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Abstract—This paper introduces a wideband circular patch
antenna designed with a frequency selective surface (FSS)
for sub-6 GHz applications. The proposed antenna features a
monopole circular-shaped patch with a partial ground plane,
delivering an omnidirectional radiation pattern in the azimuth
plane, resulting in relatively uniform gain in all directions. An
FSS metamaterial enhances the antenna's gain and improves
the broadside radiation pattern. The design incorporates three
inner circular patches connected to the main patch. The FSS
utilizes hybrid square/circle loop-based unit cells. The antenna
and FSS are simulated using CST software and subsequently
fabricated on an FR-4 substrate. The measured results demon-
strate an impedance bandwidth of 1.6 GHz with a peak gain
of 5.4 dB at 3.5 GHz. The omnidirectional radiation pattern is
converted into a directional one by placing a reflector FSS as a
bottom substrate layer. The overall structure size is compact,
measuring (0.3400 x 0.2700 x 0.016A0), where A0 is the free-
space wavelength corresponding to the lowest resonant fre-
quency within the operational bandwidth. This design achieves
significant antenna size reduction and is well-suited for future
sub-6 GHz applications.

Index Terms—Circular patch antenna, FSS, Sub-6 GHz, im-
pedance bandwidth, broadside radiation pattern.

I. INTRODUCTION

THE MAJOR FOCUS IN RECENT YEARS HAS BEEN ANTENNA

FRAMEWORKS OPERATING AT SUB-6 GHZ FREQUENCIES,
WHICH ARE required to provide high gain and broadband
performance in a compact package for wireless and mobile
applications. Such antennas must feature a compact design,
directional beams, exceptional radiation efficiency, and broader
bandwidth [1-3].  Consequently, diverse types of planar and
non-planar antennas have also been invented [4,5].
Unfortunately, such antennas have limited bandwidth and low
peak gain [5,6]. At the same time, a monopole antenna has the
disadvantage of low gain; reliance on the presence of the ground
plane and partial ground plane significantly affects the
antenna's asymmetrical radiation pattern. This, in turn, leads to
uneven coverage and reduced performance in specific areas due
to variations in gain and coverage characteristics. Different
antennas with different shape implementations are proposed to
overcome these problems. Shapes such as rectangular, circular,
curved, and elliptical are presented with a partial ground plane
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[7,8]. [9] proposes a curved slot monopole antenna with a
partial ground plane for wideband applications with an
operating band 3 up to 12 GHz. Another shape of the elliptical
ring antenna is presented in [10] for compact size and wideband
properties. However, these designs suffer from low peak gain
for LTE2600, Wi-Fi, WLAN, and UWB applications. Circular
monopole antennas have advantages over other shapes due to
their flexibility and wideband properties [11]. A novel
configuration for a multi-frequency parasitic hat microstrip
antenna is introduced for diverse communication needs. This
innovative antenna design incorporates defected ground
structure and microstrip structure techniques to enhance overall
antenna performance [12]. Different methods and approaches
are introduced to increase the gain and reduce the back lobe
radiation of the circular patch antenna [13]. One of the essential
methods is the introduction of FSS with single-layer and
double-layer reflectors [13]. The works in [13] and [14]
achieved a good gain enhancement with an impedance
bandwidth of more than 1 GHz. However, the size of FSS used
in these designs is still undesirable for sub-6 GHz applications.
Recently, a single-layer FSS reflector has been proposed with a
square circular-shaped monopole antenna [15]. Another FSS
single-layer substrate is implemented with a planar antenna
introduced in [16]. The FSS superstrate markedly improves the
achieved antenna gain, boosting it by up to 5.22 dB within the
UWB frequency range. A bandwidth enhancement of 50% with
a gain of 5.1 dB is achieved in this design. Novel microstrip
antennas with FSS using SRR unit cells are introduced in [17].
The FSS is implemented with a double layer's square loop-
based unit cell. The antenna achieved a gain enhancement of 5
dB. However, the size of the FSS in both designs was quite
massive, with a narrow bandwidth of 150 MHz. This paper
presents a developed monopole circular patch antenna
integrated with three inner circular patches for compact size and
wideband properties. Then, a hybrid square/circle loop-based
FSS metamaterial is designed to enhance the gain and broadside
radiation pattern. The proposed antenna with FSS aims to
acquire a wideband, compact size, and high efficiency. The
antenna is intended to have an impedance bandwidth more
significant than 1 GHz. The increased value should be more
than 5 dB. A FR-4 substrate of 1.6 mm is used to fabricate the
suggested antenna, including the FSS. This paper is organized
as follows: Section 2 introduces the antenna design methods
and the FSS. Section 3 reports the obtained results for the
proposed designs, and section 4 summarizes the findings.
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II. DESIGN OF THE CIRCULAR PATCH ANTENNA AND FSS

A circular patch antenna and FSS metasurface are designed
based on the agreement of three circular patch elements and
hybrid square/circle ring resonators (SRR/CRR) unit cells with
parameters Lo= 7.15 mm square length, radius of inner ring Rin
=5.06 mm, and width s=0.6 mm to enhance the gain and
enhance the broadside radiation pattern. The designs are
implemented with an affordable FR-4 substrate with a thickness
h= 1.6 mm and relative permittivity er =4.3. The following sub-
sections discuss the design methods for both the antenna and
the FSS metasurface.

