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ABSTRACT: This paper introduces a compact, circularly polarized exponential slot antenna with a rectangular island. The concept of the
proposed antenna is similar to that of fractal antennas as it is based on designing an asymmetric slot shape with an increased electrical
length within a small area, thanks to the exponential path. The obtained results are as follows. The reflection-coefficient |Si1| of
the proposed antenna covers the band from 5.5 GHz to 9 GHz. The proposed antenna is circularly polarized with an axial-ratio (AR)
bandwidth that extends from 6.87 GHz to 8.9 GHz. It offers simultaneous dual circular polarizations (RHCP and LHCP). The gain of the
proposed antenna varies between 4.2 dBic and 5.4 dBic. The efficiency reaches 94%. The size of the antenna is compact making it suitable
for CubeSats with limited surface area. The proposed antenna intended application is X-band Earth-Space satellite communication. The
proposed antenna can be employed for both the X-band satellite downlink (from 7.25 GHz to 7.75 GHz) and uplink (from 7.9 GHz to
8.4 GHz) frequency bands. Additionally, the antenna can be utilized in military applications, and RFID tag tracking equipment. A
prototype of the proposed antenna has been fabricated and then measured using Vector Network Analyzer (VNA) and inside an anechoic
chamber. The measurement results of the proposed antenna are in excellent match with the simulated ones.

1. INTRODUCTION

he utilization of X-band technology is widespread across
Tvarious applications due to its ability to transmit data at
high rates, operate over short distances, and provide large band-
widths. However, designing X-band antennas that meet the
specific requirements of these applications remains a chal-
lenge [1-5]. There is a growing demand for compact and
lightweight antennas that can be easily integrated into mod-
ern communication systems. Planar antennas have gained ex-
tensive use in advanced satellite and wireless communication
devices due to their low cost, low profile, and ease of fabri-
cation [6, 7]. However, planar antennas have limitations such
as small bandwidth, low power handling capacity, and low
gain [6]. Consequently, achieving wide bandwidth, acceptable
gain, and small antenna size presents a challenging objective.
Satellites play an increasingly important role in various
fields, including communication, oceanography, agriculture,
astronomy, positioning, and surveillance [8,9]. Satellites
are classified based on their size, with the smallest being
femto-satellites weighing less than 0.1 kg [10]. The design of
satellite antennas differs from antennas used in other applica-
tions, as the size, shape, and weight constraints imposed by
satellites are critical factors to consider [11]. Modern satellite
communication systems require antennas that are very small
and have low cost, low profile, and high gain. Planar antennas
are particularly desirable for satellite communication systems
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due to their low profile, lightweight nature, ease of fabrication,
robustness, ability to be easily installed on various mount-
ing surfaces, and compatibility with microwave monolith
integrated circuits (MMICs) and optoelectronics integrated
circuits (OEICs) technologies. Planar antennas also offer
adaptability in terms of resonance frequency, polarizations,
impedance, and radiation patterns, making them attractive for
many applications [6, 7, 12].

Circular polarization is a highly advantageous property that
finds widespread applications in various fields. One primary
advantage is its ability to overcome the unwanted effects of
multipath interference by rejecting signals with an opposite-
handedness polarization. This property makes circular polar-
ization highly effective in mitigating interference caused by re-
flected signals [13]. Additionally, circularly polarized (CP) sig-
nals are robust in communication links, as they are not affected
by polarization misalignment between transmitting and receiv-
ing antennas, unlike linearly polarized radiators. This makes
CP signals advantageous in situations where the relative orien-
tation between antennas is variable, such as in satellite commu-
nications [14].

