Pre prints.org

Article Not peer-reviewed version

A Miniaturized Thin-Film UWB
Monopole Antenna Implemented
with High-Dk Adhesive

Duc Nguyen Dao and Jae-Young Chung ~

Posted Date: 19 July 2023
doi: 10.20944/preprints202307.1354 v1

Keywords: UWB; high-Dk adhesive; monopole antenna; thin film antenna

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/2520530
https://sciprofiles.com/profile/816440

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 July 2023 do0i:10.20944/preprints202307.1354.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

A Miniaturized Thin Film UWB Monopole Antenna
Implemented with High-Dk Adhesive

Dao Duc Nguyen ! and Jae-Young Chung >*

1 Department of Electrical and Information Engineering, Seoul National University of Science and Technology,

Nowon-gu, Seoul 01811, Korea; daonguyen3154@gmail.com

Department of Electrical and Information Engineering, Seoul National University of Science and Technology,
Nowon-gu, Seoul 01811, Korea

*  Correspondence: jychung@seoultech.ac.kr

Abstract: This paper presents the design of a miniaturized polyimide-based antenna for
Ultra-Wideband (UWB) communication. Miniaturization is achieved through the utilization of
adhesive material with a high dielectric constant (high-Dk). The goal of this work is to investigate the
impact of such material on the antenna performance and to optimize its design for UWB operation.
The manufacturing of the antenna using the proposed structure was developed and the prototype of
antenna for UWB high-band (6 - 9 GHz) is measured and analyzed. By leveraging the high Dk of the
adhesive material, the simulation and measurement results showed that the proposed antenna with
high Dk adhesive film can achieve the compact dimension with good performance in gain, and time
domain characteristics. The results of this study show a potential of exhibiting a reduction in the size
of the antenna and will contribute to the advancement of miniaturized UWB antenna technology.
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1. Introduction

Ultra-Wideband (UWB) technology has increasingly aroused a lot of interest in many applications
of high-speed wireless communication and accurate localization [1,2]. With the characteristic of
wide bandwidth, UWB systems have the advantages of improvement in multi-path fading immunity,
enhancement in ranging resolution, great ability of objective penetration, and large tolerance to
interference with other wireless systems [2].

In UWB system, antenna is one of the most essential elements as it is responsible for transmitting
and receiving signals. In the antenna design process for the UWB system, miniaturization is a challenge
due to the physical size constraints imposed by their applications. In [3-5], antennas with monopole
structure and Vivaldi structure are suggested for UWB systems. However, they have no flexible
capabilities. On the other hand, the interest in research on flexible electronics has increased in response
to the commercial trends in compact, portable, lightweight, and flexibility [6]. Several approaches for
flexible printed circuit (FPC) antennas have been reported.

In [7], a tapered slot antenna using a 200 ym liquid crystal polymer (LCP) substrate is proposed.
The design shows great radiation performance and excellent time-domain characteristics as very
little distortion is introduced by the antenna. However, the bulky dimensions (130 x 66 mm?) are not
suitable for modern electronics integration. In [8], an elliptical-shaped monopole UWB antenna printed
on Kapton polyimide substrate is presented. It shows good radiation characteristics and impedance
matching, with low degradation when under bending effects. However, the size of it (47 x 33 mm?)
needs further miniaturized.

In [9], H. Bahrami et al. has designed flexible spiral-type dual-polarization antennas for neural
recording systems by using a substrate of polyimide (PI) with a dielectric constant (Dk) of 3.5. In
[10], a CPW-fed monopole with dimensions of 34.5 x 26 mm? for wearable application is suggested.
Polyester with Dk = 3.2 is used as an antenna substrate, and polydimethylsiloxane (PDMS) with Dk =
2.3 - 2.8 is used as an artificial magnetic conductor (AMC). In [11], Hong et al. proposed a design of
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transparent and flexible antenna with ITO/Ag/ITO (IAI) multilayer for wearable glasses application.
The PI film layer with Dk = 3.5 is chosen as the substrate. Phan et al. designed a microstrip monopole
antenna "Sapin" covering the bandwidth from 2.2 - 10 GHz for wireless Local Area Network (WLAN)
application [12]. The antenna dimension is 45 x 28 mm? and the substrate is E4D paper with Dk =
3.184. In [13], an inverted-F structure with a bow-tie shape is suggested for wearable applications with
the substrate consisting of two-layer PI with Dk of 3.5. Of all these works, low-Dk film materials are
often chosen as the antenna’s substrate because low-Dk material allows energy to be radiated out of
the system, rather than being stored in the substrate, which results in increasing the bandwidth of
resonance. However, to overcome the space limitation, one approach to miniaturization is to use a
high-Dk substrate with the scarification of bandwidth.

