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Abstract—This work presents the analysis of the influence of in-
sulation on implanted antennas for biotelemetry applications in the
Medical Device Radiocommunications Service band. Our goal is
finding the insulation properties that facilitate power transmission,
thus enhancing the communication between the implanted antenna
and an external receiver. For this purpose, it has been found that
a simplified model of human tissues based on spherical geometries
excited by ideal sources (electric dipole, magnetic dipole and Huy-
gens source) provides reasonable accuracy while remaining very
tractable due to its analytical formulation. Our results show that
a proper choice of the biocompatible internal insulation material
can improve the radiation efficiency of the implanted antenna (up
to six times for the investigated cases). External insulation facil-
itates the electromagnetic transition from the biological tissue to
the outer free space, reducing the power absorbed by the human
body. Summarizing, this work gives insights on the enhancement
of power transmission, obtained with the use of both internal, bio-
compatible and external, flexible insulations. Therefore, it provides
useful information for the design of implanted antennas.

Index Terms—Biocompatible antenna, implanted antennas,
insulation, Medical Device Radiocommunications Service
(MedRadio), spherical wave expansion.

I. INTRODUCTION

OWADAYS there is a growing interest in devices for im-

plantable biotelemetry applications in the Medical Device
Radiocommunications Service (MedRadio, 401-406 MHz) [1].
In order to improve the comfort of the patient, the whole system,
including the antenna, must be as small as possible. This, along
with the choice of the MedRadio band, (formerly Medical Im-
plantable Communication Services band) implies the use of an
electrically small antenna [2]—[8].

Such antennas are very sensitive to their surrounding envi-
ronment. The properties of implanted antennas (resonance fre-
quency, bandwidth, efficiency, etc.) are indeed strongly affected
by the presence of the human body. So as to predict these mod-
ifications, many ’body phantoms’ have been developed and are
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available in [9] (and references therein) and [10]-[13]. These
models describe the human body with different accuracy (in
terms of geometry, number of tissues and voxel precision). Par-
ticular attention is paid to the fact that the human body is consti-
tuted of highly lossy materials for RF propagation, for instance
tan é = 0.6219 at 403.5 MHz for muscle tissue [14]. Commu-
nication between the implanted antenna and the external base
station is significantly affected. Hence, it is necessary to eval-
uate the power absorbed by the human tissues, both to predict
the power link budget and to fulfill safety compliance [15].

Antennas immersed in lossy media have been deeply inves-
tigated for submarine and subsurface systems (for instance in
[16]). Then, spherical multilayered models have been consid-
ered for various applications, including biomedical ones. It turns
out that, although being a rough approximation of the human
body, such multishell models are very useful [2], [17]-[21].

In this paper, the spherical model is first enriched with the
presence of a realistic biocompatible insulation in proximity of
the excitation as shown in Fig. 1. This material plays an im-
portant role for the mechanical, biological and electromagnetic
properties of any implanted device. For instance, the biocom-
patible insulation is necessary to prevent metallic oxidation and
to avoid any short-circuit effect due to the high conductivity of
some human body tissues. In particular, the biocompatible insu-
lation affects the electromagnetic radiation in different physical
ways: it smooths the transition of the radiating wave between
the source and the body model (this facilitates the radiation and
increases the efficiency); it also reduces the coupling (i.e., dissi-
pation) of the high near field terms of the electromagnetic radia-
tion in the surrounding living tissue. The latter plays a principal
role in the radiation efficiency of the implanted antenna.

This work focuses on the power transmission enhancement
that can be obtained with an internal insulation from an im-
planted source, as introduced in [3]-[6], [16], [22]. In particular,
results regarding the effect of insulation layers on real sources
are reported in [3]-[5].

Three distinct superstrates, that do no completely surround
the source and have different thicknesses and /. (varying within
3 and 9), are considered in [3], while [4] presents only thick-
ness variation and [5] emphasizes the impact of coating thick-
ness over time. As clearly pointed out in these works, varying
the insulation properties strongly modifies the radiation char-
acteristics and hence the input impedances, matching and ef-
ficiencies. Radiation efficiencies at different resonant frequen-
cies and/or matching levels are compared in [3]-[5]. Theoret-
ical results on the broad band matching properties achievable
by insulated implanted antennas are presented in [6], supported
by a practical realization. Finally, a prominent study has been
reported in [16], where the theoretical and numerical analysis
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Fig. 1. Three-dimensional view of the analyzed structure with the notations and
the spherical coordinate system. The excitation is placed at the center of several
concentric spherical dielectric shells in the air. The spherical shells enable one to
model the air, the biocompatible insulation, the body layers as well the external
insulation.

discusses the effect of insulation on electromagnetic field and
current distributions. Although this work is performed with a
different modeling frame, our findings mostly match the con-
clusions of the aforementioned, as evidenced in Sections II-VI.