Various antenna designs have been investigated for X-band
satellite applications. The first antenna [2] is a compact teleme-
try antenna with dual circular polarizations. It covers a band-
width from 8.025 GHz to 8.4 GHz, with a 3-dB axial ratio (AR)
bandwidth of 370 MHz and a maximum gain of 5dBi. Al-
though the antenna has a relatively large size with a diameter of
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238 mm (6.52)\¢) and a height of 185 mm (5.13)\), it achieves a
good gain. The second antenna [3] is a superstrate antenna suit-
able for CubeSat applications. It has a bandwidth from 8 GHz
to 9.7 GHz, a 3-dB AR bandwidth of 580 MHz, and a maxi-
mum gain of 14dBi. The antenna size is 62 x 62 x 22 mm?>
(1.77Ag x 1.77TAg x 0.63)\g), which is considered large, mainly
due to the large antenna thickness. The third antenna [15] is a
telemetry circularly polarized antenna designed for CubeSats.
It has a bandwidth from 8 GHz to 8.4 GHz, a 3-dB AR band-
width of 400 MHz, and a maximum gain of 5 dBi. The antenna
size is 100 x 100 x 15 mm? (2.74\g x 2.74\g % 0.41)¢), which
is relatively large compared to the achieved gain. The fourth
antenna [4] is a metasurface (MS)-based antenna for X-band
satellite communications. It has a bandwidth from 7 GHz to
8.9 GHz, a 3-dB AR bandwidth of 1.15 GHz, and a maximum
gain of 8.6 dBi. The antenna has a diameter of 50 mm (1.3)\)
and a height of 5.25 mm (0.137)). The fifth antenna [1] is a
broadband substrate integrated waveguide antenna for X-band
synthetic aperture radar (SAR) applications. It has a band-
width from 9.4 GHz to 10.5 GHz, achieves a maximum gain
of 9dBi, but does not achieve circular polarization. The an-
tenna size is 59 x 14 x 0.76 mm?> (1.96\g x 0.46 A x 0.025X¢).
The sixth antenna described in [16] is a planar antenna de-
signed for X-band SAR applications on small satellites. It of-
fers a wide bandwidth ranging from 9.01 GHz to 10.2 GHz and
achieves a maximum gain of 8 dBi. However, it does not pro-
vide circular polarization. The antenna’s physical dimensions
are 14 x 14 x 3.986 mm3 (0.45\g x 0.45)¢ x 0.126).

This paper focuses on developing and analyzing a circularly
polarized exponential slot antenna with a rectangular island,
specifically tailored for X-band satellite applications. The pro-
posed antenna design incorporates an exponential slot shape
and features an embedded rectangular island to enhance over-
all performance characteristics. This design aims to achieve in-
creased bandwidth for the reflection coefficient, gain enhance-
ment, and improved axial ratio bandwidth.

The proposed antenna design is required to cover the X-band
satellite uplink from 7.25 GHz to 7.75 GHz and downlink from
7.9 GHz to 8.4 GHz for satellite communication application.
The proposed antenna is designed to achieve circular polariza-
tion all over its operating band with a wide axial ratio (AR)
bandwidth.

The use of an exponential slot shape offers several advan-
tages in achieving circular polarization. By introducing asym-
metry into the slot shape, the electric field distribution becomes
nonuniform, resulting in the generation of orthogonal radiation
components with a phase difference of 90 degrees [17]. This
phase difference is essential for circular polarization, enabling
the antenna to transmit and receive signals with optimal polar-
ization characteristics [17]. The concept presented here draws
inspiration from fractal antennas, which have demonstrated the
ability to achieve broad bandwidths and circular polarization
within compact antenna designs [18—20]. The utilization of an
exponential shape slot offers distinct advantages such as an in-
creased effective length compared to straight lines slot. This
exponential curve, combined with an asymmetrical structure,
contributes to achieving wide bandwidths and circular polar-
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ization. By incorporating an exponential shape, antennas can
effectively increase their effective length. This longer effective
length enhances the antenna’s radiation efficiency and enables
broader frequency coverage.

The embedded islands inside slot antennas serve to enhance
the antenna’s bandwidth and circular polarization by widening
the AR bandwidth. Additionally, the embedded islands can en-
hance the antenna’s gain and directivity by providing additional
resonant structures. Overall, an embedded island contributes
to the improved performance and functionality of slot anten-
nas [21-24]. This paper is organized as follows. The design
procedure is presented in Section 2. Results and analysis are
introduced in Section 3. The proposed antenna design and ex-
perimental results are given in Section 4. Final assessment and
comparison with recent X-band antenna designs are introduced
in Section 5. Conclusion is presented in Section 6.

2. DESIGN PROCEDURE

The proposed antenna is composed of three layers. An expo-
nential slot and rectangular island are on the top layer. The
feedline exists in the bottom layer. The substrate layer exists in
between as shown in Figure 2. The substrate used is Rogers-
RT-Duroid-5880 with dielectric constant €,. of 2.2, loss tangent
of 0.0009, and thickness of 0.508 mm. The overall length L
and width W of the proposed antenna are selected to be slightly
greater than the height of the exponential slot as shown in Fig-
ure 2(a). The design procedure is presented in the following
three steps.

