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Low-Profile Head-Worn Antenna with a
Monopole-Like Radiation Pattern

Toni Bjorninen, Member, IEEE, Fan Yang, Senior Member, IEEE

Abstract—We present a low-profile antenna derived from a
center-fed circular patch to provide uniform spatial coverage
around a human head in 5.8 GHz ISM band. With the thickness
of only 7 mm, it provides a compelling solution for a beacon-like
radiator or harvester embedded in a smart headgear or in an
in/off body communication relay-station. Below, we will first
outline the development of an ellipsoid head model for
numerically efficient optimization of the antenna and then detail
the antenna development based on full-wave simulations. The
results are validated using an anatomical head model and
measurements both in air and in head-worn configuration. The
measured results show that the antenna achieves a 0-dBi gain in
the spatial angles around the head. The simulated radiation
efficiency is 76% and SAR is well below ICNIRP and FCC limits
even with 100 mW antenna power.

Index Terms—Wearable antenna, patch-antenna, head-worn
antenna, body area network, energy harvesting

I. INTRODUCTION

IRELESS body area networks (BAN) have become an

increasingly important trend in the field of wireless
communications during the past decade. The future
development of wearable wireless technology will have an
important role in the fields of safety and security, indoor
localization and positioning, welfare and healthcare, and in
bio-monitoring, for instance [1-3]. Overall, this development
is striving toward wearable intelligence: the body-worn
sensing and energy harvesting platforms will provide wireless
power and data to the human intranet consisting of implanted
and body-worn devices while an off-body communications
unit connects it to the intelligent environment or internet the of
things [4, 5].

The profound challenge in the optimization of wearable
antennas is the mitigation of the negative impact arising from
the electromagnetic (EM) interaction between the antenna and
the dissipative biological tissue [6]. In the extremely cost-
driven applications, such as radio-frequency identification,
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simple dipole antennas have been shown to provide detection
range up to 3 with antenna-body separation of 3-to-4 mm [7].
Compared with a dipole, single-layer magnetic antennas based
on slot-type radiators [6] have been shown to achieve
generally better performance although they still suffer from
the compromised radiation efficiency. In comparison,
antennas with ground plane benefit from built-in antenna-body
isolation. Here, several types of antennas have been studied,
including fully textile-based microstrip patch antenna [8],
IFA/PIFA [9-11], and antennas based on substrate-integrated
waveguides and metamaterials [12-14]. However, they
typically exhibit a directive radiation pattern and thus provide
effective wireless communications only in specific off-body
direction. As a remedy, body-worn arrays with high gain and
steerable beam have been proposed [15, 16], but this comes
with the cost of increased structural complexity.

As an alternative to the above-described solutions, we
propose a low-profile antenna with a monopole-like radiation
pattern for broad spatial coverage to enable reliable energy
harvesting and off-body communications.

Il. ELECTROMAGNETIC MODELS OF THE HUMAN HEAD

In the EM modeling of the antenna, we used two different
head models in ANSYS HFSS v.15 (a full-wave EM solver
based on the finite element method). The ellipsoid model in
Fig. 1 was created by fitting an ellipsoid to the head of the
anatomical model of an adult male provided by ANSYS. The
exterior surface is defined as a tri-axial ellipsoid with semi-
axis lengths of 115.31 mm, 88.75 mm, and 77.44 mm, along
the x’-, y’- and z’-axis in Fig. 1, respectively. The ellipsoid
was truncated at z7 = 70 mm to form a flat area for the

Fig. 1. Left: Ellipsoid model with symmetry boundaries at xz- and yz-
planes. Right: model with anatomical shape in the upper hemisphere.



placement of the antenna. The truncation height was chosen
maximal, so that it would produce minimal difference
compared with the real head shape. Finally, the solid shape
was reduced to a shell with the thickness of two millimeters
and the dielectric properties of skin. The internal structure of
the head was modelled by assigning a layered impedance
boundary to the interior surface of the skin shell. This way, we
combined the full-wave modeling of the antenna-body
interactions in the skin layer and approximated the impact of
the internal structure of the head based on an impedance
boundary which represents the following layered structure: 2
mm of fat, 7 mm of cortical bone, 1 mm of cerebrospinal fluid
(CSF), and 35 mm of grey brain matter. In the simulation, the
dielectric properties of all of the biological tissues were based
on the four-term Cole-Cole dispersion model with the
parameters provided in [18]. Table | lists the dielectric
properties of the tissues at 5.8 GHz. As a result, we have the
complex impedance of 104.1+j50.7 Q for the impedance
boundary.

Thanks to the symmetric structure of our antenna (Section
I11) and the ellipsoid, we were able to employ the magnetic
field symmetry boundary condition in HFSS to reduce the
model size to a quarter of the full ellipsoid. This numerically
efficient model was used in the antenna optimization. The
optimization outcome was validated in a more detailed head
model with an anatomical shape in the upper hemisphere. The
shape is from ANSYS human body model, but in this work
which is focused on off-body communications, we excluded
the internal structure of the head such as brain and other tissue
types and reduced it to a 2-mm shell of skin backed with the
layered impedance boundary described above. Moreover, we
considered the impact of the anatomical details in the lower
hemisphere of the head negligible and created it by sweeping
the equatorial line around its center axis as indicated in Fig. 1.