Flexible Copper-Clad Laminate (FCCL) is usually used as the base material to create FPCs. FCCL
consists layers of copper foil, PI film and bonding adhesive, providing the advantages such as high
thermal stability and resistance to environmental factors [14]. Film material, however, usually has
a low Dk. In the structure of a thin film antenna, the thickness of the bonding adhesive layer is
comparable with the PI layer, therefore, its impact can be significant to the antenna’s performance.
Current technologies are focusing on making low dielectric constant (low-Dk) and low dielectric
dissipation (low-Df) adhesive bonding film for utilizing resonant bandwidth. To the best of the authors’
knowledge, none of the existing research has investigated the effect of the adhesive layer on the
performance of the antenna. Hence, for the first time, the utilization of a high-Dk bonding adhesive
in the design and construction of the antenna is explored. By investigating the overall performance,
valuable insights can be acquired to study the efficiency and potential of using high-Dk adhesive for
thin film antennas. Besides the physical size constraint, other parameters must also be considered in
the designing process of UWB antennas such as wide bandwidth, stable pattern characteristics, and
good time-domain performance [15].

In this paper, we propose a design of antenna for UWB using a new adhesive material with
high-Dk and low-Df, showing that using such material could reduce the overall size of antenna while
remaining the desired UWB characteristics. First, the antenna design for the high band of UWB (6 -
9 GHz) using high-Dk, low-Df bonding sheet adhesive will be designed and parametric studies of
important parameters are presented in Section 2. Next, the antenna fabrication and experimental
results including radiation pattern, reflection coefficient, and gain are simulated and measured in
Section 3. In Section 4, the time domain analysis is presented. Discussion and comparison with other
existing flexible antennas will be presented and the final conclusion is stated in Section 5.

2. Design of thin film UWB monopole antenna

2.1. Thin film layer stack up

The target operation frequency range of the proposed thin film UWB antenna is 6 - 9 GHz which
is the UWB high-band for indoor UWB transmissions when no mitigation techniques are used [16].
Among a variety of UWB antenna structures, a bell shape monopole antenna was chosen as shown in
Figure 1 since this structure is compatible with thin films, and offers broadband impedance matching
and omnidirectional radiations [17-19]. The stack up of the thin film is also depicted in Figure 1. It
consists of top and bottom copper layers deposited on PI layers. These a pair of copper/PI layer is
bonded together by the middle adhesive layer which exhibits a high Dk property in this proposed
design. The Dk and Df of the PI layer is 3.3 and 0.005, respectively, while the Dk and Df of the adhesive
layer is 6 and 0.006. The thicknesses of copper, PI and adhesive layers are 12 ym, 50 ym and 50 ym. The
total thickness of the antenna combination is 174 ym. It is worth noting that the thickness of one layer
of copper and adhesive is the same while the Dk of adhesive layer is 1.8 times higher than PIL. Thus,
the high Dk property of the adhesive layer is supposed to promote thin film antenna miniaturization
similar to previous reports on PCB antenna miniaturization using high Dk substrates [20-22].
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2.2. Simulation results

Figure 1 shows the geometry of the proposed printed monopole antenna backed by a partial
ground plane, where Wy and Ly are the width and length of the antenna, respectively. The dimension
of the proposed antenna is 20 x 12 mm?. The ground of the antenna is designed based half elliptical
shape with the vertex length of L, and AR is the aspect ratio of the ellipse, which is the ratio between
the length of the major axis and the minor axis. The radiator patch is determined by the width of Wy
and the length of the patch is a combination of a straight line with a length of L; and a curve which
is drawn by using the spline function. Ly and Wy are the length and width of the transmission line.
A small rectangular with the width of W; is placed at the starting point of the feed line for soldering
with a SubMiniature version A (SMA) connector. Table 1 shows the list of these parameters and their
optimized value.

