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Abstract. The design parameters of a skin—implantable planar inverted—F antenna
(PIFA) operating in the 402-405 MHz Medical Implant Communications Service
(MICS) band are studied and their impact on the exhibited resonance
characteristics is assessed. Based on the parametric results, two novel MICS
PIFAs are proposed for skin—-implantation. The study, thus, evaluates the tuning
stability of a novel implantable PIFA on potential manufacturing inaccuracies.
Significant guidance on implantable PIFA design is also provided. Numerical
results based on Finite Element Method (FEM) numerical simulations are
presented.
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1 Introduction

Significant research is, nowadays, carried out on the design of medical implant—
integrated antennas for biomedical telemetry in the Medical Implant Communications
Service (MICS) frequency band (402-405 MHz) which is regulated by the Federal
Communications Commission (FCC) [1] and the European Radiocommunications
Committee (ERC) [2] for ultra—low—power active medical implants [3]-[9]. Stacked
planar inverted—F antennas (PIFAs) are most commonly preferred because of their
flexibility in size miniaturization, bandwidth enhancement, biocompatibility and
conformability [5]-[9].

In this study, we evaluate the detuning caused by manufacturing inaccuracies in a
stacked alumina 96%-PIFA with meandered patches, operating in the MICS band
while implanted in skin tissue. Position of the shorting pin, meanders’ lengths and
widths, and dielectric thickness and material are parametrically studied to assess their
impact on the antenna resonance frequency and its ability to operate in the MICS
band. Significant guidance on implantable PIFA design is also provided. Based on the
initial PIFA configuration and the derived parametric results, two novel skin—
implantable Rogers 3210-PIFAs are proposed for biotelemetry in the MICS band.
Finite Element Method (FEM) numerical simulations are performed [10].

The rest of the paper is organized as follows. In Section 2, a skin-implantable
miniature alumina 96%-PIFA is proposed and parametrically studied. In Section 3,
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two novel skin—implantable Rogers 3210-PIFAs are designed based on the derived
parametric results. The paper concludes in Section 4.

2 Parametric Study

The parametric PIFA model of Fig. 1(a)—(d) is considered [8], [9]. The PIFA consists
of an R-radius ground plane and two Ry-radius vertically-stacked meandered
patches, printed on h;— and h,—thick dielectric substrates, respectively. Meanders are
equi—distant (d), have the same width (w), and their lengths are denoted by 1;, where i
is the meander number (Fig. 1(b), (c)). Patches are fed by a 50 Ohm—coaxial cable
centered at F (0 mm, 3 mm) and radiate, while a 0.2 mm-radius shorting pin connects
the ground plane with the lower patch at S (s, s,). An hs—thick dielectric superstrate
covers the structure to preserve its biocompatibility and robustness.

Since the PIFA is intended for skin tissue implantation, the simulation setup of Fig.
2 is considered, in which the antenna is assumed to be implanted in the center of a
100 mm—edge skin tissue simulating cube (g, = 46.7, 6 = 0.69 S/m at 402 MHz [11])
[8], [9]. Iterative simulation tests are performed, and the variable values of Table 1
and 2 (PIFA I) are finally found to tune PIFA I at the desired frequency of 402 MHz
(Fig. 3(a)), as demonstrated by the authors in [8].

Slight deviations around the original variable values of PIFA I are considered
hereafter, and their effects on the exhibited resonance characteristics are discussed.
Finite element (FE) simulations are conducted in which automatic iterative
tetrahedron—meshing refinement is performed. Iterative refinement stops when the
change in the magnitude of the reflection coefficient (in absolute value) between two
consecutive passes is less than 0.02. Free—space surrounds the simulation setup of Fig.
2 by 200 mm (Ay/4 = 186.5 mm, where A is the free—space wavelength at 402 MHz),
while radiation boundaries extend radiation infinitely far into space.
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Fig. 1. Configuration of the proposed parametric PIFA model: (a) ground plane, (b) lower
patch, (c) upper patch, and (d) side view
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100 mm

