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Highlights
« Gain enhancement using multi-layer antenna.
* The antenna operates at the European license-free ISM band (863-875MHz).
* The antenna meets the harsh environmental conditions of WSNSs operating in rural areas.
» The antenna is cost-effective, easy to fabricate and can be employed easily in WSNs.

Article Info Abstract

This article presents a sub-GHz ISM band microstrip patch antenna based on the use of multi-
layer compact structure, which overcomes the shortcomings of typical microstrip antennas such
as low gain and high resonant frequency. The antenna was simulated using an electromagnetic
simulator, ANSYS HFSS, and fabricated on two different substrates: RT Duroid 5880 and FR4
epoxy with a compact size of 100 x 100 x 8 mm?2 (0.29A x 0.29X x 0.021). The simulated results
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Keywords of the antenna were then compared with the measured ones, and the two were observed to have a
ISM band reasonable agreement. The proposed antenna operates in the sub-GHz license-free ISM band
LWSNs (862-875 MHz), with a gain value of 2.92 dB. Two prototypes of the proposed antenna were

Microstrip antenna
Miniaturized antenna

fabricated and used in a Linear Wireless Sensor Networks (LWSNSs) monitoring system. Results
show that the proposed antenna is a good candidate for those types of LWSNSs systems.

Multi-layer antenna

1. INTRODUCTION

The favorable properties of microstrip antennas, such as low profile, lightweight, and easy fabrication, have
revolutionized the antenna research field. However, their shortcomings of low gain and poor efficiency
have made them unsuitable for some wireless communication system applications specially, in sub-GHz
frequency bands [1]. To overcome these shortcomings, research on high gain, miniaturized microstrip
antennas have received considerable attention in recent years.

In literature, there are proposed methods that enhance the gain of microstrip antennas, most of which are
based on increasing the antenna volume [2]. This is achieved by performing modifications to the geometry
of the antenna, which increases the volume under the conductive patch. However, enhancement of gain at
the expense of increasing the antenna size is not a proper solution for communication systems requiring
small and fixed antenna structures to enhance performance and portability.

Another method is to increase the thickness of the substrate using substrate stacking, also known as
substrate sandwiching by means of different substrates stacked together. In these methods, the gain is
enhanced due to the decrease in effective permittivity [3-8]. Although microstrip antennas using stacked
substrate provide a solution for gain enhancement, this will lead to an increase in resonance frequency,
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making these antennas unsuitable for sub-GHz ISM band applications, where such license-free bands are
very useful for Linear Wireless Sensor Networks (LWSNSs) as in [9].

Wireless Sensor Network (WSN) has been the most common networking service in many applications.
Pipeline monitoring is one such application where critical challenges are encountered, especially in oil and
gas transportation. Several studies on WSN-based pipeline monitoring have been presented in the literature,
specifically for remote monitoring of corrosion in pipelines [9]. When pipeline layouts are considered,
WSN needs to be designed in a linear network topology, so-called linear WSN (LWSN), where test posts
with built in sensor nodes are placed regularly over the pipeline. Design of low profile, highly directive
antennas for LWSN in extreme environments like deserts and high altitudes is a challenge. The only option
seems to be microstrip antennas. Nevertheless, as mentioned earlier, microstrip antennas possess certain
shortcomings such as, narrow bandwidth, low gain, and poor efficiency. The tradeoff between the
parameters, size, bandwidth, efficiency, and gain, regarding the design of small antennas is revealed
theoretically by Wheeller [10] and experimentally by [11]. However, as mentioned in [12], most of the
miniaturization studies in the literature have been conducted for frequencies of upper GHz bands.

Several methods have been considered for reducing the resonant frequency of microstrip antennas, as well
as size reduction. Slot-loaded patch antennas have proved to be satisfactory in miniaturizing microstrip
antennas, and increasing the electrical length of the antenna, thereby producing multiple resonant bands, as
well as the reduction of the overall size [13-15]. Also, embedded slots can increase the current path and
achieve additional impedance matches. Therefore, with their ability to reduce physical lengths, this method
can be used to design miniaturized resonant frequency bands for microstrip antennas as in [16]. Another
method is the addition of a parasitic element or in other words shorting pins [17]. A parasitic element
antenna design is proposed in [18]. The use of the parasitic element increased the isolation of the antenna
by suppressing the surface current at the ground plane of the antenna. However, although slot loaded patch
antennas and the use of shorting pins have managed to reduce the antenna size, resonant frequency, and
enhance the bandwidth, they still have the shortcoming of reduced overall gain since a major part of the
conducting strip is etched out to create the final patch shape.

