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ABSTRACT A novel pattern and polarization reconfigurable wearable slot antenna suitable for smart glasses
is proposed. The antenna is designed and fabricated on glass and reconfiguration is realized using four
PIN diodes. It operates in the 2.4 GHz Industrial, Scientific and Medical Band. It consists of an equilateral
L-shaped slot fed by a single coplanar waveguide feed. The slot is manipulated with switches to generate two
modes of operation. Each mode corresponds to one of the two states of the switches which result in different
L-shaped slots with unequal legs creating patterns that are polarized in perpendicular to each other. The
antenna has been shown to perform well near the human body using numerical and physical phantoms. The
correlation between the two modes is calculated to be less than 0.04 with 41% and 56% on-body efficiency
for each mode. The Specific Absorption Rate is shown to be well below the limit specified in the European

Standards through simulations.

INDEX TERMS Antenna radiation pattern, glass, slot antenna, wireless body sensor network.

I. INTRODUCTION

Remote monitoring of people’s health is one of the main goals
that the Internet of Health Things (IoHT) focuses on [1].
Advancements in technology have led to the development of
small and smart electronic devices that can be placed on or
inside the human body [2]. These wearable and implantable
devices form the basis of the IoHT and continuously monitor
diverse physiological parameters of healthy individuals or
patients. Although the design of such devices is highly mul-
tidisciplinary, it can be argued that the careful design of the
antenna is one of the most important aspects for an optimum
solution.

The design of an antenna operating near the human body
has its unique challenges. Firstly, the antenna is located near
lossy human tissues which leads to detuning effects as well as
efficiency degradation due to near field losses [3]. Moreover,
these effects are dependent on the body composition of that
particular individual and near which part of the body the
antenna is located. In addition, the mobility of the human
body leads to dynamic channels requiring changing radiation
patterns to ensure the best link quality as the person moves
around [4]. Reconfigurable antennas can be utilized to miti-
gate these challenges [5].
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Reconfigurable antennas are antennas that are able to
manipulate their radiation characteristics by redistributing
the current on the radiating aperture of the antenna. Thus,
their radiation characteristics can be modified according to
the altering environmental conditions [6], [7]. The recon-
figuration of the radiation characteristics can be performed
in four different forms [8]. The reconfiguration can take
place in operating frequency [9]-[14], polarization [15]-[18],
radiation pattern [19]-[27] or any combination of these char-
acteristics [28]-[30].

Radiation pattern reconfiguration can be implemented to
increase the probability of getting a reliable link over time.
The pattern can be switched between predefined patterns to
find the one supporting the best link quality as the human
body moves and the direction of arrival changes [4]. Here,
a novel pattern reconfigurable wearable slot antenna is pro-
posed. The slot antenna is preferred due to their robustness
against detuning effects. Note that since the size is restricted
in wearable applications, utilization of arrays is not an option.
In the literature, a number of reconfigurable slot antennas
have been proposed [17], [18], [21], [22], [27], [29]. Among
these, [17] and [21] differ from the existing design by the
fact that they consist of multiple ports and the reconfigura-
tion is intended by port selection. [18], [22], [27] and [29]
successfully realize reconfiguration, although they are not
intended and hence not suitable for wearable applications.
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FIGURE 1. A comparison between the proposed antenna and related
reconfigurable antennas in the literature.

Specifically, [22] and [29] have thick profiles of 7.2 mm
(2.3 - 2.4 GHz) and 4.5 mm (1.8 - 2.1 GHz), respectively,
and [18] and [27] have large electrical sizes of 0.69A¢ x
0.56A¢ and 0.831¢ x 0.83A¢, respectively.

