Miniature Antenna for Sensor Network on Human Head
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Abstract— This paper proposes a novel miniaturized
antenna for sensor network with focus on placement on human
head. The antenna is within the volume of 3.5x3.5 x1.5 mm’. It
provides directive gain in the direction outward the body.

I. INTRODUCTION

There are various applications such as wireless body area
networks [1] and health monitoring systems [1] that require
wearable wireless sensors. In such applications multiple
antennas are required to be placed in the close vicinity of
body. The restriction on size and power requires
miniaturization of antennas. Due to restriction on power
consumption, antennas should be directive. Some challenges
are the losses due to tissue’s high conductivity and various
loading effects that change antenna’s performance in the
close proximity of body. In this paper we introduce a novel
design that provides directive pattern while it is placed close
to human head tissues. The small size of the antenna makes it
suitable to be integrated with in an array of sensors place on
human head.

II. DESIGN

A. Antenna Design

The main focus in this design was miniaturizing the
antenna. Planar Inverted F Antenna (PIFA) on air substrate
was chosen first. Various techniques and modifications were
applied to optimize the antenna performance when placed on
human head. All the simulations were done using
commercial simulation program CST Microwave Studio [2].
The proposed antenna is depicted in Fig. 1, and the values of
antenna parameters are listed in Table 1.

B. Antenna Performance

The antenna was mounted on layers of head tissues as
depicted in Fig. 2, as well as a realistic head model as shown
in Fig. 3. The realistic model was obtained using three-
dimensional (3D) Magnetic Resonance Imaging (MRI) data
from a 25 year old healthy human subject. In order to
segment the MRI data, we used Statistical Parametric
Mapping technique to categorize different regions of the
head such as scalp, skull, Cerebro-Spinal Fluid (CSF), Gray
Matter (GM), and White Matter (WM). Then the dielectric
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properties values were assigned to each tissue type. Head
tissue dielectric properties were modeled using the second
order Debye model as given in (1). These parameters were
obtained from [3] except for the CSF parameters that were
not provided in [3]. We calculated the average value of CSF
dielectric properties at 1 GHz and 10 GHz, obtained from
[4], Table II provides the Debye model parameters and
Table III presents the calculated average value of CSF.
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Figure 1.  Proposed miniaturized antenna.
TABLE L ANTENNA DIMENSIONS.
Parameter Value Parameter Value
(mm) (mm)
L 3.50 wl 0.20
W 3.50 w2 0.20
H 1.50 w3 0.50
h 0.75 w4 0.20
11 3.10 w5 0.30
12 0.95 w6 0.80
13 0.85 w7 3.50
14 1.50 w8 1.00
15 3.10
Antenna

Figure 2. Antenna on a layered model of head tissues.
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Antenna

Figure 3. Antenna placed on a realistic head model.

TABLE II. DEBYE PARAMTERS OF HEAD TISSUES [3].
Tissue € € < T T, Height
type 00 S1 S2 (ps) (ns) (mm)
Skull 431 | 2043 | 24.0 | 10.80 | 0.46 10
GM 6.37 | 49.78 | 8596 | 7.52 0.69 5
WM 574 | 36.73 | 4648 | 7.54 0.54 10
Skin 439 | 37.16 | 70.17 | 7.42 0.57 5
TABLE III. DIELECTRIC PROPERTIES OF CEREBROSPINAL FLUID
(HEIGHT 3MM) [4].
Tissue Permittivity Conductivity Erane e
(&) (o)
Frequency
1 10 1 10
(GHz) 6040 | 8.90
CSF 68.40 | 52.40 | 245 | 1537

S-Parameter [Magnitude in dB]
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Figure 4. Reflection coefficient of the proposed antenna in free-space.

III. METHODOLOGY AND RESULTS

A. Antenna Performance in Free-Space

In order to study the effect of head tissues on the antenna
we first observed the antenna performance in free-space.
Figs. 4-7 show the reflection coefficient, the current density,
and the radiation patterns of the antenna in free-space,
respectively. The antenna resonates at 15.88 GHz. Fig. 5
shows that the current density is mostly on the strip in the
middle of the antenna. The antenna is linearly polarized. Co-
polarized field components are Eg on ¢$=0" (E-plane) and E,
on ¢=90° plane (H-plane). Since the cross-polarization level
is very low the total gain has been shown in Figs. 6-7 and
the cross-polarized fields are not separated from co-
polarized fields.

Figure 5. Current density when the antenna is in free-space.
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Figure 6. E-plane gain pattern in free-space.
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Figure 7. H- plane gain pattern in free-space.

B. Antenna Performance when Placed on Head

The antenna was simulated on a model of head tissue
layers. Three surface areas were chosen. Fig. 8 depicts these
models with the surface areas of 2x2 cm’, 4x4 cm’, and 6x6
cm’. The simulations were also done when the antenna was
placed on the MRI driven segmented head model. It is
known that the head tissues have significant loading impact
on the antenna’s performance, therefore, it was necessary to
estimate these effects using a less computational layer
models. One major question was how big of the surface area
in a layered model was necessary to include the most
significant loading effects in the simulation. This could help
to make a decision on the size that is needed from segmented
head model to have an accurate simulation.

By comparing Figs. 4 and 9 it can be observed that the
resonance frequency has shifted from 15.88 GHz (in free-
space) to 4.06 GHz on head models. The shift in resonance
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frequency, as explained in [5], is due to skin’s high
permittivity in the vicinity of the antenna. In such situations
skin becomes a part of antenna and increases the effect
permittivity of the substrate. Thus, the resonance frequency
is shifted to a lower value. It is clear from Fig. 9 that the
surface area and the head model did not cause any difference
in the reduction of frequency, as all cases show the same
resonance frequency at 4.06 GHz.

