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ABSTRACT

The effect of mutual coupling between two antennas within a
human body model is studied. The multilayer model includes
highly lossy materials in which biocompatible metal implant is
inserted, that in the present study serves as a ground plane of the
conformal radiators. The effect of the mutual coupling between two
antennas sharing the same ground plane is numerically studied and
quantified. For its reduction a grounded microstrip line
configuration is proposed, that can be easily inserted in the
considered geometry. Its presence increases the directivity of the
2-element conformal array and reduces the level of the sidelobes.

CCS Concepts

* Hardware — Printed circuit boards — Electromagnetic
interference and compatibility « Hardware —Communication
hardware, interfaces and storage — Signal processing systems
— Beamforming.

Keywords
Implanted antenna, mutual coupling reduction, In-body wireless
electronic

1. INTRODUCTION

Medical telemetry - also called biotelemetry- involves the
application of telemetry in medicine and other healthcare. It allows
remotely monitoring various vital signals of ambulatory patients
and it is exploited more and more in the today healthcare system. If
adequately implemented, i.e., allowing real-time transmission of
biological signals from the body - as the human temperature, blood
pressure and to monitor of cardiac beat in sickrooms, etc., - in a
plausible way to a far located medical center, it is possible to
distantly monitor patient and for example to send medical team just
if necessary. The use of such technologies can strongly reduce
hospitalization time, and consequently associated costs, without
affecting the efficiency of the service. On the other hand, having
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the possibility to continuously collect the biological data,
algorithms to predict the evolution of the medical condition of the
patients can also be developed, which again can reflect in a higher
quality of the service, for example by considering recovery only
when in fact necessary.

In some cases, on-body sensors can collect the signal of interest,
but in other cases, the information has to be obtained from inside
the body. In this case, the collected information should be
transmitted outward from inside the body. Implanted antennas are
the basic elements of any of such system, where communication
between an implanted device in the human body with the outside
receivers is required.

The location of the implanted antennas depends on the given
application. Some of them, e.g., for a wireless RF powered brain
machine interface applications are located in brain [1], [2]. In [1] it
is shown that the position of the implanted antenna and electrical
properties of insulating layer will also affect the RF power
reception and the properties of the tissues surrounding the
implanted antenna can influence the electrical characteristics of the
antennas. In [2] a planar spiral antenna (PSA) is designed in the
brain to detect the existence of tumor. In the presence of tumor, the
resonant frequency of the PSA is larger than for healthy tissues.
Other antennas are implanted in human arms. In [3], an implanted
cavity slot antenna with H-shape slot is proposed and characterized.
Few examples of antennas on the bone are in [4], [5]. In [4] an
implanted antenna located between the two parts of a broken femur
is considered. It consists of a conformal slot array that is part of a
wireless battery system. In [5], the reason of using implanted
antennas in bone rather than in the muscle and skin is discussed: a
comparison between bone implanted antenna and muscle implanted
antenna is presented.

Radiation performances of antennas can be increased, for example,
by considering an array of radiators. This solution also presents
some drawbacks, as the larger dimension of the antenna, and the
effect of the mutual coupling between the radiators, that can, in
turn, reduce the gain or increase the level of sidelobes. In the
literature, different ways to reduce the effect of the mutual coupling
have been proposed. In [6], parasitic tape on microstrip patch
elements is experimented. This mechanism of mutual coupling
reduction has been studied by observing the field distribution in the
presence of the tape, and compare it with the initial case when the
tape is not present. In [7], a solution consisting of the use of one
pair of slit between two walls of a printed circuit board in air is
studied aiming to improve the isolation of a pair of closely packed
antenna elements. In [8], a suspended line that links 2 planar
inverted-F antennas (PIFAS) is used to compensate the coupling.
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By this way, an opposite coupling can be introduced that if properly
designed will offset the unwanted interaction and in turn can
increase the antenna efficiency. Similar solution is proposed in [9],
where a connection between two ports is considered. Such a
solution is convenient and easy to be implemented by suitably
designing the dimension of the connection. However, the reduction
of the coupling i.e., S21 parameter, is put side-by side by a shift of
the resonant frequency. Another class of solutions for reducing the
mutual  coupling  between radiators consist of using
Electromagnetic Band-gap (EBG) structures. In [10], a periodic
structure on a conformal ground plane, which exhibits EBG in the
interested band, is used. In [11], a defected ground structure (DGS)
with two H-shaped slots between the antennas are used which are
placed very closely each to other (distance less than 0.3)). With this
structure, the mutual coupling reduces up to 50 dB without
significant influence on the radiation pattern. In [12], a comparison
between an EBG structure and DGS structure is performed.
However, the study of the mutual coupling for implanted antennas
is at the early stage, and at the best of the authors’ knowledge, only
few examples are reported in the literature.