Here, an equilateral L-shaped slot that is switched between
two operation modes is proposed. Two states of switches lead
to two different L-shaped slots with unequal legs that are
excited by the same coplanar waveguide (CPW) feed. Since
the L-shaped slots are oriented in different directions, two
patterns that are polarized in perpendicular to each other are
created. The overall dimensions are 35 mm x 35 mm x 1 mm.
The design mainly differs from the state of the art in two
ways. First, the reconfiguration of the pattern is not achieved
through manipulating the feedline or exciting new elements
that accompany the main radiating aperture, but through
creating two operation modes from a single slot. Second,
glass is used as the substrate of the proposed antenna; whereas
conventionally, along with standard substrates such as
FR4-Epoxy [19], [23], [24], flexible substrates [28],
[31]-[34] are exploited in wearable pattern reconfig-
urable antennas. To the authors’ knowledge, there is no
pattern-reconfigurable wearable antenna designed on glass.
The utilization of glass as the substrate makes the pro-
posed antenna preferable for the applications where visibil-
ity through the wearable device is required such as smart
glasses. A comparison between the proposed antenna and
related reconfigurable antennas in the literature is provided
in Fig. 1. Note that an earlier version of that antenna
was presented by the authors in [35]. This improved ver-
sion is drastically different in terms of both the struc-
ture and the feeding mechanism as well as the substrate
used.

This paper is organized as follows. In section II, the design
process of the antenna is explained and the antenna model
is described. In section III, the process for the formation
of the physical head phantom used in the measurements is
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FIGURE 2. The proposed model and the prototype of the antenna.

introduced. In section IV, the simulation and measurement
results are given and interpreted. Section V concludes the
work.

Il. ANTENNA MODEL AND PROTOTYPE

The proposed antenna is designed to operate in the 2.4 GHz
Industrial, Scientific and Medical (ISM) band on glass with a
relative permittivity of 8.5 and a thickness of 1 mm as can
be seen in Fig. 2. The overall dimensions of the substrate
are chosen to be 35 mm x 35 mm appropriate for standard
glasses. The antenna is placed along the two edges of the sub-
strate so that the visibility through the glass is not obstructed.
The equilateral L-shaped slot consists of a horizontal and a
vertical part. The feed is located at the corner. The location
of the feed with respect to the radiating slot is critical in
tuning the input impedance of the antenna as well as the
length of the T-junction arms. The radiation pattern of the
antenna is switched between two different modes, horizontal
mode or vertical mode, using PIN diodes. The horizontal
mode corresponds to the L-shaped slot with longer horizontal
section. It creates dominantly a vertical polarization. Note
that the length of the shorter vertical section will affect the
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position of the feed with respect to the slot and hence the input
impedance of the antenna, as mentioned before. The vertical
mode corresponds to the L-shaped slot with longer vertical
section creating a horizontal polarization.

The length of L-shaped slots and the location of the feed
are analytically calculated with a narrow slot assumption. The
results of the analytic calculation will later be used as the
initial value of the slot length and the position of the feed in
the numerical optimization. Following the initial narrow slot
assumption, the width of the slot is taken to be much smaller
than the guided wavelength, Agyigeq, making the TEjq the
dominant mode and enabling the calculation of the slot length
using (1) [36]. The guided wavelength can be calculated
from the free space wavelength, Aq, as in (2). An effective
permittivity, €.4, must be used here due to the fact that the
electric field created by the antenna is contained both in air
and in the dielectric material. It can be calculated by means of
a filling factor, ff, as in (3). The filling factor here is taken to
be 0.5 which is the typical value for CPW. Hence, the effective
permittivity for glass is calculated to be 4.75. The guided
wavelength is calculated to be 56.18 mm at 2.45 GHz; hence,
the length of the slot should be 28.09 mm.

)\‘ .
Lrgio = %M ey
A
hguided = ¢e0—,f )
¢j
€off = €r*ff + (1 —f) 3)

As for the calculation of the feeding location, the slot can be
considered as the dual of a half-wave dipole. This enables
the calculation of the radiation resistance of the slot, Ry,
by duality as in (4) [37]. Given that the radiation resistance
of the complementary dipole, Ryjpote, is 73 €2 and the intrinsic
impedance of the free space, Zy, is 377 €2, the radiation
resistance of the slot is calculated to be 487 2. Although this
is a large value, the matching can be achieved by using an
off center feeding. For a 50 Q2 coaxial cable, the offset of
the feeding point from the center of the slot, L., can be
calculated using (5) [38], which equals 11.24 mm when the
guided wavelength is 56.18 mm.

