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Abstract. In this paper, a compact stepped slot antenna,
for Global Navigation Satellite System (GNSS) applica-
tions, is proposed. The latter one, which operates in the
frequency range from 1.49 GHz to 1.66 GHz, is designed
to cover five GNSS bands namely GPS-L1, Galileo-El,
GLONASS-G1, BEIDOU-BI and EGNOS-LI. The pro-
posed composite design is carried out in three phases.
Firstly, acompact slot antenna, having a size of
58.0 x52.0 x 1.6 mm, is designed on FR4 substrate to
generate the five GNSS bands. Secondly, a compact Fre-
quency  Selective  Surface (FSS) reflector, with
18.0 x18.0 x 1.6 mm unit size, is designed to produce
a stop band response matching all these bands. Finally,
a single layer FSS, consisting of 9 x9 units, is combined
with the optimized antenna to achieve a high-gain direc-
tional antenna structure. The final proposed combination
has been investigated using the High Frequency Structure
Simulator (HFSS) and validated by Computer Simulation
Technology (CST) Microwave Studio. Besides, a prototype
antenna is fabricated and validated by measurements. The
measurement results, which illustrate a good agreement
with those corresponding to the simulations, have shown
that the proposed composite antenna exhibits a directional
radiation pattern with a high peak gain of 7.3 dBi and
a maximum gain improvement of 5.65 dBi at 1.57 GHz.
Furthermore, it offers good radiation efficiency in the op-
erating bands, which makes it a good candidate for multi-
systems GNSS receivers, especially to reduce the different
interferences by enhancing the antenna radiation charac-
teristics.
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1. Introduction

GNSS, including the Global Positioning System
(GPS), plays a crucial role in delivering highly accurate
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positioning and essential services, such as navigation, tim-
ing, and mapping across various applications [1], [2]. Re-
cent advancements in GNSS receivers involve the integra-
tion of measurements from multiple frequencies (MF) and
multiple constellations (MC), which significantly enhance
reliability and precision, even in environments with limited
satellite visibility [3].

Despite these advancements, GNSS still faces several
challenges, including multipath [4-6], various forms of
interference [7], [8] and weak signal reception character-
ized by a low Signal-to-Noise Ratio (SNR) [9]. To address
these issues, three primary approaches can be employed to
enhance GNSS receiver performance, focusing on different
technological aspects: antenna-based technology [10], [11],
signal processing technology [12], [13], and measurement
domain processing technology [14].

Focusing on antenna-based processing, the utilization
of high-gain antennas can significantly enhance signal
reception in areas where signals are weak. This improve-
ment positively impacts performance, especially in the
presence of multipath, interferences and low signal condi-
tions [15]. In other words, high-gain antennas effectively
reduce positioning errors associated with multipath effects
and interferences within the GNSS receiver [16].

GNSS antennas are available in various configura-
tions, including patch antennas, helical antennas, ceramic
chip antennas, and various other designs [17]. Among
these, planar antennas, such as slot and patch antennas, are
the most commonly used in GNSS applications due to their
low profile, compact size, and cost-effectiveness [18], [19].
However, planar antennas often have limitations, such as
narrow bandwidth and lower gain. To tackle these chal-
lenges, planar antennas can be combined with FSS struc-
tures, which enhance their radiation characteristics by re-
flecting electromagnetic waves in specific frequency ranges
[20-22].

Various GNSS antenna structures have been proposed
in the literature to improve gain. For instance, in [23],
a reconfigurable monopole loop antenna operating in the
GPS L1 frequency band achieved a maximum gain of
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about 4.2 dBi but suffered from low radiation efficiency
due to the PIN diode losses. Another design presented in
[24] achieved a peak gain of 4.69 dBi at 1.55 GHz frequen-
cy, although it exhibited a significantly lower gain of
0.68 dBi for large angles 85°. In [25], a cavity-backed
magneto-electric dipole antenna tailored for GNSS applica-
tions was proposed. While this structure provides con-
sistent gain and a stable radiation pattern, its performance
within the desired frequency band is suboptimal, resulting
in a simulated maximum gain of approximately 3.5 dBi for
closely spaced antenna array elements in the GPS L1 band.
In [26], a compact L1/L2 GPS antenna utilizing a mean-
dered slot and high-dielectric substrate was developed.
Though this structure reached a maximum simulated gain
of 3.5 dBi on the GPS L1 band, it was limited by mutual
coupling effects among closely spaced antenna elements.
The authors in [27] proposed an antenna structure for
GNSS applications composed of three stacked circular
layers with a central feeding point. This design exhibited
omnidirectional directivity and achieved a maximum gain
of only 2.1 dBi, which is considered lower than those re-
ported in the existing studies.