2.1. Step 1: Exponential Slot Design

An exponential slot as shown in Figure 1 is designed with a base
width, SW equivalent to half the guided wavelength, A, which
is the conventional slot antenna width [25,26, 17]. The reason
behind selecting an exponential slot shape is to provide asym-
metry to the slot shape to achieve circular polarization. The ex-
ponential slot is designed so that an exponential decaying curve
is placed above the slot base such that the starting point of the
curve is at a height of SL;, and the end point of the curve is at
a height S L4 as shown in Figure 1. The exponential slot design
starts by calculating the width of the slot ST, then calculating
the lengths of the two sides of the slot, SL; and S Lo, as shown
in Figure 1. Finally, the exponential coefficient constant, k, can
be calculated, which determines the rate of decay of the expo-
nential function, E(z). The exponential slot design equations
are listed as follows:

(M

X

FIGURE 1. Exponential slot realization.
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FIGURE 2. Exponential slot antenna with rectangular embedded island: (a) Front view and (b) Back view.

SLy = 2

S ke

SLy > 3)
The value of S L is selected to be greater than the value of S' Lo
to make the slot shape asymmetric to achieve circular polariza-
tion. By increasing the value of S L1, the asymmetry of the ex-
ponential slot increases. The initial value of SL; is selected to
be approximately equal to three times the value of S L. Para-
metric analyses are performed on S L, and optimum results are
introduced in the next section.

E(z) = SLye~(@=SW)k 4)

SL; can be written as follows by substituting « within the ex-
ponential function, F(z).

SL; = E(0) = SLyeSWk (5)

The value of k£ can be determined as follows after calculating
the values of SL; and S L, using Equations (1) and (2).

1 SLy

2.2. Step 2: Feedline Configuration

The second step is microstrip feedline configuration. The slot
antenna is fed using a microstrip feedline at the bottom layer as
shown in Figure 2(b). The length and width of the feedline are
Ly and Wy, respectively. The feedline is initially positioned
in the middle of the antenna at a distance of I, from the left
side of the antenna as shown in Figure 2(b). In subsection 3.1,
parametric analysis is performed to optimize the feed location,
Fy, and optimum feed location results are introduced.

(6)

2.3. Step 3: Rectangular Island Integration

The third step is placing a rectangular island centered in the
middle of the slot. The function of the embedded island is
achieving a large bandwidth along with wideband circular po-
larization (large 3-dB AR-bandwidth). The incorporation of
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embedded islands within slot antennas serves multiple pur-
poses, each contributing to the enhancement of the antenna’s
performance and functionality [21-24]. By introducing embed-
ded islands, the slot antenna’s bandwidth is widened, leading
to an increased range of frequencies over which it can effec-
tively operate. This expansion is attributed to the interaction
between the embedded islands and electromagnetic waves, with
the islands acting as additional resonators that alter the current
distribution within the antenna structure. This improvement
results in the antenna maintaining circular polarization across
a broader frequency spectrum, enhancing its polarization pu-
rity. In addition, the inclusion of embedded islands signifi-
cantly contributes to the enlargement of the axial ratio (AR)
bandwidth. The altered current flow induced by the islands
modifies the radiation characteristics of the antenna, introduc-
ing additional resonant modes that effectively widen the AR
bandwidth. Consequently, the antenna can maintain a consis-
tent circular polarization response over a wider range of fre-
quencies, making it more versatile and effective in diverse op-
erating conditions. The rectangular island is placed at a distance
R, from the left side of the exponential slot and 2, from the
bottom side of the exponential slot as shown in Figure 4(a). The
embedded rectangular island has a height of L i and a width of
Wg. For the rectangular island to fit within the exponential, it
is important to choose the length Lr and width Wx to be less
than SLo by a specific percentage. The initial values of Ly
and W, are selected to be equal and smaller than A\, /4. Para-
metric analyses are then performed on the dimensions of the
rectangular island, Lr and Wg along with its horizontal po-
sition R, to achieve the widest required reflection coefficient
|S11| bandwidth along with the widest required AR bandwidth.
The parametric analyses and optimum results are introduced in
section 3.

3. RESULTS AND ANALYSIS

The proposed design is then simulated and analyzed using CST.
The dimensions of the exponential slot opening are calculated
at operating frequency f, equal to 7.8 GHz (\g = 38.46 mm),
which is the center frequency of the required band that extends
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FIGURE 3. Simulated reflection-coefficient | S11| of the exponential slot antenna at different values of Fr..
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FIGURE 4. Simulated axial-ratio (AR) of the exponential slot antenna at different values of FTr..

from 7.25 GHz to 8.4 GHz using Equations (1)—(6). The op-
timum feed location is studied in Subsection 3.1. Parametric
analyses are then performed on the embedded rectangular is-
land shown in Figure 2, to achieve the widest reflection coef-
ficient |:S11| bandwidth along with the widest AR bandwidth.
The parametric analyses are performed in three steps. The first
step in Subsection 3.2 is performed on the width of the em-
bedded rectangular island, Wx. The second step in in Subsec-
tion 3.3 is performed on the height of the embedded rectangular
island, L. The third step in Subsection 3.4 is performed on the
position of the embedded rectangular island, R,,. To begin the
parametric analysis, the starting values of Ly and Wg, are ini-
tially selected to be approximately equal to 6 mm.