TABLE |
DIELECTRIC PROPERTIES OF BIOLOGICAL TISSUES
USED IN THE HEAD MODELS AT 5.8 GHz

skin  Fa  Bo%  cgF Brain,
cortical grey matter

&r 35.11 9.86 9.67 60.47 44.00
tand  0.33 0.26 0.37 0.40 0.35

I1l.  ANTENNA STRUCTURE AND SIMULATED RESULTS

We commenced the antenna development based on a
center-fed circular microstrip patch antenna. In free-space, it
radiates similar to a monopole with a broadside null and
uniform radiation pattern in the antenna plane [17]. The
polarization of the antenna is linear with the electric field
vector orthogonal to the antenna plane. As a constraint for the
size of the antenna, we considered the relatively flat area on
top of the head. The conductor areas of the antenna were
pattern from copper tape which was adhered on soft and
conformal EPDM  (Ethylene-Propylene-Diene-Monomer)
foam. The dielectric properties of er = 1.3 and tand = 0.0015
were measured for the EPDM at 5.8 GHz using Agilent
85070E dielectric probe. However, since this method is suited

best for the measurement of liquids, we must consider the
obtained values only indicative.

Because the circularly symmetrical structure of the antenna
is essential for achieving the uniform radiation pattern, we
considered the coaxial probe feed the best approach for
feeding the antenna. However, here the challenge was that
even though the ground plane provides built-in antenna-body
isolation, it would be cumbersome to place cables and
connectors between the head and the ground plane. Hence, our
approach was to face the ground plane away from the head
and to insert another conductor layer between the head and the
patch to provide electromagnetic isolation. This way, the
antenna is fed from the top which provides a natural way of
using the backside of the ground plane as a platform for
additional electronics in communications and harvesting
systems based on the proposed antenna.

The asymmetric shape of the head influences the antenna
radiation. We found that in order to achieve uniform radiation
pattern in the head-worn configuration, it was best to replace
the disk-shaped antenna with an ellipsis with the major axis
along the longer dimension of the head (x-axis in Fig. 1).
However, we observed that at 5.8 GHz the most uniform
radiation patterns tended to be produced by structures with a
resonance frequency around 5.5 GHz. As a remedy, we
introduced four shorting pins around the feed probe. By
inserting them at different distances from the probe along the
major and minor axes of the ellipsis, we achieved an
additional degree of freedom in optimization of the radiation
pattern. After establishing the antenna structure shown in Fig.
2 as a feasible candidate, we optimized the parameters r, k, u,
and v in the ellipsoid head model using the built-in genetic
algorithm in HFSS. In order to simultaneously maximize the
radiation efficiency (er), minimize the input reflection
coefficient (js11/%) and maximize and uniformize the antenna
directivity (D) in the xy-plane, the target in the optimization
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Fig. 2. Structure of the antenna and the dimensions of prototypes Al
and A2 in millimeters. The coordinate system is the same as in Fig. 1.



TABLE 11
SIMULATED PERFORMANCE OF ANTENNAS Al AND A2
AT 5.8 GHZ IN THE TWO DIFFERENT HEAD MODELS

Ellipsoid Anatomical
Al A2 Al A2
[sf* [dB] -12.8 -389 124 -30.8
e 0.76 0.76 0.77 0.77
min,, D(90",¢) [dBi] 0.52 037  —004 024
min,, G, (90°,4) [dBi] -085 080  -140  -137
TABLE III

SIMULATED MAXIMUM AVERAGE SAR AND THE MAXIMUM SAR-
COMPLIANT POWER IN THE ANTENNA AT 5.8 GHz

Al A2 Al A2
ICNIRP ICNIRP FCC FCC

SAR [W/kg] with
P = 0AW 0.100 0.098 0.271 0.266
Pantmax [W] 2.000 2.043 0.592 0.601

process was to maximize the minimum of the realized gain
(Gy) given by G, = er(1-|s11/%)D in the xy-plane in Fig. 1.

From the total of 600 optimizer iterations, we selected two
promising realizations. Henceforth, they are referred to as Al
and A2. The simulated performance of the antennas in both
head models is summarized in Table Il. Al achieved the most
uniform pattern (although just marginally better compared
with A2), whereas A2 provided excellent matching at the
center frequency. The simulated |s11|? and er was virtually the
same in both head models. The main difference between the
predictions of the two models is that the anatomical model
predicted approximately 0.5 dB lower minsD(90°,¢) for both
antennas. The simulated input reflection coefficient versus
frequency and antenna gain patterns at 5.8 GHz in air and in
head-worn configurations will be presented along with the
measured results in the next section.