In this paper, the results shown in [22] are extended in order
to give quantitative and qualitative insights on the effect of bio-
compatible materials in implanted antennas for telemetry ap-
plications. Both internal and external insulations are considered
providing useful guidelines for the design of implanted antenna.
Note that although the results are presented in MedRadio band,
the numerical analysis can be straightforwardly extended to any
other working frequency.

This paper is organized as follows: Section II describes
the properties (geometrical and electrical) of the investigated
models as well as the analytical method, based on the spherical
wave expansion, used to solve the electromagnetic problem.
The numerical implementation of the code is discussed in
Section III and validated by comparisons with a commercial
software [23]. Section IV presents the obtained numerical
results. In Section V, the model takes into account the presence
of an external insulation layer, as depicted in Fig. 1. As the
body model is a bounded lossy medium, the electromagnetic
propagation between the body layer and the outside free space
is investigated considering the presence of flexible insulations.
Finally, conclusions are drawn in Section VI.

II. MODELING AND ANALYSIS

A. Human Body Model and Biocompatible Insulation Layer

A multilayered spherical model provides worthwhile results
despite the rough approximation of the human body, as previ-
ously discussed in [2], [17]-[20]. It represents indeed a good
average of more complex models. For instance, radiation ef-
ficiencies, specific absorption rate (SAR) and power profiles
have been presented in [2], [18], [20] and [17], [21]. Obviously,
depending on the source modeling, unrealistically high values
of the absolute electric field (therefore SAR) can be obtained

TABLE I
GEOMETRICAL AND ELECTRICAL DESCRIPTION OF
THE ANALYZED BODY MODELS

Model Dielectric properties Radius
el — jell tan § [mm]

1 | IEEE head model | 43.50 - j 34.75 | 0.7989 920
[15, p. 36]

2 | Muscle tissue 57.10 -j 35.51 | 0.6219 90
Muscle tissue 57.10-j 35.51 | 0.6219 82

3 | Fat tissue 5.58-j1.83 0.3280 86
Dry skin tissue 46.70 - j 30.72 | 0.6578 90

[24]. Nevertheless, even for SAR investigation, relative differ-
ences and tendencies are still correctly predicted, and this is very
useful for the comprehension of the effects of biocompatible in-
sulations. Hence this work, that mainly focuses on the effect of
biocompatible insulation on radiation efficiency, considers and
analyzes spherical body phantoms.

The model, represented in Fig. 1, is composed of several con-
centric spherical shells whose dielectric properties are similar to
those of real human tissues (values taken from [14]). Three body
models, two homogeneous and one multilayered, are investi-
gated. Table I reports the geometrical (shell radii) and physical
description (dielectric properties) of the different body phan-
toms. The radii of the equivalent human tissues are set being
inspired by [2]. The selected models are representative of the
overall obtained results.

The insulation layer is modeled as a homogeneous spherical
shell whose dielectric properties are the same as real biocom-
patible materials. Since a discussion on biomaterials is out of
the scope of this work, standard biocompatible insulations have
been taken from [25] and [26]. For our application, that re-
quires electromagnetic power transmission, high conductivity
materials (such as gold or silver) are not appropriate. Thus,
three polymers (polypropylene, peek and polyamide) and two
ceramics (alumina and zirconia) have been selected as repre-
sentative of the acceptable possibilities.

Note that for physical reasons, detailed in Section II-D, ex-
citation is first insulated by an air shell, in turn surrounded by
biocompatible material, as shown in Fig. 1.

B. Electromagnetic Analysis Method

This Section sets the mathematical notations and describes
how to compute the electromagnetic field. The following stan-
dard development, although well known from classical works
[27] is summarized here for the sake of completeness and for a
better understanding of Sections III-VI.

In order to match the geometry of the analyzed structure
shown in Fig. 1, the spherical coordinate system is used. Time
harmonic dependence e¢’** is omitted for clarity. The electro-
magnetic field (E , H ) is expanded on the spherical modal basis
{M, N} as follows:

E Lo — Z aas ansn + bo’s N’;:]f’l
s - mn Nfos mn a3 rés
JCH n,m,o,s Nmn ‘M'mn
+oco0 n
where E = E E E E (H
n,m,o,s n=1m=0s=1,40=e,0
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where @ and b are the spherical modal coefficients and ( is the
intrinsic medium impedance. m and n are the mode indexes,
o € {e,o0} and & is its complement in the set.

The spherical wave vectors are

M,‘,’; V x (W25 7yand
1o
Nia = 19 % ¥ x (055,79,
with U(r,0, ) = Z3(kr) P(cos(®)) fo(g) @)

where k is the intrinsic wave number. Z! and Z? are the spher-
ical Bessel function of the first kind and Hankel function of the
second kind, respectively. As for the azimuthal dependency, P}
stands for the associated Legendre polynomial of degree n and
order m and ng (@) = Smep.