3.1. Studying the Optimum Feed Location

First, the exponential slot antenna, shown in Figure 2, is sim-
ulated at different values of feed location, F, as shown Fig-
ure 2(b) to study its effect. The value of F that gives a
wider bandwidth and wider 3-dB AR bandwidth is then se-
lected. The exponential antenna is simulated at F;, = 8.35 mm,
10.9 mm (centered), and 13.4 mm. Figure 3 shows the reflec-
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tion coefficient |S11| at Fy, = 7.98 mm, 9.98 mm, 13.98 mm,
and 16.98 mm. Figure 4 shows the axial ratio (AR) at F, =
7.98mm, 9.98 mm, 13.98 mm, and 16.98 mm. The selected
value of feed location F7, is 13.98 mm where it provides a prop-
erly matched and wide bandwidth of 3.64 GHz extending from
5.73 GHz to 9.37 GHz. It also provides low AR (below 4 dB)
at most of the required bandwidth (7.25 GHz—7.75 GHz). The
4dB AR bandwidth is 600 MHz extending from 7.2 GHz to
7.8 GHz. Improvements to the AR of the exponential slot an-
tenna is required, to make it lower than 3 dB and also to widen
the 3 dB AR bandwidth to cover the whole required bandwidth
(7.25 GHz-8.4 GHz). The improvements are performed in the
upcoming subsections by performing parametric analysis on the
width, length, and position of the rectangular island as shown
in Figure 2.

3.2. Studying the Effect of Length Wy

A parametric study is performed on Wpgr while all the
other parameters are kept constant. The exponential slot
antenna shown in Figure 2 is simulated at different val-
ues of Wg. The reflection coefficient |Sj;| and the AR
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FIGURE 5. Simulated reflection-coefficient | S11| of the exponential slot antenna at different values of Wx.
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FIGURE 6. Simulated axial-ratio (AR) of the exponential slot antenna at different values of Wg.

curves for different values of Wpx are shown in Figure 5
and Figure 6, respectively. It is shown in Figure 5 that
the reflection coefficient |Sy;| bandwidth at Wr = 6mm,
8.5mm, 11.1 mm, and 13.6 mm is 3.8 GHz (5.5 GHz-9.3 GHz),
3.6 GHz (5.5 GHz-9.1 GHz), 3.1 GHz (5.5 GHz-8.6 GHz), and
900 MHz (7.6 GHz—8.5 GHz), respectively. Figure 6 shows
that the AR curve for Wr = 6mm is greater than 3-dB.
The 3-dB AR bandwidth at Wz = 8.5mm, 11.1 mm, and
13.6 mm is 600 MHz (7.3 GHz-7.9 GHz), 1.1 GHz (6.8 GHz-
7.9 GHz), and 200 MHz (6.2 GHz—6.4 GHz), respectively.
Wpgr = 11.1 mm achieves the largest —10-dB reflection coeffi-
cient |S11| bandwidth that is common with the largest 3-dB AR
bandwidth, reaching 1.1 GHz. Therefore, the selected width
of the rectangular island, Wg, is 11.1 mm. In the upcoming
subsection, parametric study is performed on Ly to study its
effect on the reflection coefficient |S11| bandwidth and the
3-dB AR bandwidth.

3.3. Studying the Effect of Length Ly

After updating the value of Wpg, a parametric study is per-
formed on L while all the other parameters are kept constant.
The exponential slot antenna shown in Figure 2 is simulated
at different values of Lr. Any variation in the length of the
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embedded rectangular island, L , will change the gap length,
R, as shown in Figure 2. The reflection coefficient |.S11| and
the AR curves for different values of Ly are shown in Figure 7
and Figure 8, respectively. It is shown in Figure 7 that the re-
flection coefficient |S11| bandwidth at Lz = 4 mm, 5 mm, and
6mm is 1.36 GHz (4.77 GHz—6.13 GHz), 1.6 GHz (4.8 GHz—
10.85 GHz), and 3.17 GHz (5.4 GHz—8.57 GHz), respectively.
Figure 8 shows that the 3-dB AR bandwidth at Lrp = 4 mm,
5mm, and 6 mm is 1.25 GHz (6.32 GHz-7.57 GHz), 1.18 GHz
(6.32 GHz-7.5 GHz), and 1.1 GHz (6.8 GHz-7.9 GHz), respec-
tively. Lr = 6 mm achieves the largest —10-dB reflection co-
efficient |S11| bandwidth which is common with the largest 3-
dB AR bandwidth, reaching 1.1 GHz. Therefore, the selected
length of the rectangular island, L, is 6 mm. In the upcoming
subsection, parametric study is performed on R, to study its ef-
fect on the reflection coefficient |S11| bandwidth and the 3-dB
AR bandwidth.