Several techniques have been proposed in the scien-
tific literature to address the challenge of redirecting the
backside radiation from antennas to the main lobe direc-
tion, thereby enhancing gain and directivity. Numerous
studies have reported on antennas integrated with FSS
reflectors within the context of GNSS radionavigation. For
example, in [28], a circular patch antenna utilizing a Polar-
ization Selective Surface (PSS) was developed to mitigate
multipath interference in GPS receivers, achieving a peak
gain of approximately 5 dBi. However, this design is con-
strained by its high complexity, leading to increased costs.
In [29], a compact FSS reflector consisting of three metal
strips connecting two metallic rectangles was proposed to
enhance the gain of a monopole antenna, resulting in gain
improvement of about 4 dBi. However, its limited directivi-
ty restricts its applicability across various applications. In
[30], authors presented a U-shaped patch antenna combined
with a single-layer FSS reflector aimed at enhancing both
gain and directivity. This configuration demonstrates
a favorable radiation pattern and high gain within the oper-
ating band. Nevertheless, the design does not adhere to the
principle of maintaining an equal number of unit-cells on
the X and Y axes, raising concerns regarding reliability of
the results, particularly when alterations are made to the
FSS reflector.

In this paper, we propose a compact stepped slot an-
tenna designed for GNSS L1/E1/B1/G1 bands. The antenna
structure features a stepped slot etched into the ground
plane, measuring 58.0 x52.0x 1.6 mm. In addition,
an integrated single-layer FSS reflector is positioned be-
neath the antenna to improve its radiation characteristics.
This proposed structure is designed and analyzed using
HFSS and CST Microwave Studio. To validate the simu-
lated results, the final design is fabricated and subjected to
testing. The experimental outcomes demonstrate a good
agreement between the measured and simulated radiation

characteristics. Moreover, the proposed antenna, combined
with the FSS reflector, exhibits a directional radiation pat-
tern and achieves a gain improvement of 5.65 dBi at
1.57 GHz.

The rest of this paper is organized as follows: Sec-
tion 2 describes the geometry and analysis corresponding to
the proposed antenna alone and proposed FSS unit-cells. It
also shows the proposed combined design as well as the
CST and HFSS simulation results. In Sec.3 and 4, the
experimental results of the fabricated structure are com-
pared with those reported in literature. Finally, we end with
a conclusion.

2. Antenna Structure Design

This section outlines the innovative approaches taken
in designing the antenna structure, emphasizing the integra-
tion of a compact slot antenna with FSS. The design prin-
ciples and methodologies will be detailed, focusing on the
unique attributes that enhance performance in terms of
bandwidth and gain.

2.1 Principle of the Proposed Compact Slot
Antenna

The proposed antenna design focuses on miniaturiza-
tion and improved performance compared to previous
works. This is achieved through the implementation of
a specific stepped slot in the ground plane, based on
a comprehensive literature review of slot antennas. Various
methods exist for reducing antenna size, with the slot tech-
nique in the ground plane proving particularly effective.
Building upon established techniques, the stepped slot
integrates multiple slot configurations, allowing the current
to take a longer path around the slots to reach the opposite
edge, thereby reducing the antenna size and lowering the
resonance frequency. In our work, a compact size and
a resonance frequency of 1.58 GHz for GNSS applications
are achieved by optimizing the dimensions of the stepped
slot and the position of the microstrip line. The stepped slot
serves multiple purposes, including:

e Reducing the antenna size by altering the current path
and distribution.

e Creating a matching point at the desired frequencies.

The stepped slot is composed of several elementary
slots, and their combination extends the current path in the
ground plane, directly influencing the resonance frequency.
The relationship between the resonance frequency and the
length of the radiating slot L is established as follows:

L=2 )
4

where A is the wavelength at the target resonance frequen-
cy fo=1.57 GHz. The proposed slot antenna is excited
using an open-end microstrip line placed on top of the
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substrate. The width of the microstrip line ¥ is chosen to
realize an impedance of 50 Q, and can be calculated using
the characteristic impedance equations given by [31]:
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Here, d represents the substrate thickness, and & is the
relative permittivity. The coupling resonator is modeled as
a parallel RLC circuit, with the input impedance peaking at
approximately 50 Q at 1.58 GHz (see Fig. 1).

