29 mm and
the dimensions of the patch (length and width) were
25 mm and 25 mm, respectively. The other parame-
ters, L1, L2, L3, D1, D2, D3, D4, W1, W2, W3, W4,
Fx, Fy, Gx, and Gy were determined in the chromo-
some array. The feed and ground pins were allowed to
move along the x-axis and y-axis, but with movement
constrained by the antenna shape and were forced to
attach to the radiated part. This method has been
used in the past to design antennas implanted in the
human body. The coordinates of the center of the
feed and shorting pins were calculated and the pa-
rameters resulted in a 17-dimension solution space
with possible values listed in Table II.

The goal of the optimization is improving antenna
performance around the center frequency of MICS
band (403.5 MHz). Therefore the fitness function of
this problem is chosen to be as (7)

fitness = max(S11 k1, S11 k2, S11 k3) (7)

where (511  refers to the return loss at a sample fre-
quency point at 403.5 MHz, and the subscript 1, 2 and
3 indicates glucose levels at hypoglycemia, normo-
glycemia and hyperglycemia, respectively. With an
objective function emphasizing communication, more
weight was placed on the frequency difference to min-
imize the effect of glucose level. This objective func-
tion can be combined with other criteria based on ra-
diation pattern and power requirements, but at this
point, we focused only on the return loss optimiza-
tion. The parameters of the evaluation, crossover and
mutation were: population size = 48, discard rate =
0.4-0.6 and mutation rate = 8-15%. The optimized
process was set for 250 iterations.

The optimized parameters are shown in Table 2
and the antenna model is shown in Fig. 9. The sim-
ulated return loss of the optimal design for all three
glucose conditions are shown in Fig. 10. The E-field
radiation patterns (at a distance of 1 meter) at the
communication band 402 MHz for the antenna are
shown in Fig. 11. The results in term of s-parameter,
bandwidth and 1g-SAR are compared to those of the
model in the presence of three different glucose levels
as shown in Table 3.

C. Effect of Nonuniform Model

From the relative permittivity and the return loss
plots in Figs. 5 and 8, the glucose levels changing
from hypoglycemia to hyperglycemia mainly affected
the relative permittivity and conductivity of a blood
layer. A novel approach to determine a tight glu-
cose sensing for patients with diabetes could be based
on measuring the changes in antenna performances
of glucose-sensitive surrounding tissues. In order to
achieve the goal of a long-term implantable glucose
sensor, the effect of nonuniform electrical properties
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Table 2: Serpentine Optimization Parameters.

Parameters Range | Optimized
(rm) | (mm)
L1 20, 25 24
L2 22, 25 22.5
L3 22, 25 22.5
L4 [20, 25] 21
L5 [8, 25] 12
D1 [1.5, 4.5] 2.5
D2 [1.5, 4.5] 3
D3 [1.5, 4.5] 1.5
D4 [1.5, 4.5] 2
W1 [1.5, 4.5] 3
W2 [1.5, 4.5] 2.5
W3 1.5, 4.5 4
W4 1.5, 4.5 4.5
Fx 1, 22 8
Fy -5, 16 0.5
Gx 1, 22 0.5
Gy [-5, 9] 1
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Fig.10: Simulated Return Loss of the Antenna in
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Fig.11: Far-Field Patterns for 402 MHz.

Table 3: Comparisons of the antenna performance
in three different glucose levels

(ilBl) -20.4 -29.3 -21.5
(f\_z??kg) 48.9 49.3 49.8
S?ﬁvgl)ax 137.1 126.5 159.1
((}ﬁ(;f -29.5 -29 -29.2
EH&(C%?)ncy 6.2 6.7 6.1

of all four-layer geometry is also of interest. The di-
electric properties of skin, fat, blood, and muscle are
reevaluated in the case that they were consumed by
glucose.