A mode matching technique (MMT) based on spherical wave
functions is used to compute the interaction between concentric
spherical homogeneous layers and the selected source [28]. This
method is well suited to analyze our problem since, a priori,
there are no limitations regarding the dimensions and electro-
magnetic properties (permittivity, permeability and losses) of
the layers. The MMT gives direct access to the field everywhere
in a source free region, with controlled accuracy, as shown in
Section ITI-A.

C. Power Computation

In presence of a lossy dielectric material of relative complex
permittivity e, = /. — je/, such as the human body, the avail-
able source power Pyoyrce 1S equal to

:Prad‘I'Pabs
1 2 e w /
==¢ Re(KEx H)-#dS+ = [ e
2'87- 2Q‘/

where P,,q is the radiated power. P,p,¢ represents the absorbed
power related to both the near field (1/72, 1/r* components)
and far field (1/r component). In fact, in a free space envi-
ronment, the near-field is mainly reactive while, in our case, it
strongly dissipates in the surrounding materials (insulation and
body) increasing the loss of power [4], [16].

By substituting (1) and (2) into (3) and using the or-
thogonality properties of spherical modal vectors, given in
Appendix A, one gets, after some manipulations, the analytical
expression of the radiated power at any distance r

Prad(”') — %Re{% Z
KZ(Z))

(ZZ(Z)/\ZW (I
Ko (2) + b7 bas, KZ(Z))) }

+ Z5(2)\°, <|b
e;n =14 6,, 6 is the Kronecker symbol
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E2dv (3)
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where ¢ . 2nt1 (n—m) 4)
= (i1 (n+m)
Ki(2) = ;4 (2Z3(2))

z=kr
in the above formulas ( and % are the impedance and the wave
number in the medium, respectively. Overlined symbols repre-

sent in general complex conjugate, save for s which means the
complement in the set {1,4}.

The net body loss, 1, and the net insulation loss, 7;,s, are
defined as follows:

—  10logy, Traalr)
K 810 rad(rl)
e = _101lo rad(rl) 5)
K 810 B (ro) Prad(lro) (

where 13, 71 and 7o are the radii of the external body, the
biocompatible insulation and the air shell, respectively. Conse-
quently the total power attenuation, 7., due to the presence of
the equivalent body model and the realistic internal insulation,
is equal to Mins + Mp.

The definition of the net body loss, 7, is different from the
one used in [10], [13] where P,,q(r3) is divided by the radiated
power in free space. Our definition is not influenced by the di-
electric loading of the surrounding tissue. Moreover, the power
radiated by the source, P,q4(79), is always normalized to 0 dBm.

D. Excitation

Ideal excitations are considered in this work. It is possible
to model more realistic sources, as done in [2]. However, this
leads to a significant increase of computation load which is not
the goal of our work since we aim at providing some insights on
the insulation layer influence.

The ideal source is placed at the origin of the concentric mul-
tishell body model in order to be surrounded by an insulation
layer. Infinitesimal electric and magnetic dipoles are used. A
Huygens source is also modeled. It consists of crossed electric
and magnetic dipoles and it has the properties of radiating only
in the forward direction [29]. It can therefore be considered as
representative of some relatively directive antennas, with a pre-
ferred off-body direction of radiation.

As pointed out in [24], a Hertzian dipole radiating in an
unbounded lossy medium must be supplied with infinite power,
which is not physically meaningful. To overcome this problem,
Tai suggested to insulate the dipole with a lossless sphere.
This problem remains if the dipole is placed at the center of
a bounded lossy layer (in this case spherical), as shown in
Appendix B. Therefore it can be said that our acting source is
a mathematical dipole source, surrounded and insulated by an
air shell (Fig. 1).

III. NUMERICAL VALIDATION OF THE METHOD

A. Truncation Order

The series ) . = requires a truncation order N; when numeri-
cally implemented. Many studies have discussed the choice of
N; in relation to the antenna size and with the focus on the far
field accuracy (for instance [29], [30] and references therein).
A convergence criterion, inspired by [30], is implemented to
evaluate the relative amount of the truncated power £ g ‘(r),ata
given distance 7 including the near field ranges

Ny+1
é’ﬁf (7") _ Prad+ ( )

Paa(r).
Pi(r)

rad

(6)
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Fig. 2. Description of the investigated electromagnetic problem for the numer-
ical comparison with FEKO: (a) geometry and (b) environment properties (A,
is the free space wavelength at 403.5 MHz). The Hertzian dipole, 6§ = = /3 and
¢ = m/4 oriented, is placed atz = 1,y = 1,z = 1 [mnm)].

In the above formula Pr]: 4 equals to P,,q in (4) replacing > =
> by ZT]LV;r The truncation order NV is first set to be equal
to kgrext, Where kg is the free space wave number and 7.yt the
radius of the biggest shell, as depicted in Fig. 1. N, is then auto-
matically increased until the neglected power & ﬁ * (r) is below
e

, Ny, }
max 7 < w 7

rE€Ru. {fp“”( Jpse ™
where R,, is the subset of the radial distances under
observation.