Figure 2 presents the equivalent circuit of the
proposed antenna. In the model of Fig. 2, the impedance Z,
represents the equivalent circuit model of the antenna,
where R is the resistor, L is the inductor, and C is the
capacitor. The impedance Z, is connected in parallel with
the resonator, representing the operating band. To
determine the values of the resonators (R, L, and C), it is
crucial to calculate the bandwidth (BW) and quality factor
(Q) of the parallel RLC resonators. BW is defined as the
range where the real part of the impedance or resistance is
equal to or greater than R /2.
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Fig. 1. Input impedance of proposed antenna.
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Fig. 2. Equivalent circuit of the proposed antenna.

The relationships of BW and Q at the resonant
frequency, are determined by the following equations [31]:

1
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For a parallel RLC resonator:

0=27f,RC. 6)

Figure 3 shows the top and bottom views of the pro-
posed slot antenna, of size 58.0 x 52.0 x 1.6 mm. As illus-
trated in this figure, the proposed antenna is designed on
FR4 substrate with a dielectric constant of 4.3, a thickness
of 1.6 mm, and loss tangent of 0.0025. The antenna is fed
by a 50 Q microstrip line with a width of Wr=3 mm and
alength of Li=38 mm. At the base of the antenna,
a stepped slot is etched in the ground plane.

The reflection coefficient of the proposed antenna
structure, calculated using both CST microwave studio and
Ansoft HFSS, is illustrated in Fig. 4. It can be shown, from
this figure, that for both CST and HFSS, the proposed
antenna provides a frequency band corresponding to GPS
(L1), Galileo (E1), GLONASS (G1), BeiDou (B1) and the
European Geostationary Navigation Overlay Service
(EGNOS) (L1). Furthermore, the impact of the SMA (Sub
Miniature version A) connector on the reflection coeffi-
cient is clearly depicted in the same figure. Indeed, there is
a negligible variation in the antenna's adaptation.
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Fig. 3. Geometry of the proposed antenna element.
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Fig. 4. Reflection coefficient of the proposed antenna
simulated with CST Microwave Studio (without SMA
connector), CST Microwave Studio (with SMA
connector) and Ansoft HFSS.
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Fig.5. Current distribution of the proposed antenna at
1.58 GHz.

Figure 5 shows the surface current distribution of the
proposed antenna at a frequency 1.58 GHz. From this fig-
ure, it is obvious that the current concentration is focused
around the edge of Ws.

A detailed parametric study was carried out to assess
the impact of critical antenna parameters on overall per-
formance, with particular emphasis on the width 73 and the
distance D. By systematically varying these parameters, the
optimal design configuration was identified to meet key
performance objectives, including impedance matching and
bandwidth enhancement. First, all parameters were kept
constant while W3 was varied. Then, with all other parame-
ters held constant, the parameter D was varied. The analy-
sis below specifically examines how changes in W3 and D
influence the antenna's reflection coefficient (S11).

Figure 6 shows the influence of W3 on the reflection
coefficient (S11) of the proposed antenna. Here, W3 is
varied from 1 mm to 9 mm and all the other parameters are
kept constant. As illustrated in this figure, the frequency
band shifts toward lower frequencies when W3 increases.
The desired frequency band is therefore obtained by setting
W3 to 5 mm.

Figure 7 depicts the simulated reflection coefficient of
the proposed antenna for different values of D, the distance
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Fig. 6. Reflection coefficient of the proposed antenna for
different values of Ws.
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Fig.7. Reflection coefficient of the proposed antenna for
different values of D.
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Tab. 1. Antenna structure parameters (units: mm).

between the feed line and the antenna's extremity. As illus-
trated in this figure, the best antenna adaptation occurs
when D = 19.5 mm.

After the parametric study was conducted, the final
dimensions of the proposed antenna are listed in Tab. 1.

2.2 FSS Unit-cell Design

Figure 8 illustrates the geometry of the proposed FSS
unit-cell. The proposed unit-cell is fabricated on FR4 sub-
strate with a dielectric constant of 4.3, a loss tangent of
0.0025 and a thickness of 1.6 mm. It consists of two ele-
ments: a square loop at the extremities and a metal square
in the center of the structure. The total size of the FSS unit-
cell is 18.0 x 18.0 x 1.6 mm.

