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Performance Evaluation of a Star-Shaped Patch Antenna
on Polyimide Film under Various Bending Conditions
for Wearable Applications
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Abstract—This paper proposes a prototype of a flexible antenna which utilizes a star patch design.
The work seeks feasibility of the star patch antenna to maintain its characteristic when it is bending
on a curvy structure. The patch antenna is fabricated on a 0.8 mm thickness, h of polyimide film with
a dielectric constant, ¢, of 3.4. The simulation result in Computer Simulation Technology Microwave
Studio (CST MWS®) software shows that the antenna provides a —10dB bandwidth of 24.9% at
2.45 GHz with a minimum reflection coefficient, S1; of —26.67dB in flat condition. The stability in
its performance has been noticed in which the shift in the resonant frequency is less than 2% when
the structure is bending on a curvy surface with a radius of 90 mm. The measured results in terms of
reflection coefficient, bandwidth, radiation pattern, and gain demonstrate a good agreement with the
simulated results.

1. INTRODUCTION

The main focus in modern technology is to have devices which not only are lighter and smaller in size,
but also offer a great flexibility. In antenna design, the growth of wearable devices, which are not limited
to on-body applications, increases the demand for the antenna to be fabricated on a flexible material. A
number of flexible antennas have been realized on various flexible substrate materials such as textile [1, 2],
paper [3], and thin film [4,5]. Although it is suitable for wearable and conformal applications, fabric
substrate is also prone to discontinuities, fluids absorption, and crumpling [6]. A tradeoff always exists
between achieving functional conformability and low cost. As the wearable antenna will be used as a part
of clothing which may follow the body curve, the structure deployed needs to be relatively insensitive to
various bending conditions. In [7], a wearable dipole configuration is proposed for on-body applications.
The antenna has been designed with a semi-flexible substrate, RO3003™, and its performance has been
tested for different bending conditions that may be introduced by human body curvature.

In order to allow bending and need for flexibility, a robust yet compact antenna is typically designed
based on microstrip approach [8]. Flexing the antenna from its nominal straight configuration can impact
the performance, depending on the design, substrate material, and other factors. Consider a typical
rectangular microstrip antenna where the width (W), length (L), thickness of the substrate (h), and
dielectric constant (e,) are defined. If the antenna is bending along L, the performance degradation
occurs due to the effective length, L.z, variations when the new length, L, lies along an arc midway
through the dielectric substrate, which therefore varies the effective width, Weg, and length, L.g, of
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the patch and also the thickness of the dielectric substrate. Similar cases can be applied in bending
the antenna along W. In reality, the resonant frequency and reflection coefficient of the antenna can be
shifted or decreased depending on the bending environment, and the radiation pattern of the antenna
can be distorted when the antenna is stretched, rolled on curvy surfaces, or twisted.

In this paper, a design consideration of the wearable antenna which utilizes the followings will be
implemented; (i) a very thin substrate, (ii) a structure with a partial ground plane, (iii) a shape of
antenna that is able to maintain the effective width and length during bending, and (iv) a feed line at
the vertex of the curve. Therefore, a star patch antenna is chosen as it can compromise the bending
effects. Kapton Polyimide film is used as the antenna substrate due to its good balance between the
physical, chemical, and electrical properties with a low loss factor over a wide frequency range [8,9].

2. ANTENNA GEOMETRY

The preliminary investigation on the star patch antenna started with a circular patch antenna, and
the principal idea is motivated by the effectiveness of sharp edges to lengthen the surface current and
therefore, is able to miniaturise size with a better gain [10, 11]. It can be observed from the empirical
study that star-shape of the patch offers better antenna performance than circular shape in terms of the
VSWR and reflection coefficient. The optimization of dimensions of the antenna is done by performing
parametric studies. Figure 1 shows the geometry of the star patch antenna [10] which is fabricated on a
0.8 mm thickness, h, of polyimide film substrate with a dielectric permittivity, €., of 3.4 and loss tangent,
tan 9, of 0.002. The star patch is connected to a 50 €2 termination line feed. At the back of the structure,
a partial ground plane is employed to produce an omnidirectional radiation pattern. In addition, the
partial ground plane technique is also adopted for size reduction. Impact of the removal area is carefully
observed during the design process, to ensure that a good impedance matching characteristic is obtained.
The overall size of the proposed antenna is 75 x 50 mm?. The prototype is realized with an aluminum
tape by using manual stencil. The manufacturing tolerance for the physical dimensions is found less
than +0.5mm. It is also worth mentioning that both the symmetrical star patch and partial ground
plane are exploited in order to compensate the bending effect.
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Figure 1. Geometry of the star patch wearable antenna: (a) Star patch from the top view (W = 50 mm;
L = 75mm, microstrip-line feed with the dimension of L; = 34mm and width of 3.372mm, (b)
partial ground plane from the bottom view with Ly = 28.5mm, (c) top view of the star patch in
CST MWS®software; and (d) partial ground plane is bending on a curvy structure with diameter (D).

3. RESULTS AND ANALYSIS

3.1. Reflection Coefficient

The antenna is simulated under different bending conditions in CST MWS software. Figure 2(a) shows
that the simulated reflection coefficient, S1;1, at flat condition is —26.67dB at 2.45 GHz. It is also
demonstrated that when the prototype is bent on a curvy surface with diameter, D = 120 mm, 90 mm,
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Figure 2. (a) Simulated reflection coefficient of the star patch antenna under various bending
conditions. (b) Comparison between simulated and measured results.