3.4. Studying the Effect of Length R,

After attuning the length, Lg, and the width, Wg, of the
rectangular island to achieve the largest common —10-dB
reflection coefficient S| and 3-dB AR bandwidth, a para-
metric study is performed on the rectangular island position

WWwWw.jpier.org
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FIGURE 7. Simulated reflection-coefficient | |S11| of the exponential slot antenna at different values of Lg.
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FIGURE 8. Simulated axial-ratio (AR) of the exponential slot antenna at different values of L.
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FIGURE 9. Simulated reflection-coefficient | S11| of the exponential slot antenna at different values of R,,.

R,, while all the other parameters are kept constant. The
exponential slot antenna shown in Figure 2 is simulated at
different values of R,. The reflection coefficient |S11| and
the axial-ratio (AR) curves for different values of R, are
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shown in Figure 9 and Figure 10, respectively. It is shown
in Figure 9 that the reflection coefficient |S1;| bandwidth at
R, = 3.16mm, 4.16mm, 5.16 mm, and 6.16 mm is 1 GHz
(7.9 GHz-8.9GHz), 3.3 GHz (5.3 GHz-8.6 GHz), 3.21 GHz
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FIGURE 10. Simulated axial-ratio (AR) of the exponential slot antenna at different values of R,,.
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FIGURE 11. Simulated reflection-coefficient |.S11 | of the exponential slot antenna at different values of SL.

(5.4GHz-8.61 GHz), and 3.2GHz (5.4 GHz-8.6 GHz), re-
spectively. Figure 10 shows that the 3-dB AR bandwidth at
R, = 3.16 mm, 4.16 mm, 5.16 mm, and 6.16 mm is 800 MHz
(6.6 GHz-7.4 GHz), 600 MHz (6.8 GHz—7.4 GHz), 1.71 GHz
(7GHz-8.71 GHz), and 1.5 GHz (6.9 GHz-8.4 GHz), respec-
tively. R, = 5.16 mm achieves the largest —10-dB reflection
coefficient |S11| bandwidth that is common with the largest
3-dB AR bandwidth, reaching 1.61 GHz with an improvement
of 31.67% compared to the results in the previous subsection.
Therefore, the selected position of the rectangular island, R,
is 5.16 mm. In the upcoming subsection parametric study
is performed on SL; to study its effect on the reflection
coefficient |S1;| bandwidth and the 3-dB AR bandwidth.

3.5. Studying the Effect of Length SL,

After selecting the length L g, the width W, and the rectangu-
lar island position Rz, of the rectangular island to achieve the
largest common —10-dB reflection coefficient |S71| and 3-dB
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AR bandwidth, a parametric study is performed on SL;, while
all the other parameters are kept constant. The exponential
slot antenna shown in Figure 2 is simulated at different values
of SLy. Any variation in the value of SL; will change the
exponential coefficient constant, k, as stated in Equation (6).
The reflection coefficient |S11| and the AR curves for different
values of SL; are shown in Figure 11 and Figure 12, respec-
tively. It is shown in Figure 11 that the reflection coefficient
|S11] bandwidth at SL; = 13.5mm, 15.5 mm, and 19 mm is
3.3 GHz (6.4 GHz-9.7 GHz), 3.6 GHz (6 GHz-9.6 GHz), and
3.21 GHz (5.4 GHz-8.61 GHz), respectively. Figure 12 shows
that the 3-dB AR bandwidth at SL; = 13.5mm, 15.5mm,
and 19mm is 840MHz (8.31 GHz-9.15GHz), 710 MHz
(8.27GHz-8.98 GHz), and 1.71GHz (7 GHz-8.71 GHz),
respectively. SL; = 19mm achieves the largest —10-dB
reflection coefficient |S;1| bandwidth which is common with
the largest 3-dB AR bandwidth, reaching 1.61 GHz. Therefore,
the selected value of SL; is 19 mm. The optimized dimensions
of the exponential slot antenna are given in Table 1.
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FIGURE 12. Simulated axial-ratio (AR) of the exponential slot antenna at different values of SL;.
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FIGURE 13. Optimized exponential slot antenna variations: (a) Rectangular slot and (b) Asymmetric slot.
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FIGURE 14. Simulated reflection-coefficient | S11| of the exponential slot antenna vs rectangular slot antenna vs asymmetric slot antenna.