In addition to the antenna optimization process de-
scribed earlier, a comprehensive parametric study was
conducted for the FSS unit-cell to optimize its performance.

A

e ||IC2— &

Cs Ca B

Fig. 8. Geometry of FSS unit-cell.
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Fig. 9. Transmission coefficient of FSS unit-cell for different
steps.

The optimization focused on key parameters such as the
dimensions of the unit-cell, the slot width S) (Ci, Ca, Cs, Ca,
Cs, and Si), and the periodicity. Each parameter was
systematically varied while keeping other parameters con-
stant to assess its impact on the FSS's transmission charac-
teristics.

Figure 9 shows the simulated transmission coefficient
curves for each step in the design of the proposed FSS unit-
cell. As shown in this figure, the first part of the FSS unit-
cell consists of a large metal square loop element, designed
to generate a stop-band response at 2 GHz.

The second part of the FSS unit-cell consists of
a square metal loop, which resonates at 1.6 GHz. Finally,
resonance at 1.58 GHz, corresponding to the L1/E1/G1/M1
bands is achieved by combining the square loop metal with
the central square metal element of the unit-cell.

For instance, the slot width S} was varied to determine
its influence on the resonance frequency and bandwidth.
By evaluating the reflection coefficients at various fre-
quencies, the optimal configurations were identified to
achieve the desired band-stop response. Furthermore, the
interaction between the FSS and the integrated antenna was
considered during the optimization process to ensure im-
proved overall performance, particularly in terms of im-
pedance matching and gain enhancement. This systematic
approach led to the final design parameters of the FSS unit-
cell, which are crucial for the antenna-FSS integration. The
final optimized parameters of the FSS unit-cell are given as
follows: A =18 mm, B =17.5 mm, S1=0.4 mm,
Ci=1.65mm, C;=175mm, C;=10mm, C;=8.8 mm,
Cs=2 mm.

Figure 10 illustrates the simulated S-parameters in dB
of the FSS unit-cell, which resonates at 1.58 GHz, achiev-
ing a transmission coefficient S21 of —32 dB. The stop-
band, characterized by an S21 below —10 dB, extends from
1.3 GHz to 1.8 GHz, effectively attenuating signals over
a 500 MHz range. With an insertion loss of just 0.22 dB,
the FSS operates as a reflector, directing desired signals
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Fig. 10. Simulated S-parameters of the proposed FSS unit-cell.
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Fig. 11. Reflection phase of the proposed unit-cell.

within the stopband back toward the main lobe of the an-
tenna, thereby optimizing performance within this frequen-
Cy range.

The reflection phase of the proposed unit cell is illus-
trated in Fig. 11. Figure 11 demonstrates that the reflection
phase decreases linearly across the entire operational
bandwidth of the FSS unit cell. This linear decrease is
beneficial for enhancing antenna gain, as it promotes con-
structive interference with backscattered waves from the
antenna. By effectively managing the phase response, the
FSS contributes to improved performance and efficiency of
the antenna system, resulting in enhanced overall radiation
characteristics.

2.3 Antenna Integration with FSS

The configuration of the proposed antenna combined
with the FSS reflector is presented in Fig. 12. As illustrated
in this figure, the FSS reflector consists of a single layer
composed of an arrangement of 9 x 9 units along of the
X-Y axes. It is installed below the proposed antenna at
a distance of K, in order to enhance its radiation character-
istics, in terms of gain, directivity, and radiation efficiency.
The distance between the antenna and FSS reflector is
calculated using (7) given as:
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Pess —2BK =2N7,N=1,2,3,4,5. 7

orss i1s the FSS reflection phase, S is the propagation
constant in open space, K is the distance between the
antenna and FSS reflector [32].

Figure 13 shows the simulated reflection coefficient
of the proposed antenna with and without FSS reflector.
Both antenna structures have the same resonance frequen-
cy, which is equal to 1.58 GHz. The adaptation value is
slightly different, estimated at —27.1 dB for the antenna
alone and —37.3 dB for the antenna with FSS.

The bandwidth of the antenna with the FSS reflector
changed slightly compared to that of the antenna alone,
with a frequency range extending from 1.57 GHz to
1.66 GHz.