B. Comparison With a Commercial Software

Let us consider the electromagnetic problem described in
Fig. 2, where a Hertzian electric dipole is surrounded by two
spherical shells. For the sake of comparison, small spherical
shells radii are used.

The electric field is computed at 403.5 MHz and compared
with the commercial code FEKO [23]. The MMT code and
FEKO results are very close, as shown in Fig. 3. Logically,
the agreement is better when N; = 21 [Fig. 3(a)] than when
N, = 11 [Fig. 3(b)]. Slight discrepancies exist at the dielectric
interfaces due to the mandatory FEKO’s meshing of the spher-
ical surfaces. In fact, for the computation of near field results, the
commercial software applies the method of moments (MoM) in
combination with the Surface Equivalence Principle (SEP). The
latter calls for the meshing (with triangular basis function) of
the surface of the spherical shells.

The relative amount of truncated power & I]X: (r) is plotted on
Fig. 4 for different values of N;. As expected, the number of
modes is critical when getting closer to the source. To reach
52:’ (r) < a = —140 dB, N; = 21 is thus required in shell
number 1, whereas only 5 modes are sufficient from 7 = 8 mm
(free space). For the far field description, N; = 1 is enough. This
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Fig. 3. Comparison of the & component of the electric field over R, (Fig. 2),
between the MMT (solid line) code and FEKO (dotted line). Amplitude and
phase are computed considering (a) Ny = 21 and (b) N; = 11 which satisfy
(7) for «x equal to —140 and —70 dB, respectively. Vertical black lines indicate
the shell boundaries.

is consistent with the classical recommendation N; = kg7ext,
as depicted in Fig. 5.

IV. BIOCOMPATIBLE INSULATION: NUMERICAL
RESULTS AND DISCUSSION

In this Section, we evaluate the effect of the internal
biocompatible insulation. Three body models, described in
Section II-A, are first analyzed in the presence of the electrical
source. For the magnetic and the Huygens source, only the most
relevant case is considered for the sake of clarity. The following
characteristics are kept constant in the numerical analysis:

— working frequency of 403.5 MHz;

— the presence of 1 mm thick air insulation surrounding the

excitation;
— the results are computed with a neglected power &p, (7)
lower than « = —140 dB. This gives exact results over

the desired R,,, as the source is placed at the origin.
Five different biocompatible materials, described in Table II, are
investigated. Their thicknesses range from 1 to 4 mm. The com-
puted net body, insulation and total losses (i.€., 7jins, 7% and 701,
respectively) are reported in Tables III-V when the implanted
antenna is insulated by the five biocompatible insulators. For a
better understanding of the influence of the biocompatible ma-
terials, Tables III-V report even the no-insulation (“none”) case.



MERLI et al.: THE EFFECT OF INSULATING LAYERS ON THE PERFORMANCE OF IMPLANTED ANTENNAS

T R B §ssianis oy Shang
3
e i ¥ Sty TN TS Py
| i i . i
-180
4 6 8 10 12 14
Ry, [mml]
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Fig. 5. Comparison between the MMT code and FEKO of the electric far field
at 403.5 MHz considering NV, = 1 in the yz-plane for the problem described
in Fig. 2.

This happens when the model has no biocompatible insulation
layer, and it includes only the lossless air shell and the body
equivalent spherical layers. Finally, it must be pointed out that
(with the same working frequency, dielectric properties and loss
definitions) our results are in the same order of magnitude than
those presented in [ 10]-[13] (where more complex body models
are considered).

A. Electrical Excitation

1) Model 1: IEEE Head Model: The use of the insulation
layer strongly reduces the power dissipated in the body. Let
us compare, in Table III, the 7;, value of the none case (56.4
dB) with the results obtained by varying all the other insulators’
thicknesses (i.e., 47.4,42.2, 38.6 and 35.8 dB). A minimum im-
provement of 9 dB, and up to more than 20 dB, is found. Thus,
the insulator is very useful to reduce the power absorbed by the
body [3].

Consequently, the presence of the insulator reduces the total
attenuated power 7.¢. With no insulation 7.t = 56.4 dB

25

TABLE II
BIOCOMPATIBLE INTERNAL INSULATIONS
Material Dielectric Properties

el — jel! tan §
Polypropylene 2.55 -j 0.0076* | 0.003
Peek 3.20-j0.0320* | 0.010
Polyamide [31] 4.30-3j0.0172 | 0.004
Alumina [31] 9.20 - 0.0736 | 0.008
Zirconia (ZrO2) [32] | 29.0-j0.0507 | 0.002

* Measured values below 1 GHz.
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Fig. 6. Computation of P,.q as a function of the radial distance at 403.5 MHz
for the IEEE homogeneous head model considering different (a) polypropylene
and (b) zirconia insulation thicknesses.

whereas for all insulation materials and thicknesses, Mot 1S
lower than 50.3 dB. In particular the use of zirconia (4 mm
thick) gives the best result with a 19 dB improvement (i.e.,
56.4 — 37.3 = 19.1 dB) while peek (1 mm thick) provides only
a 6 dB increase (i.e., 56.4 — 50.3 = 6.1 dB). This implies a
remarkably larger efficiency (up to six times) for the implanted
source.