Bearing in mind the classes of the implanted antennas, where space
and material constrains are to be strongly considered in this paper,
the reduction of the mutual coupling in the case of an implanted 2-
element antenna array is investigated. The radiators are placed on a
metallic cylinder (the implant) embedded in a polymer dielectric
that acts as a substrate between the ground plane and radiators, all
of them being conformal. For the reduction of the coupling, a
narrow, grounded microstrip line is inserted between the antennas.
Quantification of the coupling with and without the proposed shield
is performed, and the amount of the reduction of the coupling is
studied for different positions of the two radiators. In each cases,
the grounded line is positioned midway between the radiators. The
solution does not require any additional space, since the grounded
line is located in the already available space halfway between the
antennas.

2. THE BODY MODEL

In this paper a cylindrical body model is considered, that has
dimensions similar to an adult leg. The different tissues are
modeled as concentric cylinders characterized with different
thicknesses and material parameters. A CAD model of the
geometry under investigation is presented in Fig. 1.

The material parameters, i.e., relative dielectric constant and
conductivity (S/m) are reported in Tab. 1. In all cases the magnetic
properties of the different tissues and dielectric have been
neglected, i.e. a relative magnetic permeability equal to 1 has been
considered.

skin

fat

—

muscle

AN / bone

Figure 1. Cross section of the considered geometry.

Table. 1: Characteristics of the different tissues at f=2.45
GHz and metal (implant and antenna)

muscle fat | skin | PDMS Bone
layer (Titan)
Epsilon 57.1 5.6 | 46.7 2.667 Lossy
(relative) metal
El.Cond. 0.79 0.04 | 0.69 0.034 le7
(S/m)

In the considered model, the central part of the geometry in Fig. 1,
i.e., the bone, is replaced by an implant of the same dimensions
made up by a biocompatible metal chosen between the most
commonly used as stainless steels (maybe the cheapest solution),
titanium and its alloys, cobalt and its modified compositions, etc..
However, because of their encouraging mechanical properties, high
corrosion  resistance and thanks to their exceptional
biocompatibility Ti and its alloys are the foremost materials used
in the orthopedic field. In particular, Ti-6Al-4V is used in a
multiplicity of stress-bearing orthopedic applications, but some
investigations [13, 14] have demonstrated that the release of Al and
V ions can progressively determine well-being problems. Because
of this, recently the attention is focalizing on the study of Al, V-
free metallic alloys: starting from a basic Ti alloys composition and
replacing the risky elements by Nb, Ta, Mo, Zr or a mixture of
them, such release can be significantly reduced or even eliminated.
Zr belongs to the same group as Ti and it shows an allotropic
transformation similar to that of Ti. Both Ta and Nb are non-toxic
elements and reveal very alike physical and chemical properties.
Because of their good biocompatibility and high corrosion
resistance, these metals have been employed as constituent
elements of Ti alloys even for the applications under investigation
in the present paper. Ta exhibits excellent chemical stability and
good biocompatibility similar to that of Ti. In particular, porous Ta
has been developed for bone in-growth applications, for example
hip and knee arthroplasty. Besides, introduction of Ta in Ti-Ni
shape memory alloy leads to a reduced happening of artifacts: the
blood compatibility of Ta was supposed to be higher, compared to
other metals [15-22]. These are just some aspects why Ti and its
alloys are used for the considered investigation.

Such a large extension metallic part is used as ground plane for a
conformal rectangular microstrip antenna as reported in the model
in Fig. 2.

The antenna is separated from the metallic cylinder by a conformal
substrate made up of Polydimethylsiloxane (PDMS). In the
considered model, a second layer of PDMS is also present that acts
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Figure 2. Position of the conformal antenna and PDMS
substrate and superstrate with respect to the implant “bone”.



as superstrate. In the numerical modelling, the thicknesses of the
two PDMS layers, are considered equal. The other leading
dimensions are reported in Tab. 2

Table. 2: The parameters of the model

Parameter | Description Value (mm)
T'bone The radius of the bone 30

Lstr The overall length of the structure 100
lppms The length of the PDMS layer 66
thrpms The thickness of the PDMS layer 2
thmuscle The thickness of the muscle 70
thmet The thickness of the metal 0.5
thiat The thickness of the fat 4
thskin The thickness of the skin 2