Zi
Ryior = 4)
ot 4Rdipole
Aguided
Lnjj‘ket = % (5)

Beginning with the calculated values, the length of the
L-shaped slots, the location and the dimensions of the feed
line are optimized through numerical analysis using ANSYS
High Frequency Structure Simulator (HFSS) [39]. The point
that is of great importance here is that the design is symmet-
rical with respect to the diagonal of the antenna. This sym-
metry ensures that when the performance of the antenna is
optimized at 2.45 GHz for one of the modes, its performance
for the other mode is optimized as well since two modes only
differ in the orientation of the L-shaped slots. The final values
of the dimensions are tabulated in Table 1. The antenna is
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TABLE 1. The optimized values of the parameterized dimensions.

Parameters Final Values (mm)
Slot Length 24.3
Slot Width 1.6
PIN Diode Position 7.8
Ground Length 35
Feed Length 3.5
Feed Width 1.2
T Length 1.7
T Width 0.7

prototyped using Voltera V-One [40]. Conductive ink with a
conductivity of 1052632 S/m at DC is dispensed on a glass
substrate with an accuracy of 0.2 mm and cured at 200 °C as
seen in Fig 2(b).

Ill. MEASUREMENT SET-UP

Since the antenna is designed to be implemented in smart
glasses, it will always be operating in close proximity of a
human head. Therefore, it is essential to evaluate the detuning
effects of the human body on the operation of the antenna. For
this purpose, the antenna is tested on a two-layer phantom
and on human subjects. The two-layer phantom as visioned
in Fig. 3 consists of a 3D printed container and semi-solid
tissue mimicking mixtures. The container is made of PLA and
10cm x 10 cm x 10 cm in size. It has a special compartment
for the eye phantom to be located and a planar clamp to fix the
antenna and the cabling. Two different mixtures that mimick
the electrical properties of the eye tissue and the muscle
tissue are prepared using water, agar, gelatine, corn flour,
sodium azide, sodium chloride, and propylene glycol [41].
At 2.45 GHz, the electrical properties of the eye tissue and
the muscle tissue are given as eg = 53,0 = 2.2 S/m [41] and
e€r = 52.7,0 = 1.74 S/m [42], respectively. The quantities
of ingredients used to prepare the mixtures are tabulated
in Table 2. In order to validate the relative permittivity and
the conductivity values of prepared mixtures, the open-ended
coaxial probe method explained in [43] is exploited. A 9 cm
RG402 coaxial cable is used as the open-ended coaxial probe.
A code implementing the mathematical procedure summa-
rized in [43] is developed. The measured values are eg = 48
and 0 = 2.5 S/m for the eye tissue and eg = 48.5 and
o = 2 S/m for the muscle tissue. The eye mimicking mixture
is pumped into a circular latex balloon with 50 mm diameter
and placed at its special compartment. The container is then
filled with the muscle mimicking mixture as seen in Fig. 3(b).
The measurements on the human subjects are taken using a
3D printed glasses frame as in Fig. 3(c). The corresponding
simulations are conducted on ANSYS human body phantom,
Male-4mm accuracy as seen in Fig. 3(d).

IV. RESULTS AND DISCUSSION

A. RESULTS IN AIR

The simulated and measured return loss in air for the hori-
zontal and vertical mode is shown in Fig. 4. It is observed
that the simulated frequency responses of the horizontal and
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TABLE 2. The quantities of ingredients used per 100 g mixture.