Logically, and in agreement with [3], [4], [16], [33], in-
creasing the thickness of the insulation reduces 7 and 7¢.
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TABLE III
POWER L0sS [DB] FOR DIFFERENT INTERNAL INSULATIONS WITH AN ELECTRIC DIPOLE IN MODEL 1 (IEEE HEAD MODEL)

Thickness
Insulation 1 mm 2 mm 3 mm 4 mm

Tlins L Titot | Tins o Thtot Nins e THot Tlins b Thtot
Polypropylene | 1.3 487 | 3.5 457 | 6.0 446 | 83 4.1
Peck 29 503 | 64 486 | 9.5 48.1 | 122 48.0
Polyamide 1.1 | 474 | 485 | 3.1 | 422 | 453 | 53 | 386 | 439 | 75 | 358 | 433
Alumina 1.1 485 | 3.0 452 | 53 439 | 75 433
Zirconia 0.1 475 | 04 426 | 0.8 394 | 15 37.3
none ot = T = 56.4

TABLE IV

POWER LOSS [DB] FOR DIFFERENT INTERNAL INSULATIONS WITH AN ELECTRIC DIPOLE IN MODEL 2 (MUSCLE)

Thickness
Insulation 1 mm 2 mm 3 mm 4 mm

Tlins ua Ttot Tlins m Thot Tlins s Ttot Tlins 3 Tot
Polypropylene | 1.8 46.7 | 4.4 441 | 7.1 432 | 95 429
Peek 3.7 486 | 7.6 473 | 109 47.0 | 13.5 46.9
Polyamide 15 | 449 | 464 | 39 | 39.7 | 436 | 64 | 36.1 [ 425 | 87 | 334 | 421
Alumina 14 463 | 3.8 435 | 64 425 | 87 42.1
Zirconia 0.1 450 | 05 402 | 1.1 372 | 1.8 352
none ot = Mo = 53.8

This behavior appears in Fig. 6, where the computed radiated
power is higher when the insulation thickness increases. For
instance, in the case of zirconia, 1, and 7,4 With a 4 mm thick
insulation layer are around 12 dB and 10 dB lower than when
a thinner layer is used. However, this reduction highly depends
on the insulation dielectric properties. There is indeed only a
2.3 dB reduction of 7, when the peek thickness increases
from 1 to 4 mm (i.e., 50.3 — 48.0 = 2.3 dB) whereas 10.4 dB
(47.5 — 37.3 = 10.2 dB) are gained in the case of zirconia.

This result is very useful for the design of implanted antennas.
In fact, as the volume of an implantable device is strictly lim-
ited, the radiator and the insulation dimensions have to be care-
fully chosen to optimize the radiation performances. Our values
show that it is worth considering a thin peek insulation to allow
the maximum volume for the antenna. On the contrary, in the
case of zirconia, a relatively thicker insulation should be used.
Moreover this dielectric material, due to its high ¢/, facilitates
the reduction of the real antenna dimensions.

The use of zirconia gives always the best results for 7, and
7ot - Clearly this material not only has the lowest tan ¢, but also
the ¢/, closest to the IEEE head model, thereby reducing the
mismatch between the insulation and the body layer in agree-
ment with [6]. On the other hand, peek presents the worst per-
formances, as it shows the highest tan ¢ and a low /..

Finally, the use of alumina or polyamide is almost equivalent
(less than 0.1 dB variation) despite the fact that the tan  of this
ceramic is double of the polyamide. This is again explained by
the improved matching due to the higher /. of the alumina.

2) Model 2: Muscle Model: All previous considerations, ob-
tained with the IEEE head model, are still qualitatively con-
firmed in the muscle model, as reported in Table IV.

The dissipated powers in the muscle tissue, 7, are smaller
(of around 2.5 dB) as muscle presents a lower tan ¢ than the
IEEE head model (i.e., 0.6219 and 0.7989, respectively). On
the contrary, the power attenuated in the insulation layer, 7,5,
is always higher (of around 1 dB). This is due to the mismatch
between insulation and body model, which is more important in
the case of the muscle since its permittivity ', is higher than the
one of IEEE head model (57.1 instead of 43.5).