Fig. 2. Simulation set—up: PIFA implanted in the center of a 100 mm—edge skin tissue simulating
cube [8], [9]

Table 1. Meanders’ lengths (Fig. 1) for PIFA I, PIFA II and PIFA III (in [mm])

L L=1 =15 lg=1, lg lo =1y L =1p Liz=1y4

PIFA 1
(alumina 96%) 7.4 5.8 4.5 0 7.4 5.8 4.5 0

PIFA 11
(Rogers 3210) 7.2 6.5 5.2 0 8.3 79 7.3 0
PIFA T 49 5.1 6.4 5.9 7.9 7.8 6.6 5.8

(Rogers 3210)

Table 2. Design variable values (Fig. 1) for PIFA I, PIFA II and PIFA III (in [mm])

R R, hi=h, h; d w Sy Sy
e A .4 3.9 025  0.15 1 05 3 -1
(REgIeFrgIm) 45 44 0635 0635 1 05 03 32
(RI; gg;zlfo) 43 42 0635 0635 07 035 0 -3

PIFAII PIFA III

Refl. Coeff. [dB]
Go ot 1

300 350 400 450 500 300 350 400 450 500 300 350 400 450 500
Frequency [MHz) Frequency [MHz] Frequency [MHz]

(a) (b) (©)

Fig. 3. Reflection coefficient frequency responses of (a) PIFA I, (b) PIFA 11, and (c) PIFA III

2.1 Effect of Shorting Pin Position

Shorting the PIFA ground plane with the lower patch increases its effective size in a
way which strongly depends on the exact position of the shorting pin. The design can
be thought of as a modified monopole, since the shorting pin acts in much the same
way as a ground plane on a monopole antenna, enhancing its electrical size. The
further the shorting pin is placed on the “serpentine” current flow path which starts
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from the PIFA feed point (F), the more the effective size of the PIFA is enhanced,
and, thus, the lower its resonance frequency becomes (Fig. 4(a), where positioning of
the shorting pin at the end of meanders 1 to 5 is examined).

The values of the reflection coefficient achieved at the desired operation frequency
of 402 MHz (IS;l@402 mu.) are shown in Fig. 4(b) for each of the simulation scenarios.
Assuming that satisfactory operation of the PIFA in the MICS band is guaranteed
when IS|il@402 mu, < —10 dB, then PIFA I is found to appropriately operate only in the
case where the shorting pin is re—positioned at the end of meander 5.

E 500 . .
2. 450 . .
L a00 * .
350 7
end of end of end of end of endof endof end of end of end of endof

meander 4 meander 2 meander 1 meander 3 meander 5 meander 4 meander2 meander 1 meander 3 meander 5
(original) (original)

shorting pin position shorting pin position
(a) (b)

Fig. 4. Effect of shorting pin position on the (a) resonance frequency (fi), and (b) reflection
coefficient at 402 MHz (ISl@402 muz) of PIFA 1

2.2 Effect of Meanders’ Length and Width

Longer (wider) meanders increase the length of the “serpentine” current path on the
radiating patches, or, equivalently, the effective size of the PIFA, thus decreasing its
resonance frequency, as shown in Fig. 5(a) (Fig. 6(a)). As expected, more intense
deviations are observed in PIFA resonance frequency when all meanders are
simultaneously lengthened (widened), rather than when the meanders of only the
lower or upper patch are modified.

Simultaneous change in all meanders’ lengths and widths by around +0.2 mm (Fig.
5(b)) and +0.1 mm (Fig. 6(b)), respectively, is found to preserve adequate operation
of the antenna in the MICS band. The aforementioned values increase to
approximately +0.3 mm (Fig. 5(b)) and +0.2 mm (Fig. 6(b)), respectively, when the
lengths and widths of only a single patch (either the lower or upper) are modified.
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Fig. 5. Effect of meanders’ length on the (a) resonance frequency (f.s), and (b) reflection
coefficient at 402 MHz (ISl@402 muz) of PIFA 1
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Fig. 6. Effect of meanders’ width on the (a) resonance frequency (fi), and (b) reflection
coefficient at 402 MHz (ISl@402 muz) of PIFA 1

2.3  Effect of Dielectric Thickness

Thicker dielectric layers isolate the PIFA from the high—dielectric constant skin
tissue, thus decreasing its effective dielectric constant and electrical length, while
increasing its resonance frequency. This phenomenon is apparent in Fig. 7(a) in the
cases where changes in the upper substrate (hy)— and superstrate (h;)-thicknesses are
considered. Modifying the lower substrate thickness (h;) also affects the shorting pin—
related resonance effect, overall resulting in lower resonance frequencies for higher
values of h;.