Ingredient Eye Tissue (g) | Muscle Tissue (g)
Distilled Water 75.62 75.62
Corn Flour 4.72 4.72
Gelatine 14.52 15.35
Agar 3.02 3.02
Sodium Azide 0.3 0.3
Propylene Glycol 0.6 0.6
Sodium Chloride 1.21 0.38

Eye
phantom

Muscle
phantom

(a) The numeric version of the two- (b) The physical version of the two-
layer phantom layer phantom

4

(c) The antenna worn by a human (d) ANSYS human body phantom
subject

FIGURE 3. Different versions of the measurement setups used to
evaluate the operation of the antenna near the human body and their
numerical counterparts.

vertical modes are identical to each other as expected due to
the symmetry of the structure. It can also be seen from Fig. 4
that for both modes of operation, the measured and simulated
reflection coefficients agree. The center frequency estimated
by numerical analysis is 2.47 GHz, and the measured center
frequency is the same for the horizontal mode and 2.48 GHz
for the vertical mode. The disagreement is within the limits
of manufacturing accuracy.

Fig. 5 shows the simulated 3D radiation patterns of the
operation modes in air along with the corresponding 2D cross
sections at ¢ = 0° and ¢ = 90°. It can be observed
that the patterns in both modes are omnidirectional and their
polarizations are perpendicular to each other. The null of the
pattern is at 6 = 90°, ¢ = —106° for the horizontal mode,
whereas it is at 6 = 90°, ¢ = 18° for the vertical mode.
The maximum gains are 1.9 dBi at 8 = 152°, ¢ = 8° for
the horizontal mode and 1.6 dBi at & = 148°, ¢ = —90°
for the vertical mode. Fig. 6 shows the measured normalized
3D far-field radiation pattern of the horizontal mode in air
along with the corresponding 2D cross sections at ¢ = 0°
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FIGURE 4. Simulated and measured frequency responses in air.
Horizontal mode: —18.1 dB at 2.47 GHz in simulation and —23 dB at
2.47 GHz in measurement. Vertical mode: —16.2 dB at 2.47 GHz in
simulation and —13.7 dB at 2.48 GHz in measurement.
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FIGURE 5. Simulated 3D radiation patterns and the corresponding 2D
cross sections at ¢ = 0° and ¢ = 90° of the horizontal (left) and
vertical (right) mode in air with maximum gains of 1.9 dBi and 1.6 dBi,
respectively.

and ¢ = 90° using a planar near-field setup. The pattern is
expected to be symmetrical with respect to xy-plane. Good
agreement can be observed. The radiation efficiency for the
horizontal mode is measured as 41% using the same planar
setup.

B. ON-BODY PERFORMANCE

In order to analyze the realistic performance of the antenna,
it is tested on numerical and physical phantoms as well as
human subjects as described in Section III. Fig.7 shows the
simulated and measured return loss graphs on the two-layer
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FIGURE 6. Measured normalized radiation pattern and the corresponding
2D cross sections at ¢ = 0° and ¢ = 90° of the horizontal mode in air.
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FIGURE 7. Simulated and measured frequency responses on two-layer
phantom and simulated frequency responses on the ANSYS human body
phantom. Horizontal mode: —26.1 dB at 2.41 GHz in simulation on
two-layer phantom, —16 dB at 2.44 GHz in simulation on ANSYS human
body phantom, and —30.3 dB at 2.49 GHz in measurement on two-layer
phantom. Vertical mode: —26.3 dB at 2.41 GHz in simulation on two-layer
phantom, —14.4 dB at 2.44 GHz in simulation on ANSYS human body
phantom, and —15 dB at 2.49 GHz in measurement on two-layer phantom.