Wo

Lo
- Copper
y Polyimide
1 Adhesive
z X

Figure 1. Geometry of the proposed thin film UWB monopole antenna.

Table 1. Optimized parameters of proposed high band antenna.

Symbol  Value Symbol  Value

Wo 12.0 mm Ly 7.8 mm
Lo 20.0 mm Wf 0.2 mm
Wi 11.4 mm Lg 7.4 mm
Lq 6.7 mm Ws 0.8 mm
Ly 5.2 mm AR 1.25

Figure 2 presents the simulation results of the Sj; of the antenna while changing some key
parameters in the designing process. The S1; refers to the reflection coefficient of the antenna and
indicates the amount of power that is reflected back toward the source when an electromagnetic signal
is transmitted through the antenna. To improve the impedance and radiation properties, a partial
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ground is designed. The effects of length L, are analyzed as in Figure 2a. As we can see, the smaller
ground plane’s length will result in poor impedance matching results and with the longer ground
plane’s length, the resonant frequency will shift to a lower frequency. It is worth noting that the
increase in the ground plane’s length will result in a smaller gap between the antenna’s patch and the
ground. With L¢ of 7.7 mm, this gap is so small that the bandwidth gets narrower. Only the ground
length Ly of 7.3 mm meets the required S1; <-10 dB over an interested frequency bandwidth of 6 - 9
GHz. Hence, 7.3 mm is chosen as the value of L,.

-10 F

Sy; (dB)

—‘_L

@ 0 0’ e 0

=7.7 mm lf

Frequency (GHz)

@)

S11 (dB)

Frequency (GHz)

(b)

Figure 2. Simulation results of S11 versus frequency by varying (a) L, (b) L;.

Figure 2b shows how the length of the straight patch L influences the magnitude of reflection
coefficient 517 over frequency. As can be seen, when the patch gets longer, resonant frequency tends to
move towards the lower band. This can be explained that the longer patch length results in a longer
electrical length and the propagation occurs in a longer wavelength, meaning the lower resonant
frequency. Moreover, the S1; > -10 dB around the mid-band of UWB is recorded in shorter patch length.
On the other hand, with L; of 6.7 mm, a good S1; < -10 dB is provided for our interested frequency
band 6 - 9 GHz. For this reason, the appropriated L; value is chosen as 6.7 mm. To verify the theoretical
results, the following section will address this with experiments.
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3. Antenna fabrication and measurements

A photograph of the fabricated antenna with the front and back view is shown in Figure 3. For
experimental measurement, our antenna requires connection to a Vector Network Analyzer (VNA) via
a connector. The part number of the SMA connector used is Board Edge SMA SM06FS006 of Withwave
company. Its operating frequency is from 10 MHz to 26.5 GHz with 50 () matched. From Figure 4,
we can notice some agreements of reflection coefficient S1; between the simulation and measurement.
Both the simulated and measured results have a bandwidth of more than 6 - 9 GHz for S1; <-10 dB,
which is satisfied our target frequency band for the high band of UWB. The measurement impedance
bandwidth is recorded from 5 - 10.8 GHz. The discrepancy in simulation and measurement results
is from the widened ground effect due to the SMA connector, which is neglected in the simulation
environment.

(b)

Figure 3. Fabricated antenna prototype with an SMA connector (a) Front view, (b) Back view.
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Figure 4. Comparison of S1; simulation and measurement results.

For the far-field gain experiment, the antenna measurement was done in an anechoic chamber.
Figure 5 shows the picture of the fabricated antenna in the chamber while doing measurements.
Figure 6 shows the comparison between simulation and measurement results in terms of normalized
radiation patterns in the H-plane, which is the XY-plane (8 = 90°), and E-plane, which is the XZ-plane
(¢ = 0°) of the designed antenna operating at the frequency of 6 GHz and 7.5 GHz. Apparently, the
omnidirectional radiation pattern in the E-plane (XZ-plane) and the form of figure-eight shape in the
H-plane (XY-plane) are provided. It is worth noting that the measurement results do include the effect
of cable and connector, which impacts results.
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Figure 6. Comparison of simulated and measured normalized radiation patterns at (a) 6 GHz, (b) 7.5

GHz.