This also implies that the choice of the biocompatible mate-
rial has a deeper impact on the 7,5 and, thus, on the total lost
power 7ot For example, in the 1 mm case, we register a dif-
ference of 3.6 dB between peek and zirconia against the 2.8 dB
value found in the IEEE head model. The same trend applies for
all other thickness values.

3) Model 3: Multilayered Model: The results in Table V
(multilayered model) are close to those in Table IV (muscle
model). The first body shell surrounding the excitation is indeed
the muscle in both models. The presence of the fat and dry skin
layers changes the power losses (9ins, 75 and 70+ ) Of less than 1
dB. This result is in agreement with [2], where the return losses
of implanted antennas are very close when surrounded by these
two body models.

B. Magnetic Excitation

The multilayered model with a 2 mm thick polyamide in-
sulation is excited by a magnetic source. The choice of this
insulation is justified as polymers are mechanically easier to
manufacture and the polyamide has shown the best perfor-
mances among them. Moreover, let us remind that polyamide
presents performances very close to those of alumina, as shown
in Section IV-A-I.
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POWER LOSS [DB] FOR DIFFERENT INTERNAL INSULATT([?bIBSL\E’I:‘IH AN ELECTRIC DIPOLE IN MODEL 3 (MULTILAYERED)
Thickness
Insulation 1 mm 2 mm 3 mm 4 mm

Thins o Tltot Tlins U Tlsot Tlins Ub Thot Tlins i Tlsot
Polypropylene | 1.8 458 | 4.4 433 | 7.1 424 | 95 421
Peck 3.7 477 |1 15 464 | 10.8 46.1 | 135 46.1
Polyamide 1.5 [ 440 | 455 | 3.8 | 389 | 427 | 64 | 353 | 417 | 87 | 32,6 | 413
Alumina 1.4 454 | 3.8 427 | 64 417 | 87 41.3
Zirconia 0.1 441 | 05 394 | 1.1 364 | 19 345
none ot = M = 53.0

TABLE VI

electric source |
-------- magnetic source
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] : i 1
5 -
-
:
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Fig. 7. Comparison of P,.a as a function of the radial distance at 403.5 MHz
with the three different sources. The multilayered model is analyzed while con-
sidering the presence of polyamide 2 mm thick.

The power radiated through the body is compared in Fig. 7
for an electric and magnetic excitation. The magnetic source
substantially reduces the absorbed power compared to the elec-
tric one (1ins < 0.1 dB and 75, = 7ot — 26.6 dB instead of
Mins = 3.8, m» = 38.9 and ot = 42.7 dB), for the same in-
vestigated model. The radiation of the magnetic source through
a body is more efficient, as reported in [4], [22], [33]. The high
magnetic near field does indeed not dissipate in the body since
human tissues have no magnetic losses (y/ = 0). Finally, for a
magnetic source, the dielectric characteristics of the real insula-
tion layers have a negligible influence, as shown in [22].

C. Huygens Source

The power radiated through the body is computed for a Huy-
gens source in the same conditions of the magnetic excitation.
The level of the absorbed powers (1ins = 2.4, m, = 29.6 and
Thot = 32 dB) is between those of the electric and the magnetic
excitation. Despite its 3 dB directivity, the radiation efficiency
of the Huygens source is also between those of the electric and
the magnetic dipoles. Indeed, it combines both sources. There-
fore, the high electric near field coming from the electric dipole
dissipates in the insulation and body layers, whereas the mag-
netic field is less affected.

MAX SAR [DBW/KG] WITH DIFFERENT INTERNAL INSULATION
THICKNESSES FOR THE MODELS OF SECTION IV

Insulation | Model 1 | Model 2 Model 3
Thickness Elec. Elec. Elec. | Magn. | Huy.
none 40.7 40.6 40.7 244 36.8
1 mm 17.5 17.5 17.5 10.9 16.5
2 mm 12.2 12.2 12.2 54 10.2
3 mm 8.4 8.4 8.4 1.5 5.5
4 mm 5.4 5.4 5.4 -1.5 1.8
TABLE VII
FLEXIBLE EXTERNAL INSULATIONS
Material Dielectric Properties
e, — jer tand
Fiber [38] 3.76 -j 0.0124 | 0.033
Neoprene [39] 6.50 - j 0.5850 | 0.090
Silicon (filled 67% TiO») [39] | 8.50 - j 0.0085 | 0.001
ideal 79 0

The values reported in Tables III-V show, for a constant ex-
ternal diameter of the body shell, that the increase of the thick-
ness of the insulation layer results in lower power dissipation in
the living tissue. This conclusion holds true when different con-
ditions for the body shell dimension are applied, such as con-
stant volume [22] or thickness. In particular, the latter implies a
slight increase of 7, of less than 0.2 dB.