3.6. Comparison with Rectangular Slot and Asymmetric Slot
Variations

This subsection presents a comparison between the optimized
exponential slot antenna and its rectangular slot and asymmet-
ric slot variations as shown in Figure 13. The feed location,
embedded rectangular island dimensions, and position are kept
constant. This comparison demonstrates the impact of employ-
ing the exponential slot, which leads to a broader bandwidth and
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enables circular polarization with a wide 3-dB AR bandwidth
as shown in Figure 14 and Figure 15.

3.7. Design Formulation

This subsection encompasses the design formulation for
achieving a targeted circularly polarized frequency band.
It specifically considers the guided wavelength, A4, that
corresponds to the center frequency, f,., of the desired band.
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FIGURE 15. Simulated axial-ratio (AR) of the exponential slot antenna vs rectangular slot antenna vs asymmetric slot antenna.

TABLE 1. Optimized dimensions of exponential slot antenna with em-
bedded rectangular island.

Parameter | Value (mm)
SwW 17.6
SL, 6.5
SL; 19

k 0.061
Lr 6
Wr 11.1
R, 0.2
R, 5.16
Sx 1.67
Sy 2.52
L¢ 10.67
Wi 1.48
Fr 13.98
L 22.9
W 21.5

By utilizing this formulation, it becomes possible to design
antennas that can be effectively employed in a wide range of
wireless applications. The design equations are as follows:

SWo= = ™
3\

SLy = 2 ®)
A

SLy = Zg ©)

E(x) _ SL2€70.061(w75'W) 0 <z< SW (10)

4. PROPOSED DESIGN AND EXPERIMENTAL RE-
SULTS
This section provides a detailed description of the final design

of the proposed exponential slot antenna with an embedded
rectangular island. The proposed antenna was fabricated using
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(a) (b)

FIGURE 16. Fabricated exponential slot antenna: (a) Front view, (b)
Back view.

an RT/Duroid 5880 substrate with dielectric constant £, = 2.2,
low loss tangent tan(d) = 0.0009, and height A = 0.508 mm as
shown in Figure 16. The antenna’s simulated radiation patterns
and antenna parameters are presented, as well as the measure-
ments taken from a fabricated prototype of the antenna. The
final dimensions of the antenna are given in Table 1. The reflec-
tion coefficient |S11| of the antenna was measured using RO-
HDE & SCHARZ 20 Vector Network Analyzer (VNA) with
measurement range up to 20 GHz. The radiation pattern and
other antenna parameters were then measured in an anechoic
chamber as shown in Figure 17. Simulated and measured radia-
tion patterns and antenna parameters of the exponential slot an-
tenna with an embedded rectangular island were analyzed and
compared. To justify the circular polarization property mecha-
nism, the simulated surface currents at 7.5 GHz and 8.15 GHz
are shown in Figure 18 and Figure 19, respectively. The sur-
face current distribution of an antenna is an important parameter
that determines its radiation characteristics. Figures 18(a), (b),
(c), and (d) and Figures 19 (a), (b), (c), and (d) are provided to
describe the surface current distribution at phase angles of 0,
90, 180, and 270 degrees, respectively. The maximum surface
currents at 7.5 GHz and 8.15 GHz are 182 A/mand 213 A/m, re-
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FIGURE 18. Simulated surface current distribution at 7.5 GHz of the exponential slot antenna at phase: (a) 0°, (b) 90°, (¢) 180°, (d) 270°.

spectively. The total surface current, Jr, represents the vector
summation of all the significant surface current distributions at
each phase. Itis observed that the total surface currents, Jr, at 0
and 90 degrees are equal in magnitude and opposite in direction
to that at 180 and 270 degrees. It can be observed that the total
surface current, .JJr direction rotates clockwise when comparing
each phase to the previous one, and accordingly a left-hand cir-
cularly polarized (LHCP) radiation is generated in the positive
z direction (antenna front side). The proposed antenna can ex-
cite LHCP and RHCP waves [27,28]. The proposed antenna is
a bidirectional simultaneous dual circularly polarized antenna,
as it is able to generate a left-hand circular polarization (LHCP)
in the positive z direction (antenna front side), whereas a right-
hand circular polarization (RHCP) is generated in the negative
z direction (antenna back side) at the same time [27-29]. The
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simulated and measured LHCP and RHCP radiation patterns at
7.5 GHz and 8.15 GHz are shown in Figure 20 and Figure 21,
respectively. The simulated and measured axial ratios (ARs) vs
theta of the exponential slot antenna at (phi = 0) and (phi = 90)
are shown in Figure 22.