Figure 7 shows the peak gain of the fabricated antenna in simulation and experiment in XZ-plane
(¢ = 0°). The measured gain has a very similar trend to the simulated gain. However, it is lower
than that in simulation, this can be explained by the loss of cable, connector and the chamber is not
calibrated effectively. The average measured peak gain is about 2.1 dB over the frequency band, and
the maximum peak gain of 2.8 dB is measured at 8 GHz, which is 3.6 dB in the simulation. The antenna

do0i:10.20944/preprints202307.1354.v1
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gain is acceptable for an omnidirectional radiated antenna. The measurement results in the time
domain of the proposed antenna will be discussed in the following section.

4.0

35F
— - - Measurement

—— Simulation
3.0

25F -

Gain (dB)

20F °N /

5.0 5.5 6.0 6.5 7.0 7.5 8.0
Frequency (GHz)

Figure 7. Comparison of peak realized gain measurement and simulation at ¢ = 90°.
4. Time domain analysis

This section will analyze the pulse-shape preservation capabilities of the antenna. In the ideal case,
the received UWB pulse should have the same shape as the transmitted pulse. Therefore, the antenna
design process should consider this to minimize the distortion effects produced by the antenna itself
and the environment.

To analyze the time domain performance, the common approach is to consider the antenna as a
linear time-invariant (LTI) system described by its transfer function H(w) or transmission parameter
Sp1 [23-25]. The Sy measurement with a VNA is set up inside an anechoic chamber. For setting up the
time domain analysis, the two identical prototypes of proposed antenna are arranged at a distance of
100 mm. Figure 8 shows three distinct configurations for time domain measurement: side by side, face
by face, and face by side. The time domain measurement setup is shown in Figure 9.

@) (b) (c)

Figure 8. Time domain measurement configurations (a) Face to face, (b) Face to side, (c) Side by side.

The system transfer functions of the antenna systems S;; of two identical antennas will be
presented and analyzed. In order to transmit pulses without any distortion, the system transfer
function should be constant over the desired frequency. By plotting Sp; both magnitude and phase,
we can quantify the pulse distortion effects based on their linearity characteristics. Figure 10 shows
the measured magnitude and phase results of Sy; for three configurations. It can be observed that
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the magnitude is quite stable and the phase response is linear over the frequency range of 6 - 9 GHz,
which signifies that the pulse shape is preserved without any out-of-phase components.

O T AT
| el —
__::: ’,‘/://///#/
| e | : L
T 1l \ |
]
J h

B
N J
Figure 9. Time domain measurement setup.
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Figure 10. Measured Sy of three configurations.

For analyzing the pulse shape preservation capability of the antennas, the Square-Root Raised
Cosine Signal (SRRC) pulse is chosen as the input pulse for its bell-shaped energy distribution across
frequency range [26]. The mathematical form of the SRRC pulse is shown in (1):

2 ) cos {(1 —I—ﬁ)ﬂTiJ + s. "
\/Ts {1 B (4}3]{5)2}

where f is the roll-off factor for bandwidth control, ¢ is the time, and Ts = 1/Rg, Rg is the symbol rate.

Figure 11 shows the amplitude-modulated SRRC pulse and its power spectrum density
corresponding with the UWB indoor spectrum mask. The roll-off factor and the symbol rate of
the modulated SRRC pulse are 0.4 and 10 GHz, respectively. The center frequency of the input pulse is
chosen as 7.5 GHz, with the bandwidth covering the high band of UWB 6 - 9 GHz.

Fssre(t) =

do0i:10.20944/preprints202307.1354.v1
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Figure 11. Simulated input modulated SRRC pulse.

Figure 12 represents the pulse shape comparison of the modulated SRRC input pulse and received
pulses in three configurations. The received signals are calculated by multiplying the original input
signal with the transfer function in the frequency domain and then applying an inverse Fourier
transform to get them back to the time domain. The received signals in the three configurations are
almost identical, showing the consistency of the pulse preservation capability of proposed antennas in
the omnidirectional plane of antennas.
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Figure 12. Simulated normalized amplitude of input and received signal pulse.

