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Robustness of Wearable UHF-band PIFAs to
Human-Body Proximity

G.A. Casula, A. Michel, P. Nepa,
G. Montisci, and G. Mazzarella

Abstract— The robustness of wearable UHF-band planar
inverted-F antennas, with respect to body-antenna separation
and human tissue dispersion, is addressed through numerical
investigations. The main goal is gaining physical insights into the
relationship between the grounded antenna performance and the
distribution of the electric and magnetic energy densities in the
antenna near-field region close to the ground plane border. A
criterion for choosing a proper shape of the antenna ground
plane is suggested, which can improve the antenna robustness
with respect to the random variations of the body-antenna
coupling scenario, but with a minimal impact on the antenna size.

Index Terms— body-antenna coupling, grounded antennas,
planar inverted-F antennas, wearable antennas.

. INTRODUCTION

The performance of wearable antennas is significantly
modified by the human body proximity [1]-[2]. Moreover, in
real-world applications, the antenna-body distance changes
randomly, due to the wearer natural movements [3]-[5]. In
addition, the electromagnetic and geometrical parameters of
the antenna platform (namely, the human body) change from
person to person, as well as for different locations of the
antenna on the same person, as such parameters vary around
the body [6]. The variations of the antenna parameters induced
by the above random effects can determine a significant and
uncontrolled degradation of the radio link, with respect to the
performance expected from an antenna layout optimized to
operate at a nominal distance from the surface of a specific
human body phantom. Although a ground plane is effective to
minimize the antenna-body coupling effects, it could make the
antenna obtrusive and uncomfortable at the UHF-band. In this
context, a criterion for choosing a proper shape of the ground
plane is desirable to increase the antenna robustness with
respect to the random changes of the body-antenna coupling
scenario, yet with a minimal impact on the antenna extent. In a
number of papers [7]-[11], it has been shown that magnetic
antennas can perform better than electric antennas when they
operate close to, or inside, the human body (or any other non-
magnetic lossy material). In the context of wearable and
implantable antennas, the best performance of magnetic
antennas compared to electric ones is demonstrated mainly for
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electrically small antennas [7]. Unlike electrically small
antennas (where either the electric or the magnetic energy
density dominates in the near-field region), resonant antennas
exhibit both electric and magnetic energy density peaks.
Therefore, it can be expected that a higher reduction of the
sensitivity of the antenna parameters to the random changes of
the body-antenna coupling scenario can be achieved when the
ground plane is elongated at the antenna section characterized
by a peak of the electric energy density, rather than at the
section close to a peak of the magnetic energy density. A
preliminary analysis has been presented in [12].

In this paper, an effort has been made to investigate the
performance of Planar Inverted-F Antennas (PIFAs) with
different ground plane configurations. A criterion for the
selection of the ground plane shape is given, which is based on
the position of the maxima of the electric and magnetic energy
densities in the antenna near-field region close to the ground
plane border. It is worth noting that a discussion on the
magnetic and electric energy densities in single-layer antennas
was recently introduced in [10], to show that the power loss
density in the human body follows the distribution of the
electric energy density. However, to the best of the authors’
knowledge, this is the first time that the analysis of the
distribution of the electric and magnetic energy densities
nearby the antenna border is used as a criterion for choosing
the shape of the antenna ground plane.

Numerical simulations have been performed using CST
Microwave Studio. It is worth noting that all the PIFAs here
considered as the initial layouts of our numerical tests have
been already adequately tested, both numerically and
experimentally, as they have been selected from the open
scientific literature.

Il. NUMERICAL SIMULATION RESULTS

In order to examine the robustness of the antenna behavior
with respect to the antenna-body coupling, a set of PIFAs have
been numerically analyzed for different ground plane
configurations, to investigate for a relationship between their
performance and their near-field energy distribution. In
particular, results are about two RFID tag antennas operating
at 868 MHz [13] and 900 MHZ [14], respectively, and a
folded PIFA for on-body communications working at 2.4 GHz
[15], so spanning a wide fraction of the UHF spectrum for
wearable antenna applications. A numerical phantom has been
added to the simulation scenario (Fig. 1) to analyze the body-
antenna coupling. We have chosen a three-layer model,
composed of a skin layer (1.5 mm thick), a fat layer (20 mm
thick), and a muscle layer (30 mm thick).