In order to test this possibility, the percentages of
glucose level that might be allowed to permeate the
four-layer geometry were controlled by soaking addi-
tion layer. In this case, it was assumed that the glu-
cose level have permeated into the fat and skin lay-
ers, and thus affected the dielectric properties with
some percentages from the hypoglycemia to hyper-
glycemia. For hypoglycemia the dielectric properties
of layer with 10% body fluid are assumed to be €, =
3.8 and ¢ = 0.08 S/m, and with 20% body fluid ¢,
= 7.6 and 0 = 0.16 S/m. And for hyperglycemia the
dielectric properties of layer are €, = 4.7 with ¢ =
0.059 S/m and €, = 9.4 with ¢ = 0.118 S/m for 10%
and 20% respectively. The antenna model from Fig.
9 is used to demonstrate these assumption. The re-
sults of the non-uniform electrical properties for the
four-layer geometry are shown in Table 4. The dif-
ferences in the resonant frequency, 1g-SAR level and
the corresponding relative gain at delivered power of
1 mW are observed. It is shown that the antenna
failed to maintain its performance under the nonuni-
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Table 4: The 19 SAR, mazimum gain comparison
in the body model at delivered power of 1 mW from
the antenna.

ity | mW/Kg) | (dB)
20% . 386 49.6 -31.8
Hypoglycemia
10% . 391 49.7 -31.2
Hypoglycemia
Hypoglycemia 410 48.9 -29.5
Normoglycemia 403 49.3 -29
Hypoglycemia 400 49.8 -29.2
10% . 387 49.9 -30.6
Hyperglycemia
20% . 381 50.1 -31.1
Hyperglycemia

form condition. It is worth noticed that though SAR
level has less impacted, the maximum gain is almost
3 dB different.

Network
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N |
9cm N =]
i 3cm
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Fig.12: Return-loss measurement setup for resonant
characteristics of the designed antenna.
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Fig.13: Measured Return Loss of the Fabricated An-
tenna.
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4. PROTOTYPE AND
RESULTS

MEASUREMENT

To verify the simulation results, a prototype of
the antenna was built from Rogers RO3210 (¢,=10.2,
tand=0.003) substrate, and the antenna was buried
30 mm deep in a block of tissue stimulant material.
This material consisted of TX-151 powder, sugar,
salt, and deionized water. Measured values of hypo-
glycemia and hyperglycemia have dielectric permit-
tivity of 39.78 and 49.23 and conductivity 0.93 and
0.54 S/m, respectively. The antenna prototype and
the return losses of the antenna are shown in Figs.
12 and 13, respectively. Agreement between the mea-
sured and simulated values is reasonable within the
expected range of modeling, considering the coarse-
ness of the simulations, and the prototype antenna
meets the expectations of the cost function. Good
agreement, is expected and achieved for the MICS
band. The 10-dB bandwidths of the simulation and
the measurement in the MICS region are 25.3% and
20.4%, respectively. The simulation and measure-
ment comparison of the null in different glucose levels
is shown in Fig. 14. The relatively flat performance
of the first null is desired and is achieved up to about
20% glucose levels for the simulation and about 15%
glucose levels for the prototype measurement.

5. CONCLUSIONS

In this study, we designed and tested an im-
plantable antenna operating at 402-405 MHz MICS
band intended for biomedical devices. The implanted
antenna can work effectively regardless of different
glucose levels. Thus, this antenna can be applied
for continuous glucose-monitoring applications. Us-
ing the genetic algorithm (GA) and the finite differ-
ence time domain (FDTD) method, the antenna is
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designed to have minimal detuning due to changes in
blood glucose levels. In order to test the performance
of the antenna, we developed three simulant tissues
to mimic the electrical properties of the real human
body in hypoglycemia, normoglycemia and hyper-
glycemia. The fabricated antenna was embedded in
these gels and tested using an HP8510C network an-
alyzer. The results were compared with the simula-
tions, and an excellent agreement was observed. The
measured antenna had dimensions of 29 mm X 29
mm X 3 mm. The obstacle during measurement was
to make stimulant gels that have the dielectric prop-
erties similar to those of the human body for three
glucose levels. While we have successfully accom-
plished this task for designing an implanted antenna
able to communicate in the MICS band regardless of
different glucose levels, there is still needed for an im-
planted antenna as a sensing device. Moreover with
the nonuniform body layer, the resonant frequency is
moved out of the MICS band and lost its maximum
gain power. Therefore we are currently working to
perfect the antenna that is less sensitive to nonuni-
form body and a dual band implantable antenna for
continuous monitoring applications. Finally, based
on the limitations for biomedical telemetry devices,
more sensitive receivers which are able to function
within a wider range of frequencies are necessary for
reliable communication links between the designed
antennas and exterior devices.
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