The simulated and measured radiation patterns and antenna
parameters of the exponential slot antenna with an embedded
rectangular island antenna are analyzed and compared. The ra-
diation patterns F-plane (phi = 0) and H-plane (phi = 90)
at frequencies of 7.5 GHz and 8.15 GHz for the simulated and
fabricated antennas are shown in Figures 23(a), (b), (c), and
(d), respectively. The simulated and measured reflection coef-
ficients | S1 | are shown in Figure 24 with —10 dB reflection co-
efficient |:S1; | bandwidths of 3.21 GHz extending from 5.4 GHz
to 8.61 GHz and 3.44 GHz extending from 5.56 GHz to 9 GHz,
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FIGURE 19. Simulated surface current distribution at 8.15 GHz of the exponential slot antenna at phase: (a) 0°, (b) 90°, (c) 180°, (d) 270°.
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FIGURE 20. Simulated and measured LHCP and RHCP, radiation patterns at 7.5 GHz: (a) E-plane (phi = 0°), (b) H-plane (phi = 90°).
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FIGURE 21. Simulated and measured LHCP and RHCP, radiation patterns at 8.15 GHz: (a) E-plane (phi = 0°), (b) H-plane (phi = 90°).

respectively. The simulated and measured axial ratios (ARs)
are shown in Figure 25 indicating that the antenna is circularly
polarized in the required band. The simulated and measured
AR 3-dB bandwidths are 1.71 GHz extending from 7 GHz to
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8.71 GHz and 2.03 GHz extending from 6.87 GHz to 8.9 GHz,
respectively. The simulated and measured gains are shown in
Figure 26 with maximum gains of 4.48 dBic and 5.07 dBic, re-
spectively. The simulated and measured total efficiencies are
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FIGURE 22. Simulated and measured axial-ratio (AR) vs theta of the exponential slot antenna at: (a) 7.5 GHz and (b) 8.15 GHz.

TABLE 2. Comparison with most recent designs of X-band antennas.

Axial-ratio 3-dB Maxi
Reference | Bandwidth (Hz) vialratio 3-dB |\ ) cp aximum Antenna Size (mm?®)
Bandwidth (Hz) Gain (dBi)
9.4-10.5GH Not Circularl (Length x Width x Height):
4-10. Z ircular .
[] (L1 GH OP 1 o | Y No 9dBi 59mm x 14mm x 0.76 mm
. z olarize
(1.96X0 X 0.46X0 x 0.025X0)
.025-8.4 GH. .025-8.4 GH. Di ter: 2 B2\
2] 8.025-8.4 GHz 8.025-8.4 GHz Yes 5 dBic 1ar.neer 38 mm (6.52)\9)
(370 MHz) (370 MHz) Height: 185 mm (5.13)\o)
8-9.7GH $.3-8 88 GH (Length x Width x Height):
—9. z .3-8. zZ .
[3] (1.7GHz) (580 MHz) No 14 dBic 62mm X 62 mm X 22 mm
. z z
(1.77X0 X 177X X 0.63\9)
6.8-8.9 GH: 7-8.15 GH Di ter: 50 1.3\
[4] GHz GHz No 2.6 dBic 1.ame er mm (1.3)o)
(2.1 GHz) (1.15GHz) Height: 5.25 mm (0.137\0)
Length x Width x Height):
8-8.4 GHz 8-8.4 GHz , (Length > Width x Height)
[15] No 5dBic 100 mm x 100 mm X 15 mm
(400 MHz) (400 MHz)
(2.74X0 X 2.74X0 X 0.41)0)
9.01-102 GH Not Circularl (Length x Width x Height):
.01-10. z ircular .
[16] (119Gl OP : ?ud Y No 8 dBi 14mm x 14mm x 3.986 mm
. z olarize
(0.45X0 x 0.45X0 x 0.126)0)
(Length x Width x Height):
2.57-4.16 GH 3.09-4.13GH .
[18] “ z Yes 3.56 dBic 40 mm x 40mm x 1.52mm
(1.59 GHz) (1.04 GHz)
(0.44)0 x 0.44X0 x 0.17Ao)
(Length x Width x Height):
2-3.5GH 2.42-33GH .
[27] (15GH )Z (880 MH )Z Yes 2.8 dBic 55mm X 499mm x 1.5mm
. z z
(0.504 )¢ x 0.449X0 x 0.013)0)
Length x Width x Height):
4.57GHz 42-6.5GHz _ (Length > Width x Height
[28] (2.5 GHz) (2.3 GHz) Yes 2dBic 20mm X 20mm X 1 mm
. Z . z
(0.38X\p x 0.38X\¢ x 0.19X0)
Length x Width x Height):
, 5.56-9 GHz 6.87-8.9 GHz , (Length > Width x Height)
This work Yes 5.4dBic 22.9mm X 21.5mm X 0.508 mm
(3.44GHz) (2.03 GHz)
(0.590 x 0.55X0 x 0.013)\o)