phantom as well as the simulations on the Ansys male phan-
tom. It can be noticed that the estimated center frequency
is lower than the actual measured center frequency. This
trend prevails for measurements on human subjects. Hence,
the reason behind this is predicted to be the inaccuracies
in the electrical and physical properties of human tissues
used for the simulations. Although the models could not
be improved, the effect is found to be predictable which
can be modeled at the earlier stages of the design. The
fact that the simulated results for the two-layer phantom
and the Ansys male phantom differ gives an indication that
the final measurements should be taken on human sub-
jects. Note that the return loss is greater than 10 dB for all
cases.
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FIGURE 8. Measured frequency responses on two different human
subjects with a mean of 2.36 GHz and a standard deviation of 0.1 GHz.
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FIGURE 9. Simulated 3D radiation patterns and the corresponding 2D
cross sections at ¢ = 0° and ¢ = 90° of the horizontal (left) and

vertical (right) mode on the ANSYS human body phantom with maximum
gains of 2.3 dBi and 4.3 dBi, respectively.

The measurements on human subjects have been con-
ducted using prototypes that are realized using artificial
switches and PIN diodes, NXP BAP 64-03. Fig. 8 shows
the measured return loss on two different human subjects.
It can be observed that the center frequency does not change
for different subjects whereas the magnitude of the reflection
coefficient changes in the order of 1 dB. This observation sup-
ports our initial assumption of slot antennas being more suit-
able for wearable applications due to their magnetic nature.
When the artificial switches are replaced with PIN diodes,
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FIGURE 10. Simulated SAR of the horizontal and vertical mode with
maximum values less than 0.95 W/kg and 0.8 W/kg, respectively.

we can observe that the effective slot length is greater due to
the imperfect shorting; hence, the center frequency is shifted
by 200 MHz. This effect should be taken into consideration
during implementation.

Fig. 9 shows the simulated radiation patterns on the
numeric head model along with the corresponding 2D cross
sections at ¢ = 0° and ¢ = 90°. It can be seen that the pattern
in each mode has become directional with the effect of the
phantom. The maximum gain is determined to be 2.3 dBi for
the horizontal mode and 4.3 dBi for the vertical mode. The
radiation efficiency is 41% for the horizontal mode and 56%
for the vertical mode. The horizontal mode couples more to
the human head which explains the reason why the radiation
efficiency is lower. This effect can be observed in the Specific
Absorption Rate (SAR) simulations as well. The SAR of
the antenna is simulated for both of the operation modes
and the results are shown in Fig. 10. The maximum SAR is
determined to be less than 0.95 W/kg for the horizontal mode
and 0.8 W/kg for the vertical mode. Both values are well
below the limit 2 W/kg specified in the European Standards.

The reconfiguration is intended to be used for antenna
selection which can be translated into diversity gain. A simple
selection algorithm can be used where one of the two modes
can be selected according to the power of the received signal
at each mode. The selection can be activated if the received
signal drops below a certain threshold to justify the trade-off
between the power loss due to RF retransmissions in case
of an unreliable link and the power loss due to switching.
An established way to prove that different modes will pro-
vide different received power levels is to check whether the
envelope correlation between two modes is low. Here in the
case where the antenna is in air, the envelope coqelation, Pes
calculated using (6) is lower than 0.1, where F1(0, ¢) and
F 2(0, ¢) are the simulated radiation patterns and €2 is the solid
angle.

_ i JTF16.9) - F2@. )l QP
Jin [IF10, 9)12dS2 [, [ IF2(6, ¢)|2d2

V. CONCLUSION

A novel pattern reconfigurable wearable slot antenna oper-
ating in the 2.4 GHz ISM band is presented. The antenna is
fed by a CPW and switched between two operation modes
leading to two different radiation patterns. Glass is used as
the substrate of the antenna. The design is simulated and
measured in air, on numerical and physical phantoms and

(6)

e
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human subjects. It is verified that the antenna exhibits a good
impedance matching and operates in the desired band with
a maximum gain greater than 1.5 dBi and efficiency greater
than 40% in all different cases. It is also shown that the
SAR values are below the limit specified in the European
Standards. The presented antenna is shown to perform the
reconfiguration using PIN diodes and is a promising design
for wearable applications. In the future, the authors aim to
operate the antenna in a third mode in order to collect data
from a contact lens.
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