To clarify the importance of the isolator layer and ellipsis-
versus-circle shape, we report below the performance data for
Al in two cases: with the isolator removed and with the
antenna shape changed to a disk with the radius equal to the
minor semi-axis of the ellipsis. Removal of the isolator
resulted in e, = 0.52 and minsD(90°,¢) = —0.1 dBi in the
anatomical model, whereas the disk-shaped antenna lead to e,
= 0.76 and min,D(90°,¢) = —0.87 dBi. Hence, the isolator
improves e, as much as 24 %-points and the ellipsis shape
brings an improvement of 0.83 dB in minyD(90°,¢).

Finally, we simulated the maximum average specific
absorption rate (SAR) considering both ICNIRP and FCC
limits of 2 W/kg and 1.6 W/kg averaged over 10 g and 1 g of
tissue, respectively. In both cases the averaging cube overlaps
several tissue types with different dielectric properties and
densities. Therefore, to ensure numerical stability and
reproducibility of the data, we considered a simplified model
consisting of 15x15x5 cm?® block of skin. Here, skin was
selected as the tissue type, since in practice the highest local
SAR occurs on its surface. As in reality the curvature of the
head is expected to reduce the electromagnetic antenna-body
interaction away from the antenna edges, we considered this
worst-case estimation. Overall, the SAR values in Table 111 are
low and, for instance, with 100 mW antenna power (Pan), the

exposure is lower than from modern cell phones. The
maximum SAR-compliant antenna power of Pantmax = 2 W is
much higher than typically used in body-worn mobile units. In
ambient energy harvesting, the SAR values will be orders of
magnitude lower.

IV. MEASURED RESULTS

The studied antennas were tested both in air and in head-
worn configuration. Firstly, the input reflection coefficient
was measured using vector network analyzer with the antenna
in air and when placed on a subject’s head. As seen from Fig.
3, the measured and simulated result for Al in air agree
closely. This confirms the successful simulation and
construction of the antenna. In the head-worn configuration,
there is a difference of approximately 80 MHz between the
measured and simulated matched frequency. This can be
attributed to the somewhat higher uncertainty in this
measurement. Similar conclusions are drawn from Fig. 6 for
A2, but in this case the agreement of the simulation and
measurement is very close also in the head-worn
configuration. The results show also that A1 and A2 achieve
the measured impedance bandwidths (js11]*> < —10 dB) of 330
MHz and 370 MHz, respectively, which is more than enough
to cover the world wide I1SM band from 5.725 to 5.875 GHz.

The gain patterns were measured in a far-field range. The
data in air was recorded with the steps of 3° and averaged over
20 repetitions. In the head-worn configuration, steps of 6° and
averaging over 8 repetitions were used. The measured and
simulated results in air (Figs. 4 and 7) are in good agreement
and predict close to 0 dBi gain in all directions. In the head-
worn configuration, the antenna was attached to a block foam
suspended on the measurement system holders with the
antenna facing downward. The cable was inserted vertically
through the foam. The subject was sitting below the antenna
on a chair with the height adjusted to press the antenna tightly
on his head. Due to the unintentional movements of the
subject during the measurement, the uncertainty is higher than
in the measurement in air. Also, the simulation model is for a
specific head anatomy and does not include the impact of hair.
For antenna Al, the measured gain (Fig. 5) fluctuates evenly
on both sides of the simulation result, but on average we
consider these results to be in a good agreement. For antenna
A2, the measured gain (Fig. 8) in the directions of +50° and
+135° is slightly lower compared with the simulation.
However, also in this case the results are in fair agreement.

V. CONCLUSIONS AND FUTURE WORK

Reliable energy harvesting and off-body communication in
body-area networks prompt the need for low-profile antennas
with broad spatial coverage. We demonstrated that a center-
fed ellipsis-shaped patch antenna achieves a monopole-like
radiation pattern covering the spatial directions around the
human head with a constant 0-dBi gain at 5.8 GHz. The
antenna has the thickness of only 7 mm and it is fed from the
top to avoid insertion of cables between the antenna and head.
A layer of conductor acting as an isolator between the patch
and the biological tissue enabled the high radiation efficiency



2
Is, I? [dB]

Fig. 3. Input reflection coefficient of Al.
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Fig. 6. Input reflection coefficient of A2.
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Fig. 4. Measured and simulated gain [dBi] of Al
in air in the xy-plane of Fig. 2 (0° towards the
positive x-axis). Measured = solid line, simulated =
dotted line.
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Fig. 7. Measured and simulated gain [dBi] of A2
in air in the xy-plane of Fig. 2 (0° towards the
positive x-axis). Measured = solid line, simulated =
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Fig. 5. Measured and simulated gain [dBi] of Al
on head in the xy-plane of Fig. 1 (0° towards the
pos. x-axis). Measured = solid line, ellipsoid model
= dashed line, anatomical model = dotted line.
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Fig. 8. Measured and simulated gain [dBi] of A2
on head in the xy-plane of Fig. 1 (0° towards the
pos. x-axis). Measured = solid line, ellipsoid model

dotted line.

of 76%. Future work includes the investigation of periodic
loadings for on-body communication through surface waves

and

integration of an inductive loop in the isolator layer to

form an integrated in/on/off-body communications platform.
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