A. Design of circular monopole antenna
Fig. 1 (a) illustrates the proposed antenna structure and design
steps. It starts with a circular patch antenna design from
extended to partial ground planes. A circular patch with an inner
radius of R is designed based on the following formulas [18]:
R
R= . 05 (1)
2h 1.57R, ff :
(1+ﬂ£rReff [ln(Te)HJBD

8.79 x10°
frier 2)

Where R is the effective radius, and f. is the desired
resonant frequency.
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Fig. 1. (a) The circular antenna structure. (b) Return loss parametric study.

A parametric study is performed using CST microwave
software to analyze the performance of the return loss (S11)
variation concerning the full and partial ground length. Fig. 1
(b) shows the return loss responses over the sub-6 GHz band. It
can be noticed from Fig. 1(b) that the length of partial ground
plays a crucial role in the frequency resonation. As the length
of partial ground reduces, the resonant frequency shifts to the
lower edge close to 4.7 GHz. In summary, if the ground plane
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length is shorter than one-quarter of the wavelength, it will
significantly influence the antenna's resonant frequency in the
horizontal (X-axis) and vertical (Y-axis) dimensions.

Removing the partial ground plane on the current surface
contributes to E-plane diffraction. As the length of the partial
ground plane increases, the E-plane in the back lobe radiation
rises. This way, the main and the back lobe have minimal
surface current at E-plane edge diffraction. Hence, the initial
value of partial ground length is 5 mm, with R being 7.5 mm at
the desired frequency of 3.5 GHz. An inner circular slot is
inserted in the center of the circular patch antenna, including a
2.8 mm diameter, as shown in Fig. 2 (a).

The effect of the slot radius has a crucial role in the
bandwidth and size performance of the circular antenna. The
circular patch antenna size decreases with the increase of the
slot radius, which reduces the overall size of the antenna.
Additionally, this insertion of the circular slot increases the
impedance bandwidth and shifts the frequency to the lower
band of 2.7 GHz. This is illustrated in Fig. 2 (b). The return loss
is enhanced by a peak value of -25 dB at 3.1 GHz with a
frequency shift to the lower band below 3.5 GHz with a -25 dB
peak value at 3.1 GHz.

—

[Lpo

[ |
(a)

=20 +
.30 4

401 —— Lpg/5mm
— with slot

.50 1

s,,/dB

-60

1 2 3 4 5 6
Freg/GHz
(b)

Fig. 2. (a) Modified antenna with the center slot. (b) Return loss responses.

Inserting a parasitic element can result in a smaller overall
antenna structure. The parasitic element can assist in achieving
resonance  and  optimizing  radiation  performance
characteristics. This leads to a reduced antenna physical size,
consequently yielding a more compact antenna.

As a result, the proposed antenna is developed by adding
three inner circular patches at the corners of the original patch,
as illustrated in Fig. 3 (a). Each of the three circular patches has
the same radius value, which can be found by the following
formula:

R=0.3 R )
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Fig. 3. (a) Design steps of the proposed antenna. (b) Return loss responses.

Fig. 3 (b) plots the variation of the proposed antenna's
return loss. As each circular patch is inserted, the resonant
frequency shifts to the lower frequency band from 4 GHz
toward the frequency band of 2.7 GHz. The impedance
bandwidth is expanded to more than 3 GHz as all three patches
are inserted on the original patch, which indicates that the
fractional bandwidth (FBW) of the proposed antennas is
improved by 85.5% compared to the original antenna FWB of
50%.

Therefore, the final dimensions of the proposed antenna are
as follows: (Ls=33 mm, Ws=26.4 mm, Wf=3.112mm, Lf=11.47
mm, Lpg =9.9 mm, R=7.48 mm, and R/=2.6 mm).