3. DESIGN A SINGLE ANTENNA

In the first step of the analysis, a single antenna element has been
designed. It is a rectangular microstrip patch antenna of length lant
and width want, fed by a probe on its symmetry axis, and at a
distance I from one of the edges. The three aforementioned
parameters have been used in an optimization process to minimize
the reflection coefficient with respect to standard 50 Q at the center
of the 2.4 - 2.5 GHz Industrial, Scientific and Medical (ISM) radio
band, i.e. at 2.45 GHz. The optimization process was necessary,
since considering the body environment, no analytic formulas for
the design are available. After the optimization by Genetic
Algorithm, the dimensions of the antenna result to be lan=32 mm,
Want=7 mm and ;=0 mm, respectively. The corresponding
reflection coefficient is reported in Fig. 3.

b LY

-] -

Figure 3. Impedance matching of the optimized antenna.

The resulting geometry exhibits a good matching at 2.464 GHz,
which is close the center of the considered band, and a good
bandwidth (also due to the losses considered in the simulation).

4. QUANTIFYING THE MUTUAL
COUPLING

As mentioned above, our interest is the quantification of the
coupling between two antennas. The corresponding scenario is
presented in Fig. 4. Two identical antennas have been considered.
The first one is considered in a fix position, and the second one is
moved around the implant by an angle alpha.

Figure 4. Model of the two parallel antennas around the
cylindrical implant: front view (left), side view (right).

The complex scattering matrix has been computed and the mutual
impedance Z21 evaluated for different rotation angles alpha, in the
interval from 25° to 180° with a step of 5°. The corresponding
results are reported in Fig. 5.
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Figure 5. Real and imaginary part of the mutual impedance
between the two dipoles for different rotation angles.

From the data in Fig. 5 it results that the coupling has an oscillatory
behavior and presents a strong reduction while the distance
between the antennas increases, similar to what happens for the
planar case [23].

However, since the active input impedance Zinp of the single
element is influenced by the self-impedance of the two elements
Z11 and Z22, respectively, and by the mutual coupling Zm according
to

ZZ
Zinp =27y — Z_zn;
for small angles the large coupling can have a significant effect. In
order to reduce this influence, in the following section a solution
for the reduction of the mutual coupling is proposed and analyzed.



5. REDUCTION OF THE MUTUAL
COUPLING

A common practice to reduce mutual coupling between parallel
lines (as our geometry can be approximated) is to introduce a
grounded line between the two antennas. The corresponding model
is shown in Fig. 6.

Figure 6. Model of the two parallel antennas around the
cylindrical implant separated by a grounded narrow
microstrip line: front view (left), side view (right).

The material of the line is the same as of the implant and antennas.
Its width has been chosen to be equal to 0.4 mm. As concern its
length, it has been chosen in such a way to avoid resonance; the
value of 55 mm has been used in the following simulations
performed in the angular interval of 25° to 90°. The two ends of the
line are connected to the implant by two metallic cylinders. The
values of the scattering matrix entries for the two analyzed cases,
i.e. no line, and presence of the grounded line, respectively, are
reported in Fig. 7.
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Figure 7. Reflection (top) for the initial (solid line) and
proposed scheme (dotted line) and transmission coefficient
(bottom) for the initial (“circle”) and proposed scheme (“star”).

As it can be observed, the presence of the grounded line between
the antennas reduces the mutual coupling between them while their
resonance frequencies are only marginally affected. It is significant

that at 75°, the coupling is reaching the maximum reduction, and at
25°, the reduction is minimum.

In the following, the effects of the proposed scheme on the radiation
performances is analyzed for the separation angles when the
reduction of the coupling is minimum, namely for 25°. Moreover a
broadside configuration has been considered, i.e., where the phase
difference between the feeding signal of the two antennas is equal
to zero. As results from the plots in Fig. 8, presence of the line
reflects in a higher directivity that increases from 6.195 dBi to 6.59
dBi, i.e., about 0.4 dBi increment, and lower sidelobes, as expected.
The scan of approximatively 12° is due to the fixed position of one
of the antennas, while the second one is positioned at 25°, as
mentioned above.

Farfield directivity Abs without and with the line(theta=108 deg.)

[~ without ine
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Figure 8. Directivity (top) and radiation patterns of the 2-
element array for alpha=25°: initial case (middle) and with the
proposed solution (bottom).

6. CONCLUSIONS

A simple method to reduce the coupling between two implanted
microstrip antennas has been proposed. It consists of the insertion
of a grounded, non-resonant narrow microstrip line halfway
between the radiators. The effect of the coupling reduction has been
quantified, and it was numerically verified that the reduced
coupling manifests in a higher directivity and lower sidelobes of
the antenna, as expected.
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