The radiation efficiency, 7, and the power transmission
coefficient, 7, have been computed when varying the antenna
distance from the human body phantom, d. The radiation
efficiency accounts for both the antenna structural losses and
the power dissipated into the body model. The power
transmission  coefficient has  been calculated as

* 2 - .
T :1—‘(Z|N A 0)/(ZIN +Z, )‘ , Wherein Zyy is the antenna

input impedance, and Z, is a reference impedance. Since we
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are interested to analyze the robustness of the different layouts
with respect to the variations of the antenna-body separation,
Zo has been assumed equal to the antenna input impedance at
the resonance frequency and when d=0 (i.e. the antenna
adherent to the body model is fully matched to the feeding
line, at the resonance frequency). Indeed, an antenna
optimization to obtain a specific value for the antenna input
impedance (e.g. the standard 50 Q value or the conjugated
value of an RFID chip input impedance), at an assigned
resonance frequency, is out of the scope of this work.
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Fig. 1. A PIFA on the phantom model used to perform the numerical
investigation of the antenna robustness to the body proximity (the electrical
parameters in the figure are those used at 900 MHz). Antenna ground plane
can be extended toward either the region with a peak of electric energy
density (ANT-E) or the region with a peak of magnetic energy density (ANT-
H).

A reference layout has been selected, which exhibits a
ground plane whose size is equal to the size of the antenna
radiating element. The reference antenna was named as ANT.
Then, the ANT layout has been modified to get two further
configurations:

e ANT-E, in which the ground plane is extended toward the
regions close to an electric energy density peak;

e ANT-H, in which the ground plane is extended toward the
regions close to a magnetic energy density peak.

The robustness of the configurations ANT, ANT-E, and
ANT-H with respect to the body-antenna distance d has then
been investigated, by analyzing both the variation of the
power transmission coefficient 7z, and of the power
transmission coefficient times the radiation efficiency, z xn.
As a matter of fact, z(d) is a decreasing function, since its
optimal value (z=1) is obtained at d=0. On the other hand, 7
is expected to increase, on average, with d. From the point of
view of the system, z % 7 is the main determinant of the link
budget, but also z is separately of interest, since a significant
mismatch can damage the transmitter or reduce the signal-to-
noise level at the receiver. Therefore, the robustness of the
proposed configurations has been studied separately for 7 and
7 x 7, and the best ground plane configuration is considered to
be that one exhibiting a reasonable value of <7, with a r as
great as possible, with both stable with respect to the antenna-
body distance, d. In the following, it is assumed that the
variations of the antenna directivity and radiation pattern are
negligible, as the set of body-antenna separations here
considered are very small with respect to the wavelength.

A. Wearable Planar Inverted-F Antenna at 868MHz

The first example is about an antenna suitable for wearable
tags at 868 MHz [13]. In this case, in order to obtain a
reference antenna (ANT), the original configuration proposed
in [13] has been modified reducing the ground plane size to
exactly fit the radiating patch dimension (Fig. 2). The
geometrical parameters used in the numerical simulations are
summarized in Fig. 2c, and the electric and magnetic energy
densities are shown in Fig. 2d and Fig. 2e, respectively.
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Fig. 2. Front view (a), lateral view (b), and main geometrical parameters of
the considered layout (c) for the ANT configuration (PIFA in [13]). For such a
structure, the electric (d) and magnetic (e) energy densities are shown close to
the ground plane, at the resonant frequency.

The electric energy density shows a single peak, close to the
antenna open end, whereas the magnetic energy density shows
two peaks, each one close to the antenna lateral edges. Two
modified layouts have been obtained by adding an extension
of the ground plane toward the direction where the peaks of
the electric and magnetic energy density appear, respectively:
ANT-E configuration, with a ground plane extension ALg
(Fig. 3a), and ANT-H configuration, with a ground plane
extension ALy (Fig. 3b). The size of ALg and ALy (which
should be as small as possible in order to obtain a wearable
antenna that is unobtrusive, compact, and comfortable to the
user) has been searched through a local tuning. In Fig. 4, the
power transmission coefficient z for the antennas ANT, ANT-
E, ANT-H (Figs. 2 and 3), and the reference antenna in [15],
is shown for d=0 (antenna attached to the body). The usable
bandwidth of all these configurations is satisfactory, and
covers the typical frequency band requested to UHF RFID
applications. For the antennas ANT, ANT-E and ANT-H,
numerical results for the input impedance, Zn, and the
radiation efficiency, 7, have been obtained at the resonant
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frequency, when the body—antenna separation, d, varies from 0
up to 15 mm. Hence, the product between the power
transmission coefficient, 7, and the radiation efficiency 7 has
been computed for each of the three antenna layouts.
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Patch