The radiation patterns, however, are very much affected
by the surface area. The radiation patterns of four cases are
presented in Figs. 10 and 11, and the changes in gain levels
are highlighted in Table IV. Co-polarized components are
Go (¢=0) (E-plane) and G, (¢=90°) (H-plane). As stated in
Table IV, the gain drops significantly due to tissue losses.
The radiation patterns also become more directive in E-
plane, as the surface area is increased to 4x4 cm’.
Consequently, we concluded that 4x4 cm’ of the surface area
would be sufficient to include the loading effects.

6x6 cm?

dxd em?

2x2 em?

Figure 8. Antenna placed on layered model with three surface areas.
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Figure 9. Return loss of antenna on three layered and realstic models.

TABLE IV. ANTENNA GAIN IN DIFFERENT PLANES (DBI).
Case Ge (¢=0) Go (6=0) | Go ($=90) | Go (6=90)
Free-space 1.7 -107.0 -8.5 1.5
2x2 cm? -17.5 -137.0 -35.1 -17.6
4x4 cm? -17.9 -134.0 -37.3 -18.0
6x6 cm’ -16.2 -136.0 -37.4 -16.3
Head model -16.2 -44.4 -34.2 -16.2
TABLE V. Si1 AND INPUT IMPEDANCE OF ANTENNA IN FREE-SPACE
AND ON 4X4 CM” SURFACE AREA.
Frequency Real Imag.
Case GHz S]]((dB) Zin (Q) Zi“ (Q)
Free-space 15.90 -9.14 78.83 -36.79
4x4 cm’ 4.06 -6.86 32.8 37.5
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Figure 10. E-plane gain patterns on tissue layers.
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Figure 11. H-plane gain patterns on tissue layers.

C. Antenna Performance Enhancement

Since the gain is very low, further performance
enhancement is needed. Two techniques were performed to
improve the performance of the antenna. First, the reflection
coefficient of the antenna was enhanced by replacing the air
substrate with a high dielectric layer. The chosen substrate
was Alumina (99.5%) (£=9.9, tan®=0.0001). The reflection
coefficient of the antenna after addition of Alumina substrate
for the case that antenna is placed on a layer model with 4x4
cm’ is depicted in Fig. 12. The resonance frequency dropped
from 4.06 GHz to 3.80 GHz. However, there was no change
in the gain due to skin layer loading effects (Case 1 in Figs.
12-14). To improve the gain, the antenna was elevated by
0.1, 0.5 and 1 mm above the skin. These cases are referred to
as Case 2-Case 4, respectively, in Figs. 12-14. Adding the
air gap improved the gain significantly, while it did not
change the radiation patterns, and the reflection coefficient is
still less than -10 dB at the center frequency. However, it
caused a significant increase in the resonance frequency, as
shown in Table VI. The same procedure was done for
antenna above the segmented head model. Please note that
for these simulations we had to reduce the mesh size and
accuracy due to the size of numerical calculations. The
reflection coefficients and gain levels are summarized in Fig.
15 and Table VII, respectively. The results of resonance
frequencies are very similar to 4x4 cm’, while the gain
shows some reduction. We conclude that the layered model
is a good approximation of full segment model of head when
doing quick simulations.
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Figure 12. Return loss for cases after adding a dielectric layer, different
cases refer to different spacing as listed in Table V1.

TABLE VI ANTENNA GAIN FOR VARIOUS SPACING ABOVE A 4X4 CM?
LAYERED MODEL, S IS THE SPACING, F; IS THE RESONANCE FREQUENCY.
Cases S Ge Go Go Go 1

(mm) | $=0) | $=0) | ($=90) | (¢=90) | (GHz)
1 0.0 -17.9 -134 -38.8 -17.90 3.75
2 0.1 -3.1 -113 -13.2 -3.35 7.10
3 0.5 0.1 -110 -11.0 0.05 7.72
4 1.0 1.4 -109 -11.1 1.36 7.84
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Figure 13. E-plane radiation patterns of cases as listed in Tabel VL.
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Figure 14. H-plane radiation patterns of cases as listed in Tabel VI.

D. Specific Absorption Rate

The Specific Absorption Rate (SAR) is the radiation that
is absorbed by the tissue. The maximum SAR limit
according to IEEE standards is 1.6 W/kg for 1g of tissue. To
comply with this standard, the input power of the antenna,
when it is placed 0.5 mm above head, has to be less than
0.257 W. Fig. 16 shows the SAR value after power was
reduced.
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Figure 15. Retumn loss for cases after adding a dielectric layer, different
cases refer to different spacing as listed in Table VIL

TABLE VIIL ANTENNA GAIN FOR VARIOUS SPACING ABOVE A HEAD
MODEL, S IS THE SPACING, Fj IS THE RESONANCE FREQUENCY.
Cases S Go Go Ge Go fr
(mm) | $=0) | ($=0) | ($=90) | (¢=90) | (GHz)
1 0.0 -14.8 | -43.0 -32.2 -14.8 4.10
2 0.1 -4.15 | -284 -16.0 -4.17 7.43
3 0.5 -0.29 | -23.2 -9.93 -0.38 7.85
4 1.0 0.36 | -23.5 -10.5 0.29 7.79

Figure 16. SAR distribution on head model.

IV. CONCLUSION

A miniaturized antenna suitable for integration with
sensors is introduced. The antenna is intended to be placed
closely to human head. The performance of antenna in the
vicinity of human head was modeled and studied. This study
showed that there is a trade-off between resonance
frequency and gain. For lower frequencies (around 4 GHz)
gain will be less than -17 dBi, while by adding a small air
gap and shifting the resonance frequency to around 8 GHz,
the gain will be increased to more than 0 dBi.
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