In this article, we propose a novel multi-layer microstrip antenna structure, using stacked substrates of
Rogers 5880 and FR4 epoxy, as a solution for the mentioned shortcomings of microstrip antennas. To the
authors’ best knowledge, there has been no proposed approach in literature that uses the concept of multi-
layer stacked substrates as a solution to gain enhancement for miniaturized size microstrip antennas
operating at license-free sub-GHz ISM bands (862-875 MHz). The proposed multi-layer design in this study
is an enhancement to the authors’ proposed antenna structure in [19], in combination with following the
miniaturization technique described by the authors’ work in [12]. The antenna structure in [19] was not able
to meet the requirements of the LWSN applications as in [9] due to its extensive size and complexity in
integration with the LWSN monitoring system.

The proposed multi-layer antenna has better gain value while occupying less size compared with previously
reported antennas provided in the literature, which operate in the sub-GHz band [20-23]. Two prototypes
of the proposed antenna were fabricated and integrated into a LWSN monitoring system as in [9], where
such enhanced features are required.

The remainder of the article is organized as follows: Section 2 describes the design methodology where the
multi-layer stacked substrate approach is described. Section 3 presents the measured results of the
fabricated antenna along with a comparison of the simulated results obtained from the full-wave
electromagnetic (EM) simulator, ANSYS HFSS. Furthermore, the implementation of the fabricated antenna
in a LWSN application and the achieved results are given in this section as well. In Section 4, discussions
and conclusions are provided.

2. PROPOSED MULTI-LAYER ANTENNA DESIGN

Multi-layer antenna structure is an efficient and low-cost candidate to overcome the shortcomings of typical
microstrip antenna performance used at sub-GHz applications, such as low gain values and higher resonant



877 Mohamed BENZAGHTA et al. /GU J Sci, 35(4): 875-884 (2022)

frequencies. The general structure of the proposed multi-layer antenna is shown in Figure 1. The antenna
consists of four stacked substrate layers using FR4 substrate (Er =4.4) for the first three layers and Rogers
5880 substrate (€r =2.2) for the fourth upper layer. The loss tangent of the FR-4 substrate is 0.02, whereas
the loss tangent of the Rogers 5880 substrate is 0.004. The thickness of the layers is 1.6mm, 1.6mm and
3.2mm for the first three FR4 layers, respectively. The fourth and last layer, which has the patch on top of
it is of thickness 1.575mm. The thickness of the radiating conductive part of the antenna patch is 0.035 mm.
The dimensions of the upper patch, H-aperture coupling patch, and ground are shown in Figure 2. To
provide impedance matching, the size and shape of the H-slot and feeding line are adjusted according to
[24]. The dimensions of the feeding line are 8mm x 40mm, positioned at the center of the second layer, as
shown in Figure 1. The width of the feeding line is determined through parametric analyses to opt for
fabrication and impedance matching conditions for 50 ohms SMA connector.

Patch

Rogers
5880
H Apparture
Coupling
FR4
Feeding FR4
Line
FR4

Figure 1. The general structure of the proposed antenna
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Figure 2. Antenna patch dimensions a) Top layer patch b) H aperture coupling patch ¢) Ground plane
geometry

To facilitate the design procedure, first, the resonant frequency was determined. Then the patch size was
chosen to achieve resonance at the license-free ISM band (862-875 MHz). Steps that were used to design
the proposed antenna are based on [25] and can be summarized as follows: Depending on the resonance
frequency of the license-free operation band (fo), the thickness (h), the dielectric constant of the substrate
(€r) of each layer and the length/width of the patch (L=W), are calculated as follows [7]:

_c |2
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where ¢ is the speed of light in free space, and €e is the effective dielectric constant. Also, it should be
notated that for a multi-layer structure, the equivalent dielectric constant is obtained as follows [26]:

Theo t(n)
Sreq: 2:N E 1(:) ) (4)
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where t(n) is the height and €r(n) is the permittivity of the n-th substrate.

From the calculation, the following antenna parameters were obtained using ANSYS HFSS: for the top
patch dimensions, Lsus=Wsu=100mm, Ly:=30mm, Ly>=10mm, Lyz=15mm, Wy=5mm, and Wp,=15mm; for
H-aperture coupling patch dimensions, Lnn=60mm, Lp,=1.8mm, Wp;=15.6mm, Wp=5mm, AS=1mm, and
Ls=Ws=10mm; for ground’s slot dimensions, Lg=13mm, and Wy=37mm.
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3. ANTENNA FABRICATION, MEASUREMENTS, AND IMPLEMENTATION IN LWSN
APPLICATION