Ground Plane

Patch

Ground Plane
(a) (b)
Fig. 3. PIFA in [13] with an extended ground plane: ANT-E (a); ANT-H (b).
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Fig. 4. Power transmission coefficient of the antennas ANT, ANT-E (ALg =
30 mm), ANT-H (ALy = 30 mm) (Figs. 2 and 3), and for the reference
antenna in [13], computed for d = 0 (antenna attached to the body).

The variation against d of rand (z x 7) is shown in Fig. 5a
and 5b, respectively, for the antennas ANT, ANT-E, ANT-H,
and for the reference antenna in [13]. For the ANT-E and
ANT-H configurations, the results for three different values of
ALg and ALy are shown. The best performance is obtained for
ALg =30 mm and ALy = 30 mm. These results clearly indicate
that the ANT-E configuration performs better. The robustness
of the ANT-E with respect to the body-antenna distance
variation is remarkable when compared to the reference
antenna.

In order to test the robustness of the proposed
configurations also with respect to the frequency, the variation
of rand r x 5 for the ANT, ANT-E (for AL = 30 mm) and
ANT-H (for AL« = 30 mm) configurations is shown in Fig 6,
for three different frequencies: the resonant frequency fo, and
the frequencies fp-10 MHz and fo+10 MHz. Again, it is
apparent that the ANT-E configuration results the more robust
with respect to the body-antenna separation.
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Fig. 5. Variation of 7 (a), and of the product z x 7 (b), for the ANT, ANT-E,
ANT-H antennas (Figs. 2 and 3), and for the reference antenna in [13].

B. Wearable Planar Inverted-F Antenna at 900MHz

The above analysis has been repeated for a PIFA-type tag
antenna working at 900 MHz [14]. The original configuration
proposed in [14] (and reported in Fig.7) has been modified by
reducing the ground plane size to exactly fit the radiating
patch dimension (Wg=Wp and Lg=Lp), to get the reference
antenna ANT. The geometrical parameters used in the
numerical simulations are summarized in Fig. 7d, and the
electric and magnetic energy densities are shown in Fig. 7e
and Fig. 7f, respectively. The maximum of the electric energy
density is close to the antenna open end, whereas the
maximum of the magnetic energy density is close to the
antenna shorting edge, as expected.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 4

0.9
0.8
0.7
e 0.6
0.5
0.4
0.3

1

0.2
0 15 3 45 6 7.5 9 105 12 135 15
d [mm]

—+—+ ANTf, B8 ANTEf, -6 ANT-Hf,
“#—# ANT ;10 MHz -6—6- ANT-E ;10 MHz % ANT-H f;10 MHz
ANT f+10 MHz 4—4 ANT-E f+10 MHz -©—&- ANT-H f+10 MHz

@
0.35
03]
0.25¢
=
o 0.2
0.15
0.1
0'050 1.5 3 45 6 7.5 9 105 12 135 15
d [mm]
~—+ ANTf, 88 ANTEf, 6—6 ANTH f,

% ANT {10 MHz -6—6- ANT-E f-10 MHz - ANT-H f;10 MHz
ANT f+10 MHz -4—4- ANT-E f+10 MHz -~ ANT-H f+10 MHz
n n

(b)
Fig. 6. Variation of 7 (a), and of the product z x 7 (b), for the ANT, ANT-E
and ANT-H antennas (Figs. 2 and 3), evaluated for three different frequency
values. ALg = 30 mm, ALy =30 mm.

The modified layouts obtained by adding an extension of
the ground plane toward the direction where the peak of the
electric or magnetic energy density appears, are shown in Fig.
8a (ANT-E configuration) and in Fig. 8b (ANT-H
configuration). In Fig. 9, the variation against d of t (Fig. 9a)
and t x 1 (Fig. 9b) is shown for the ANT, ANT-E, and ANT-
H configurations. The optimal values of the ground plane
extensions are ALe = 35 mm and ALy = 36 mm. Again, the
robustness of the ANT-E configuration with respect to the
body-antenna distance variation is apparent, whereas the
ANT-H configuration presents only a negligible improvement
with respect to the ANT configuration.
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Fig. 7. Top view (a), side view (yz plane) (b), side view (xz plane) (c), and
main geometrical parameters of the ANT configuration [14] (d), for the PIFA
in [14]. For such a structure, the electric (¢) and magnetic (f) energy densities
are shown close to the ground plane, at the resonant frequency.
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Fig. 8. PIFA [14] with the ground plane extended toward the open-end (ANT-
E) (a); PIFA [14] with the ground plane extended toward the shorting-edge
(ANT-H) (b).
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C. PIFA antenna at 2.4 GHz