To show the effect of FSS reflector on the radiation
characteristics, such as realized gain and radiation efficien-
cy, a comparison was made between the antenna with FSS
reflector and the antenna alone. The results of simulated
realized gain are shown in Fig. 14.
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Fig. 12. Antenna integration with FSS reflector: (a) Top view.
(b) Side view.
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Fig. 15. Radiation efficiency of the proposed antenna with and
without FSS reflector.

As illustrated in Fig. 14, the variation of the realized
gain as a function of frequency for the antenna alone shows
a positive gain in the operating band located between
1.46 GHz and 1.66 GHz, with a maximum gain of 0.8 dBi
at 1.58 GHz frequency. However, the variation of the real-
ized gain for the antenna with FSS reflector indicates an
improvement in the realized gain along the L1/E1/G1/M1
bands. At this point, the maximum gain is 7.57 dBi at
1.58 GHz frequency which corresponds to an improvement
of 6.77 dB.

Figure 15 shows the simulated radiation efficiency of
the proposed antenna with and without FSS reflector. As
shown in this figure, the maximum radiation efficiency of
the antenna alone is 0.68, while that of the antenna with
FSS is 0.76 at the operating frequency of 1.58 GHz.

In what follows, a parametric study will be conducted
to determine the effect of the FSS reflector on the antenna
alone. The first parametric study involves modifying the
distance between the antenna and the FSS reflector. Fig-
ure 16 presents the simulated reflection coefficient, realized
gain and radiation efficiency of the proposed antenna with
the FSS reflector for different values of K.
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Fig. 16. Simulated results of the proposed antenna with FSS
reflector for different values of K. Top: Reflection
coefficient; Middle: Realized gain; Bottom: Radiation
efficiency.

As shown in Fig. 16, the optimal value of K, corre-
sponding to the best antenna impedance matching, is cho-
sen to be K = 30. At this value, the reflection coefficient is
equal to —37 dB, and the maximum gain level reaches
7.57 dBi. Furthermore, at this optimal value, the antenna
achieves a maximum radiation efficiency of 0.76 at the
desired frequency.

The second parametric study is carried out as a func-
tion of the size of the FSS reflector. The results, in terms of
reflection coefficient, realized gain and radiation efficiency

o
T
<
o
5]
£
[
[o]
(6]
[
S
8 301- (9x9) Units
K === (7x7) Units 5
<35+ === (5%5) URits foooeovevveeJeeeseeeeeeeeonon ]
. j i
401 1.2 14 16 1.8 2
Frequency (GHz)
(a)
8 ;
gl =—(9x9) Units
=+ (7x7) Units
A== (5x5) Units [/ ™ ™I
i) i
T e [ Rt U W
£
S Ol AL
0]
el
(0]
N
©
(5]
14
B j j i i
101 1.2 1.4 16 18 2
Frequency (GHz)
(b)
1 ; ; ;
(9x9) Units | |
=-=+(7x7) Units | |
0.8/ -~ (5x5) Units | | s
3 | |
& é
T L] s T :
S s
w s
C H
S s
® 0.4
o -
© H
(4 :
0 i i i i
1 1.2 1.4 1.6 1.8 2
Frequency (GHz)
(©)

Fig. 17. Simulated results of the proposed antenna for different
sizes of FSS reflector: (a) Reflection coefficients;
(b) Realized gain; (c) Radiation efficiency.

are presented in Fig. 17. From this figure, it is clear that the
size of the FSS reflector plays a vital role in increasing the
performances of the proposed antenna. In fact, the antenna
matching improves as the number of unit-cells increases
from 5 x 5 units to 9 x 9 units. Furthermore, a considerable
improvement in realized gain and radiation efficiency is
observed when the FSS reflector size is increased to 9 x 9
units.
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3. Measurement Results and
Discussion

Figure 18 depicts the photograph of the fabricated
prototype of the proposed antenna structure. As this figure
shows, the proposed antenna alone, constructed from an
FR4 substrate, has dimensions of 58.0 x 52.0 x 1.6 mm.
The FSS reflector, consists of 9 x 9 units, each having
a size of 18.0 x 18.0 x 1.6 mm. The measured S-parameters
for the proposed prototype were obtained using the Agilent
8722ES network analyzer. Furthermore, the radiation pat-
terns and gain were measured in an anechoic chamber for
the E-plane (YZ) and H-plane (XZ) at 1.57 GHz.