(a)

Figure 4. (a) Measurement setup of the star patch antenna in bending condition with various diameters,
D of the plastic cylinder; (b) D = 120mm, (¢) D = 90 mm; and (d) D = 70 mm.

and 70 mm, Sp; is slightly improved, and the value approaches —30 dB. Therefore, in order to explain
this phenomenon, surface current distributions and electric field intensity have been generated from the
simulations in CST MWS software as shown in Figure 3. From the figure, it can be clearly seen that
the maximum surface current occurs at the edges of the star patch when the electric field is excited
in the vertical direction. On the other hand, the maximum surface current occurs along the middle
line which is parallel to the star patch antenna, on the partial ground plane. The verification of the
simulated S7; is performed by connecting the radiating patch to the Rohde & Schwarz ZVB14 vector
network analyzer as illustrated in Figure 4. In the measurements, the setup of antenna in flat condition
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is carried out in two conditions; firstly, the antenna is measured alone, and secondly, the antenna is
placed on a plastic flat surface. It has been observed that the measured results are relatively similar,
and therefore, it can be concluded that the plastic bottle does not introduce any additional intolerances
to the structure. At D = 120 mm, the simulated resonant frequency is shifted to 25 MHz higher from the
resonant frequency obtained in the flat condition. Meanwhile, at D = 90 mm and 70 mm, the resonant
frequency is shifted to 50 MHz higher. However, the —10dB bandwidth of the star patch antenna is
approximately 600 MHz, which overcomes the shift in the resonant frequency caused by the bending
effect. For verification of simulated antenna performance at various bending conditions, the fabricated
antenna is attached to a plastic cylinder with the specified diameter, D. The measured S7; demonstrate
a strong agreement as the resonant frequency is not shifted more that 1% from the simulated results as
illustrated in Figure 2(b).

3.2. Radiation Pattern

Far-field radiation patterns of the star patch antenna have been measured in an anechoic chamber as
can be seen in Figure 5. The comparison between the simulated and measured radiation patterns in the
E-plane (yz-cut) and H-plane (zz-cut) are shown in Table 1. The antenna-under-test (AUT) is placed
on the ETS-Lindgren 2090 positioner and aligned to the horn antenna with adjustable polarization.
From the table, it is shown that the antenna has an omnidirectional pattern at 2.45 GHz. In flat
condition, the simulated maximum directivity in the H-plane is 129.55dBuV/m, and this value is
reduced to 128.2dBuV/m at D = 90 mm and 70 mm. For E-plane, in flat condition, the directivity of
the main lobe is 138.3dBuV/m and is reduced to 136.9dBuV/m at D = 90mm) and 130.6 dBuV/m
at D = 70mm. The measured directivity shows a good agreement with the simulated results. It is
also observed that the antenna radiation patterns are relatively insensitive to bending conditions at
D =90mm and 70 mm. It is observed from the simulation results that the SAR effect is slightly higher
than the international standard, and this is expected as the partial ground plane allows the electric field
to penetrate into the body tissues. For clarification, the details of SAR effects to the human body are
not discussed in this paper, and it is also worth to highlight that the SAR limit may be improved by
using EBG substrate [12].

Figure 5. Radiation pattern measurement setup in an anechoic chamber; (a) H-plane (zz-cut). (b)
E-plane (yz-cut). (c¢) Gain measurement setup; calibration of VNA using two horn antennas and AUT
later replaced with star patch.

3.3. Gain

The gain transformation method technique is employed to measure the antenna gain in the anechoic
chamber. Two horn antennas are set up to serve as the gain reference. Next, one horn antenna is
replaced with the star patch antenna as the antenna-under-test (AUT) as can be seen in Figure 5(c).
Figure 6 shows the simulated and measured gains of the star patch antenna under various bending
conditions. The antenna has a gain of 3.404 dB in flat condition, 3.749dB at D = 90 mm and 3.814dB
at D = 7T0mm at the operating frequency of 2.45 GHz. It is observed that the gain of the antenna
slightly increases when the bending curves are increased in diameter, which can be attributed to higher
surface current concentration. The measured gain is extracted by using a classic gain-transfer method
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by assuming a uniform plane wave incident over the aperture of horn antenna as well as the AUT [13].
Discrepancies in the simulated and measured gains of the AUT can be significant, especially when there
is a large difference in aperture dimension between the AUT and standard-gain horn. In this case, the
size of AUT is 1/10 of the standard-gain horn and thus, producing differences in gain from 0.6 to 1.6 dB
at the resonant frequency of the antenna. The surrounding environment may also contribute to the
discrepancies, such as the mineral water bottle used as a platform for bending investigation, which is
not modeled in the simulation.

Table 1. Simulated (solid line) and measured (dotted-line) radiation patterns under various bending

conditions.
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Figure 6. Simulated and measured gain of the star patch antenna under various bending conditions.
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4. CONCLUSION

In this work, a star patch antenna on Kapton Polyimide Film is proposed which operates at 2.45 GHz.
The antenna is tested under various bending conditions, and it is observed that the performance of the
antenna is not compromised. Therefore, the antenna in this work can serve as an alternative candidate
for wearable devices. In future work, the antenna will be integrated into a transceiver platform and will
be tested in the actual indoor and outdoor environment to observe the actual performance.
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