As a last example, a folded PIFA for on-body communications
at 2.4 GHz is considered [15]. In this case, the reference
antenna layout (ANT) is identical to the original configuration
presented in [15]. Fig. 10b describes the geometrical
parameters used in the numerical simulations, and the electric
and magnetic energy densities are shown in Fig. 10c and Fig.
10d, respectively.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 5

The magnetic energy density shows a single peak, close to the
antenna shorting edge, whereas the electric energy density
shows two peaks, each one close to the antenna lateral edges.
The modified layouts obtained by adding an extension of the
ground plane toward the peaks of the electric and magnetic
energy density, are shown in Fig. 11a (ANT-E configuration)
and in Fig. 11b (ANT-H configuration), respectively.
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Fig. 9. Variation of 7 (a), and of the product z x 7 (b), for the ANT, ANT-E,
ANT-H antennas (Figs. 7 and 8). ALg = 35 mm, ALy = 36 mm.

In Fig. 12, the variation of z (Fig. 12a) and 7 x 7 (Fig. 12b)
is shown for ANT, ANT-E, and ANT-H configurations.
Again, this further example confirms that the robustness of the
ANT-E configuration with respect to the body-antenna
distance variation is significantly better than the other
configurations (i.e, ANT and ANT-H). It is important to
highlight that, notwithstanding the percentage variations of 7 x
n (Fig. 12b) seem comparable for all the analyzed
configurations, the percentage variation of z (Fig. 12a) is
unacceptable for both ANT and ANT-H configurations. This
means that, for both ANT and ANT-H, = and # vary in a
larger interval, but in opposite directions (7 decreases with d
up to 25%, whereas 7 increases with d up to 90%). For the
ANT-E configuration = and 7 show the same behavior, but
the variations are small (z decreases with d up to 5%, whereas
7 increases with d up to 40%). Moreover, the value of 7x 7 is
definitely larger for the ANT-E configuration.

For all the antennas investigated in this paper, the variation
of rand 7 x 7 has also been calculated when the permittivity

and conductivity of the phantom layers are changed. However,
when considering variations of the permittivity and
conductivity of the numerical phantom layers up to +/-15%,
numerical results for z and # have shown quite small
variations (less than 1%), so resulting negligible with respect
to those induced by the antenna-body distance.

The results here presented showed that, to increase the
robustness of a PIFA antenna with respect to the body-antenna
separation variations, the ground plane should be extended in
the direction corresponding to the antenna border close to an
electric energy density peak. Such a conclusion agrees with
previous results on electrically small antennas [7]-[11], which
state that electric antennas perform worse than magnetic
antennas, when they operate next to or inside the human body.
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Fig. 10. Three-dimensional view (a), and main geometrical parameters (b) of
the considered layout for the ANT configuration, for antenna in [15]. For such
a structure, the electric (c) and magnetic (d) energy densities are shown close

to the ground plane, at the resonant frequency.
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Fig. 11. PIFA antenna in [15] with the ground plane extended toward the
directions of the maxima of the electric energy density (ANT-E) (a); PIFA
antenna with the ground plane extended toward the shorting-edge (ANT-H)
(b).
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I1l. CONCLUSION

The robustness of a set of Planar Inverted-F antennas to the
random variations induced by the body-antenna separation and
human tissue dispersion has been numerically investigated, by
relating it to the electric and magnetic energy density
distributions in the antenna near-field region around the
ground plane border. Based on the presented examples, we can
conclude that ground plane enlarging is more effective at those
sections of the antenna border where the electric energy
density exhibits a peak. Such a design guideline can be used as
a physics-based criterion in order to reduce the computational
efforts required by a brute-force numerical optimization of the
PIFA ground plane size and shape. Nevertheless, the proposed
design approach may be applied to other grounded antennas
for body-centric communications, yet limited to those
antennas exhibiting a small variation of the energy density
distributions within their operative frequency band.
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