shown in Figure 27 with maximum efficiencies of 94% and
96%, respectively. This indicates that the proposed antenna de-
sign is well optimized and capable of achieving excellent per-
formance in terms of efficient use of the available power. The
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results demonstrate that the measured parameters and radiation

patterns of the fabricated antenna match the simulation results,
achieving the desired design requirements.
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FIGURE 23. Measured vs simulated radiation pattern polar plot (theta vs dBi): (a) E-plane (phi = 0) at 7.5 GHz, (b) H-plane (phi = 90) at 7.5 GHz,

(c) E-plane (phi = 0) at 8.15 GHz, (d) H-plane (phi = 90) at 8.15 GHz
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FIGURE 24. Measured vs simulated reflection-coefficient |S11]| of the exponential slot antenna.

5. FINAL ASSESSMENT AND COMPARISON WITH
RECENT X-BAND ANTENNA DESIGNS

This section presents a comprehensive comparison of the pro-
posed, exponential slot antenna with rectangular island, with
several recent X-band antenna designs and antennas with sim-
ilar configurations as given in Table 2. The proposed design
shows remarkable performance in terms of bandwidth, small
size, and circular polarization in the required band. The ta-
ble provides a detailed comparison of different antenna de-
signs in terms of bandwidth, AR 3-dB bandwidth, maximum
gain, and antenna size. It is evident that the proposed de-
sign outperforms other designs in terms of bandwidth, with a
bandwidth of 3.44 GHz extending from 5.56 GHz to 9 GHz,
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which is exceptionally wide compared to the other designs.
Moreover, the proposed design achieves a wideband circu-
lar polarization with a 3-dB AR of 2.03 GHz extending from
6.87 GHz to 8.9 GHz. The proposed design also demonstrates
a small size with dimensions 0f 22.9 mmx21.5 mmx0.508 mm
(0.59X x 0.55X x 0.013\), which is significantly smaller than
most of the other designs while still achieving a maximum gain
of 5.4 dBic. The antenna design being proposed is suitable for
both the downlink (7.25 GHz-7.75 GHz) and uplink (7.9 GHz—
8.4 GHz) frequency bands in the X-band satellite communica-
tion. The results of our study demonstrate that our proposed
X-band antenna design offers superior performance compared
to existing designs and has the potential to advance the field of
X-band applications significantly.
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FIGURE 25. Measured vs simulated axial-ratio (AR) of the exponential slot antenna.
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FIGURE 26. Measured vs simulated gain of the exponential slot antenna.
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FIGURE 27. Measured vs simulated antenna efficiency of the exponential slot antenna.
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6. CONCLUSION

This paper presents the design, simulation, fabrication, and test-
ing of an exponential slot antenna with embedded rectangular
island. It introduces and demonstrates the design of an expo-
nential slot antenna that uses a rectangular embedded island for
enhancing the bandwidth and axial ratio (AR) of the exponen-
tial slot. The designed antenna achieved a wide bandwidth of
3.44 GHz, covering the X-band range from 5.56 GHz to 9 GHz.
It also exhibited circular polarization with simultaneous dual
circular polarizations (RHCP and LHCP). The AR 3-dB band-
width was measured to be 2.03 GHz ranging from 6.87 GHz to
8.9 GHz. The antenna design is particularly suitable for both
the X-band satellite downlink (from 7.25 GHz to 7.75 GHz) and
uplink (from 7.9 GHz to 8.4 GHz) frequency bands. The pro-
posed antenna realized a maximum gain of 5.4 dBi, with the
overall size 0f 22.9 x 21.5 x 0.508 mm?®. The compactness and
efficiency of the design are noteworthy, with a total antenna ef-
ficiency of 96%. These results show that the proposed antenna
design is well optimized and capable of delivering outstanding
performance. Equivalent circuit model of the exponential slot
antenna with embedded rectangular island is introduced. The
reliability of the design approach was verified through measure-
ments on a fabricated prototype, further validating its effective-
ness.
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