To further investigate the equivalence between the transmitted and received waveform, the
fidelity factor can be calculated as (2):

Hs(b)se(t+ T)dt
F = max

T[T s 2 [T s (E 4 T) [P dt

@
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where s(t) and s,(t) are two signals to be compared. The fidelity factor is done by taking the
cross-correlation between 2 normalized signals when they are overlapped [27,28]. A fidelity factor of 1
means that the transmitted pulse and the received pulse are identical, there is no distortion during
transmission. Meanwhile, the fidelity factor equals 0 indicating that the two signals are completely
different. Table 2 shows the fidelity factor of antennas of three configurations. The results show that
the fidelity is greater than 0.85, validating that the proposed antenna does not distort the signal pulse
significantly.

Table 2. Fidelity factor of three configurations.

Face to face Face toside Side by side

Fidelity factor 0.904 0.919 0.853

The group delay shows the time delay of specific frequency components when traveling through
a device. If the signal only contains one frequency component, which is a perfect sine-wave, the whole
signal would experience a stable group delay. The UWB antenna; however, consists of numerous
frequency components. In order to avoid being delayed differently at different frequencies, a linear
phase response is required. This means a stable group delay over frequency is mandatory in UWB
systems to satisfy the ideal case of pulse reservation condition [29].

In simple terms, group delay Tgroup is the rate of change of phase shift with respect to frequency.
It delay can be expressed mathematically as the negative derivative of phase response ¢ with respect
to frequency w:

d
Tgroup = _£ 3)
The measured group delay is presented in Figure 13. We can recognize a quite stable group delay
in three configurations at desired frequency band. Hence, the proposed antenna has been determined
to be suitable for UWB communications.

15 F face to face
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Frequency (GHz)

Figure 13. Measured group delay of three configurations.

5. Conclusions

The proposed antenna is compared with other existing flexible antennas in Table 3. Both absolute
size and electrical size are presented, showing that the proposed antenna has a relatively compact
dimension with a very thin thickness and the proposed antenna can operate with the bandwidth to
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cover the UWB high band. The free space wavelength A is chosen with respect to the lower frequency
of the frequency band. The maximum gain is lower than some works due to the trade-off with a
smaller size, but it is acceptable for such a monopole antenna with omnidirectional radiation patterns.

Table 3. Comparison of various existing flexible antennas with the proposed antenna.

Ref Absolute size (mm®)  Electrical size (Ag) Operating frequency (GHz) Max gain (dB)
[30] 281 x171x 14 0.47 x 0.29 x 0.023 5-14 N/A
[31] 25 x 10 x 1.6 0.25 x 0.1 x 0.016 3-11.2 1.5
[32] 20x20x 1 0.35 x 0.35 x 0.017 5.2-6.86 2.94
[33] 31 x 38 x 0.135 0.39 x 0.48 x 0.0017 3.8-4.5 3.1
[34] 32 x 38 x0.118 0.59 x 0.69 x 0.0022 55-7 N/A
[35] 14 x 18 x 1 0.14 x 0.18 x 0.01 2.94-11.17 3.6
[36] 47 x 25 x 0.14 0.48 x 0.25 x 0.0014 3.04-10.7 N/A
[37] 32 x 52 x0.28 0.43 x 0.69 x 0.0037 4-8 41
This work 20 x 12 x 0.174 0.33 x 0.2 x 0.0025 5-10.8 2.9

To summarize, in this paper, a miniaturized antenna thin film antenna using a new high-Dk
adhesive material is designed and fabricated for UWB communication. The antenna features a
compact dimension of 20 x 12 mm? with the thickness of 174 um and exhibits a wide impedance
bandwidth covering from 5 - 10.8 GHz. The experimental results closely align with the simulations,
demonstrating excellent agreement. Additionally, the proposed antenna demonstrates favorable
time-domain performance. This work gains insights into achieving the thin film compact antennas by
manipulating the adhesive layer’s characteristics.
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