Figure 19 represents a comparison between the meas-
ured and simulated reflection coefficients of the proposed
antenna, both with and without FSS reflector. As shown in
this figure, the measured frequency band of the antenna
alone ranges from 1.50 GHz to 1.62 GHz with a resonance
frequency located at 1.57 GHz. For the fabricated structure,
consisting of the antenna integrated with FSS, it has
an operating band between 1.52 GHz to 1.64 GHz with
a resonance frequency of 1.58 GHz. It is evident from this
figure, that the operating bands in both cases (with and
without FSS) show good agreement with the simulated
results.

As exposed by these results, incorporating the FSS
reflector into our antenna design has led to a slight shift in

0--
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Fig. 19. Measured and simulated reflection coefficients of the
antenna with and without FSS.
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Fig. 20. Measured and simulated radiation patterns of the
proposed antenna with and without FSS for
f=1.57 GHz: (a) without FSS reflector; (b) with FSS
reflector.

the operating band. However, both configurations remain
well-suited for GNSS applications. The primary reason for
integrating the FSS is to enhance specific radiation charac-
teristics of the antenna, such as directivity and gain, espe-
cially in challenging environments. Although the slight
degradation in the reflection coefficient may appear con-
cerning, this trade-off can be justified by the observed
improvements in other performance metrics. Figure 20
presents the measured and simulated radiation patterns of
the proposed antenna with and without FSS reflector at
1.57 GHz.

As illustrated in Fig. 20, the antenna without the FSS
reflector exhibits an omnidirectional radiation pattern in the

8 : :
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6 ==-With FSS

| I
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Fig. 21. Measured realized gain of proposed antenna.
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Ref. Dimension Bandwidth Realized gain
) (mm) (GHz) (dBi)

[28] 150 x 150 x 14 1.54-1.61 5

[33] 1275 x 127.5x 1.6 1.5831-1.5893 2.31

[26] 1172 x117.2 x 13 1.54-1.59 35

[34] 300 x 300 x 10 1.55-1.59 5

This 162 x 162 x 33.2 1.52-1.64 7.3

work

Tab. 2. Comparison between the proposed antenna and the
most relevant of those reported in the literature.

H-plane and bidirectional pattern in E-plane. In contrast,
a directional radiation pattern is exhibited by the proposed
antenna combined with the FSS reflector in both planes.
Besides, the comparison between the simulated and meas-
ured results, regarding the radiation patterns of both struc-
tures, reveals good agreement.

Figure 21 illustrates the measured realized gain of the
proposed antenna with and without FSS reflector. Accord-
ing to this figure, the measured realized gain of the pro-
posed antenna without the FSS reflector reaches a peak of
1.65 dBi at a frequency of 1.57 dBi, while the maximum
value for the proposed antenna combined with the FSS
reflector is 7.3 dBi. The measured realized gain shows thus
an improvement of 5.65 dBi when comparing the antenna
with the FSS reflector to the antenna alone.

4. Comparison Results

The proposed compact stepped slot antenna is com-
pared to the most relevant designs reported in the scientific
literature. The results, in terms of antenna dimensions,
bandwidth, and realized gain, are given in Tab.2. As
shown in this table, the proposed antenna has an acceptable
compact size of 162 x 162 x 33.2 mm and offers a larger
bandwidth compared to the structures presented in other
works. In addition, a high realized gain is achieved by the
proposed antenna, demonstrating that its overall perfor-
mance is superior compared to that of previously reported
designs in the scientific literature.

5. Conclusion

In this paper, a new, simple, compact stepped slot an-
tenna integrated with a novel FSS reflector has been de-
signed, simulated, and validated through measurements.
The proposed antenna structure, which has a compact size
of 162 x 162 x 33.2 mm, demonstrates good performance
for radionavigation applications operating in the frequency
range from 1.52 GHzand 1.64 GHzcovering the
L1/E1/G1/M1 bands. The obtained results show a high
agreement between simulations and measurements in terms
of reflection coefficient, realized gain and radiation pattern.
The integration of the FSS reflector improves the gain by
approximately 5.65 dBi, reaching a maximum value of

7.3 dBi at 1.57 GHz. Moreover, compared to the antenna
alone, the radiation pattern of the proposed antenna com-
bined with the FSS reflector has become more directional,
with reduced backlobe levels.
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