D. Specific Absorption Rate

The maximum Specific Absorption Rate (SAR) values have
been computed for the presented body models. It is well known
that accurate and precise SAR values are strongly dependent on
the human body representation, the implant locations and sev-
eral biological phenomena [34]. Nevertheless, despite the sim-
plicity of the investigated body models, it is worth evaluating
the peak SAR values in order to confirm the observations previ-
ously reported.

Table VI reports the maximum values of SAR. These values
are always found at the interface between the internal biocom-
patible layer and the human body. These peak values (with no
spatial averaging) are obtained when the acting source (i.e., a
mathematical dipole source surrounded by an air shell) radiates
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TABLE VIII

AND A 2 MM THICK POLYAMIDE AS INTERNAL BIOCOMPATIBLE INSULATION

Thickness

Insulation 5 mm 10 mm 20 mm

m Tlext Ttot ) Text Thot M Mext Thot
Fiber 293 | <0.1 | 31.7 | 29.1 | <0.1 | 31.5 | 287 | <0.1 | 31.1
Neoprene | 292 | 03 | 319 [ 2900 | 05 | 319 | 283 | 08 | 315
Silicon 29.1 | <0.1 | 31.5 | 288 | <0.1 | 31.2 | 27.8 | <0.1 | 30.2
ideal m = 21.7 and ot = 24.1 (~71 mm thick)
none m =29.6 and 7ot =32 dB

0 dBm at the 1 mm air shell interface. The mass density values
can be found in [2]. Of course, the use of such ideal sources
provides unrealistically high values of the absolute electric field
(therefore SAR) [24]. Thus, results are presented in [dB/W] so
as better appreciate relative variations.

The presence of different insulation dielectric properties turns
out to have a negligible effect on the obtained SAR values; there-
fore, only results versus the insulation thickness variation are re-
ported. On the contrary, the relative peak SAR value variations
with respect to the type of source and insulation thickness en-
ables to derive valuable information, as reported below.

In agreement with the results already reported, the presence of
any insulation produces a large impact reducing SAR values by
at least 14 dB compared to the case without insulation (none). In
the case of an electric source excitation a difference of approxi-
mately 12 dB is found versus the insulation thickness, which is
in perfect agreement with the 1y, values reported in Tables III-V.

As previously discussed, the magnetic source presence
reduces the electric near field coupling in the biological tissue,
consequently decreasing the SAR values with respect to the
electrical excitation. The Huygens source case is relatively
closer to the electric one. This is in agreement with the results
reported graphically in Fig. 7.

As for the effect of the insulation thickness, an improvement
of approximately 15 dB over the electric and magnetic cases (12
dB) is obtained in the presence of the Huygens source. Indeed,
the increase of insulation thickness strongly reduces the cou-
pling of the near field terms. Therefore, the far field component
increases its relevance and the higher directivity inherent to the
Huygens source plays a positive role since it reduces the SAR
values.

V. EXTERNAL INSULATION: NUMERICAL RESULTS
AND DISCUSSION

Our previous analysis clearly pointed out the importance of
the biocompatible insulation layer. It is now logical to focus on
the transition between the external body layer (skin) and the
outer world (free space). The power transfer can be improved
with the use of an insulation layer placed on the external sur-
face of the human skin. For a practical wearable realization, one
could imagine the use of an armband, belt or strap (for instance,
as in tennis-elbow support).

The presence of an external layer has already been deeply
investigated for many applications but, to the authors’ best
knowledge, not for implanted antennas for telemetry purposes

in the MedRadio band. Among these applications, let us men-
tion: SAR distribution and the microwave power coupling in
hyperthermia [35], the electromagnetic absorption due to the
presence of clothing (for instance [36]), the microwave cou-
pling in medical imaging system [37] and SAR reduction from
an undesired external source [38]. According to the application,
the external insulator is called clothing, bolus, matching layer
or shield. The major difference between these applications and
our problem is that the source is always external to the body.

In this Section we focus on the power transmission enhance-
ment that is achieved with the presence an the external insu-
lator. A few types of materials are investigated. Those are: a
polymer fiber, neoprene and silicon. Their dielectric properties
are reported in Table VII, as well as the “ideal” case. The latter
consists in the dielectric lossless shell that provides a perfect
matching between the skin and the free space. The characteris-
tics (permittivity and thickness) of this ideal matching layer are
computed by analogy with the simple transmission line model
[37]. This approximation is reasonable since only the far field
term of the electromagnetic radiation is concerned, due to the
electrically large distance between the source and the external
layer.

External layers are modeled as spherical shells, whose thick-
nesses range from 5 to 20 mm, placed just after the body tis-
sues, as shown in Fig. 1. For the numerical analysis, we consider
the same characteristics listed in Section IV, with the Huygens
source as the excitation, a 2 mm thick polyamide internal insu-
lation and the multilayered body model.