As shown in Fig. 7(b), only slight deviations (of the order of less than +0.05 mm)
from the original dielectric material thicknesses are allowed in order to preserve
satisfactory operation of the PIFA in the MICS band.
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Fig. 7. Effect of dielectric thickness on the (a) resonance frequency (f), and (b) reflection
coefficient at 402 MHz (ISl@402 muz) of PIFA 1

2.4  Effect of Dielectric Material

Resonance frequencies achieved when substituting the dielectric material of PIFA I
(alumina 96%, ¢, = 9.4) with other dielectric materials commonly used in implantable
antenna design (teflon (g, =2.1), macor (g, = 6.1), alumina 92% (g, = 9.2) and Rogers
3210 (g, = 10.2) [5]-[9], [12]) are shown in Fig. 8(a). Higher dielectric constant—
materials shorten the PIFA’s wavelength, increase its electrical length and are, thus,
found to decrease its resonance frequency.

Adequate performance of PIFA I in the MICS band is achieved only in the case
where the dielectric is to be substituted with a material of highly similar dielectric
constant, g, such as alumina 92% (Fig. 8(b)). The choice of substrate and superstrate
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materials is thus proved to be highly critical in the design and performance of
miniature implantable PIFAs.
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Fig. 8. Effect of dielectric material on the (a) resonance frequency (f.), and (b) reflection
coefficient at 402 MHz (ISl@402 mu) of PIFA 1

3 Design of Novel Implantable PIFAs

The parametric results of Section 2 provide significant guidance on the design of
implantable PIFAs. For example, if the dielectric material of PIFA I is to be replaced
with Rogers 3210 (g, = 10.2, versus g, = 9.4 for alumina 96%) [5]-[7], a decrease in
resonance frequency is expected (Fig. 8(a)). However, the minimum available
thickness of Rogers 3210—sheets (0.635 mm, versus 0.15 mm for alumina 96%)
weakens tissue—loading on the PIFA, overall increasing its resonance frequency (Fig.
7(a)). PIFA design variables can, thus, be suitably selected (Table 1 and 2, PIFA II) to
enhance its physical and/or effective size, and achieve an adequately low reflection
coefficient at the desired operating frequency of 402 MHz (Fig. 3(b)).

Another example would be attempting to decrease the physical size (R) of PIFA II,
while enhancing its effective size instead. Re—design consists of reducing the
meanders’ width (w) and separation distance (d) to allow space for extra meanders,
and adding two extra meanders to each of the patches. In this way, lengthening of the
“serpentine” current path is achieved. Iterative tests can be performed to identify
those variable values (Table 1 and 2, PIFA III) which achieve the desired resonance
characteristics (Fig. 3(c)).

4 Conclusion

Design variables of a skin—implantable MICS PIFA were parametrically studied
through FEM simulations to assess their impact on antenna resonance and the ability
of the antenna to adequately operate in the MICS band (defined as IS;l@02 mu, < —10
dB). Even minor deviations from the original parameter values were found to
considerably alter the PIFA resonance frequency, and degrade its performance at the
desired operating frequency of 402 MHz.

Significant guidance on implantable PIFA design was also provided. Based on the
parametric results, two novel PIFAs were proposed for skin—implantation and
wireless biotelemetry in the MICS band. Several other implantable PIFAs can be
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designed to suit specific size constraints, material-availability limitations, bandwidth
requirements and resonance detuning sensitivity values. Finally, the parametric results
can be generalized to the design of PIFAs operating in other frequency bands and
implanted in any type of human tissue.
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