According to the procedure described in the design methodology section, the antenna performance is mainly
based on return loss, antenna gain, and radiation pattern. These parameters were analyzed using the
electromagnetic simulator ANSYS HFSSS before the fabrication process. Figure 3a and Figure 3b show
the top and side view of the fabricated antenna. To verify the accuracy of the design, the measurement
results were compared with the simulations in terms of return loss, antenna gain, and radiation pattern. The
measurements showed that the fabricated antenna had a resonant frequency band of 862-875 MHz, whereas
in simulation it was 861-873 MHz, as seen in Figure 4. The measured gain value was 2.92 dB. Table 1
compare the proposed antenna in terms of size and gain with other antennas reported in the literature that
operate at sub-GHz bands. The proposed antenna has better gain value while occupying less size compared
with previously proposed antennas provided in literature, which operate in the sub-GHz band.

(b)

—Measurement
- - -Simulation

J

-20

_25 1 | |
0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94

Frequency (GHz)
Figure 4. Return loss Vs. Frequency
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Table 1. Performance comparison of the proposed antenna with other reported antennas in literature
operating at sub-GHz bands

Ref. Size (1) Gain (dB)
[20] 0.36A x 0.36A x 0.01A 1.00
[21] 0.60A x 0.61A x 0.01A 1.30
[22] 0.420 %< 0.271 x 0.01A 1.68
[23] 0.45\ x 0.30A x 0.06A 2.40
proposed 0.29A x 0.291 x 0.02% 2.92

The radiation pattern was also compared to the simulations, as shown in Figure 5. The proposed antenna
was designed for use in LWSNSs applications as in [9], where unidirectional radiation is expected as two
identical antennas are placed back-to-back into a metallic box. As seen from Figures 4 and 5, the measured
results show good agreement with the simulations; nevertheless, some minor variations are expected as
simulation results represent the best possible parametric optimization, whereas this is not possible in real-
life measurements. In practice, when the antenna is installed in the LWSN system, the performance can
slightly vary due to the factors such as the metallic box orientation, positioning of the antennas, cabling,
and connectors. In addition, the data recorded for the radiation pattern tested in the anechoic chamber was
measured at an angle sweep of 5 degrees per measurement, whereas simulation uses an angle sweep of 1
degree per measurement. This makes the simulated radiation pattern more accurate and smoother in
graphing.

Two prototypes of the proposed antenna were used in a LWSN monitoring system, using a license-free sub-
GHz ISM band. The sensor node that was used in the LWSN application is based on [27]. The node is
composed of Atmel ATmega2560 chips as the microcontroller unit (MCU), SX1276 Radio Frequency (RF)
transceiver, and the low-cost, highly accurate DS3231 real-time clock (RTC) chipset. The output power is
17.7dBm, center frequency 865MHz, and bandwidth of 125 kHz. The application simply consists of two
nodes, a transmitter, and a receiver node. A one meter SMA cable was used to connect each antenna to its
node. For testing purposes, 100 packets were sent in different time periods to determine the packet error
rate (PER). The average PER results of those experiments are given in Table 2. The experimental results
show that the antenna can transmit up to a total distance of more than 3km, no-line-of-sight (NLOS)
propagation, with packet error rate (PER) of less than 1%, as seen in Table 2. Figure 6 show the position
of the transmitter and the receiver antennas in terms of height above mean sea level and separation distance
between them.

Azimuth Plane Radiation Pattern
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Figure 5. Normalized radiation patterns at 865MHz
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Figure 6. Positioning of the transmitter (Tx) and the receiver (Rx) antennas when implemented in the
LWSN monitoring system

Table 2. Performance when implemented in a LWSN monitoring system

Point Distance between Tx PER(%)
and Rx (km)
A 0.1 1%
B 0.4 0.4%
C 0.72 1.5%
D 11 0%
E 15 0.7%
F 1.9 0.4%
G 2.46 0%
H 2.96 0.7%

4. CONCLUSION

The aim of this study is to design a miniaturized size microstrip antenna with high gain value for license-
free sub-GHz ISM band applications. A miniaturized multi-layer microstrip patch antenna with a gain of
2.92 dB was successfully designed and fabricated with dimensions of 100 x 100 x 8 mm? (0.29% x 0.29 x
0.021). The antenna proposed showed better characteristics in terms of size and gain compared to proposed
microstrip antennas in literature operating at sub-GHz bands. The simulated and measured results were in
reasonable agreement, in terms of comparing return loss, radiation pattern and gain value. The use of
multiple stacked substrates in the proposed antenna enhanced the gain value, as well as improved the
antenna resistance to harsh environmental conditions making it a good candidate to be used in Linear
Wireless Sensor Networks that require such enhanced features.
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