The power attenuation in the internal 2 mm thick polyamide
shell is 7i,s = 2.4 dB (as in Section IV-C). Table VIII reports
the power attenuation in the multilayered model and the external
insulation (7, and 7.4, respectively). Note that in this case 7ot
is equal to 7jins + b + 7Jext With

Prad (Text)
ext — —1010 —_
Mlext 810 Prad('rb)

®)

where 7y coincides with the radius of the external insulation
shell (Fig. 1).

The cases of no external insulation (“none”) and the lossless
matching layer (“ideal”) are also reported in Table VIII. The
presence of the ideal insulation reduces 7o of 7.9 dB compared
to no insulation case (29.6 — 21.7 = 7.9 dB). This means es-
tablishing a communication almost three-times more efficient.
Although not practically realistic (its thickness is approximately
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71 mm) the ideal external insulation case is interesting to set the
optimal value of the power transmission out of the skin tissue.

In agreement with [40], the presence of a thin external layer
does not modify the 7 values as much as the internal biocompat-
ible insulator. For instance, the power transmission is enhanced
of almost 2 dB by the presence of a 20 mm thick silicon layer.

Although the investigated external insulations may not be
the optimal ones, we have shown that their influence is not
negligible.

VI. CONCLUSION

This work has analyzed the influence of insulation in im-
planted antennas for biotelemetry applications in the MedRadio
band. Body models composed of concentric spherical homo-
geneous shells excited by ideal sources have been considered.
The geometry of the structure allows to compute analytically the
electromagnetic field with a Mode Matching Technique (MMT)
based on spherical wave expansion. The MMT has been nu-
merically validated by comparison with a full-wave commercial
software. Moreover, a convergence criterion has been defined to
compute, with controlled accuracy, the power radiated at any ra-
dial distance, including near field range.

Two homogeneous and one multilayered models have been
investigated, considering both internal and external insulations.

The results obtained for the internal insulation provide guide-
lines, not only for the selection of the biocompatible material,
but also for the implanted antenna design. In the strictly limited
volume available for the implanted device, the dimensions of
the antenna and insulation thickness must be carefully chosen
so as optimize the radiation performances. For instance, a judi-
cious choice of the internal biocompatible insulation leads up
to a six-fold more efficient power transfer from the implanted
source to the external receiver.

The influence of the type of excitation (electric and magnetic
dipole and Huygens source) has also been examined. As ex-
pected, since the body does not present any magnetic loss, the
magnetic source is the most efficient.

SAR values have been computed. Despite the limitations of
the investigated body models, our results confirm the effective
role of biocompatible internal insulation. Moreover, the impor-
tant effect related to the near field coupling is once more em-
phasized by the Huygens source analysis.

The influence of external insulation has also been considered.
An ideal matching layer, between the skin tissue and the air,
increases the power transmission of almost 8 dB. The capability
of a few low-loss, flexible materials has been analyzed to reduce
the mismatch between the body layer and the outer free space.
Although far from the ideal case, around 2 dB can be gained
with realistic external insulators.

Despite the rough approximation of the human body and the
use of ideal sources, the results presented above provide quan-
titative and qualitative insights on the power transmission en-
hancement that can be obtained with internal and external insu-
lations. Moreover, presence of the insulation turns out to be an
effective way to comply with SAR regulations.

APPENDIX A
SPHERICAL WAVE PROPERTIES

The spherical modal vectors ]ngn and N 7= have several or-
thogonality properties. The one used to get the radiated power
formula (4) are

% Mrn « Main ) 45— 0 (A-1)
S- it

~
T0s NG
7{ (M,,m X Nm,n,) .dS
Js.
(e

A — ,
= UTkE P23 (VK (2)000 S O (A2)

Sy is a sphere centered at the origin and 0, , is the Kronecker
symbol.

APPENDIX B
POWER COMPUTATION CONSIDERATIONS

A Hertzian dipole radiating in an unbounded lossy medium
must be supplied with infinite power, which is not physically
meaningful, as shown in [24]. This still applies for a dipole
placed in a bounded lossy spherical shell. Equation (4) can be
rewritten

2
Pmdm:m’TPRe 3¢ e k) (B-1)

n,m,o,s

where ¢ and % are complex values in a lossy shell. 727 is a
product of spherical modal coefficients and Bessel functions. If
one lets  approach zero in (B-1), one can easily show that P4
becomes infinite. One term of (B-1) is indeed proportional to
7272 (kr)K2(kr) and this term has a (kr)~(2"*1) dependency
when 7 tends toward zero, as shown in (B-2). The spherical
Hankel functions Z and K: have the following asymptotic be-
havior, given in [41, p. 437], as |k|r — O and forn = 1,2,...

1
ZE(kr) — ————(kr)™ + j(2n — D) (kr)~(FD)
+1 .
K (kr) — ———(kr)" ™" — jn(2n — 1)(kr)~ ),
AGhr) = oy )" = (20 = )Mkr)

(B-2)

This result confirms and extends, using the spherical modal ex-
pansion, the demonstration given in [24].
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