B. FSS configuration with the antenna

Fig. 4 (a) shows the proposed configuration of the
antenna with an FSS substrate. The FSS substrate works as a
reflector to emphasize the broadside radiation and increase the
antenna's main beam (gain). The FSS configurations consist of
a 3 X 4 unit cells array. The FSS substrate is placed below the
antenna substrate, facing the antenna's partial ground plane.
FSS is a spatial resonance structure with various responses to
EM waves at specific frequencies. Hence, this paper uses hybrid
square/circle loop-based FSS as a partial reflection surface
(PRS) at 3.5 GHz. The square/circle unit cell acts as a parallel
LC resonance, considering an open circuit at the desired
frequency. At the desired frequency of 3.5 GHz, the air gap
between the two substrates is chosen to be equal to (1,/4), where
Ag is the guided wavelength. For this purpose, wideband
property is achieved with gain enhancement. In that matter, the
radiation is mainly reflected in one direction, eliminating the
original antenna radiation by having a phase difference of 180°.
Two conditions are required to eliminate the reflected and

incident angles to achieve that. These conditions are realized
with the following [19]:
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Fig. 4. (a) Antenna with FSS layers configuration, (b) Antenna layer,
(c) FSS layer.

Therefore, a parametric simulation study is achieved
regarding the distance (d) between the antenna substrate and the
FSS substrate, as illustrated in Fig. 5 (a) and (b), respectively.
Fig. 5 (a) shows the return loss variations with varied values of
d. In such cases, the distance between the substrates increases,
and the return loss value rises with shifting to a higher band
above 3.5 GHz. However, at d= 11.5 mm, the return loss is -18
dB at the desired frequency of 3.5 GHz. Making a slot cut with
a dimension of LxW =5 x1 mm? inside the antenna's feedline
will enhance the return loss to -58 dB. Then, the impedance
bandwidth of 2 GHz with FBW of 57% is achieved.

Similarly, the antenna radiation pattern (with FSS applied)
with different values of air-gap distance is plotted in Fig. 5 (b).
At the optimized value of d= 12 mm, the primary lobe radiation
is increased to 5.6 dB compared to the reference antenna of 2.25
dB. Moreover, the antenna's performance is evaluated when a
Perfect Electric Conductor (PEC) is used in place of the FSS
layer at the optimized distance. This extra evaluation is
considered an additional simulation for comparative analysis.
The PEC layer position can impact the antenna's resonance and
Si1 performance. The separation distance of air between the
layers may generate capacitance between the PEC layer and the
antenna. The effect of capacitance may slightly raise the
effective electrical length of the antenna, causing the resonance
frequency to shift downwards, as depicted in Fig. 5 (a). This
PEC layer serves as the antenna's reflector. Nonetheless, a
limitation of the PEC layer arises from generating a reflected
wave that exhibits a 180-degree phase shift relative to the
source wave, as illustrated in Fig. 5 (b).
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Fig. 5. (a) Parametric study on return loss regarding d. (b) Parametric
study on radiation pattern regarding d at E plane.

III. RESULTS AND DISCUSSION

The antenna and FSS prototypes were fabricated and
measured, as depicted in the following figures. Figure 6(a) and
(b) show the top and bottom sides of the fabricated antenna with
FSS layers, respectively. Figure 7 illustrates the return loss and
radiation pattern measurement. The antenna, with and without
the FSS, was measured using a Rohde & Schwarz ZVL Vector
Network Analyzer (VNA), which operates over a frequency
range of 9 kHz to 13.6 GHz. The VNA was calibrated using a
standard calibration kit to ensure measurement accuracy.
However, it is essential to note that a cable loss of 2 dB post-
calibration could affect the return loss measurement process,
and this loss should be considered.

Fig. 6: (a) Top and (b) bottom side of fabricated antenna with FSS layers.

The radiation pattern measurements were performed inside
an anechoic chamber, which has dimensions of 3.2 x 4.6 x 2.8
meters. The chamber is equipped with pyramidal microwave
absorbers and optimized for measurements in the 100 MHz to
18 GHz frequency range. A standard horn antenna was used as
the signal transmitter, while the antenna under test (AUT)
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received the signal, and a spectrum analyzer measured the
signal magnitude. This process was conducted twice: once with
the antenna only and once with the FSS placed below the
antenna. The results were obtained from return loss (S11) and
the radiation patterns (Theta vs. dB).

Fig. 7. Measurement components setup.

A. Antenna without FSS

The measured and simulated return loss (S;;) of the antenna
without FSS are present in Fig. 8 (a). With a measured
bandwidth between 3.1 and 5.7 GHz, the observed value is -33
dB as contrasted to the simulated value of -35 dB. Hence, the
proposed antenna has an optimized return loss and bandwidth.
The measured radiation pattern is plotted against the simulated
one in Fig. 8 (b). The maximum gain of 1.97 dB is obtained in
the front-back ratio, which is less than 0.28 dB compared to the
simulated radiation pattern of 2.25 dB. Fabrication errors and
cable losses cause this loss in gain value.
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Fig. 8. Measured Antenna results. (a) Return loss. (b) Radiation pattern at
E-plane (c) Radiation pattern at H-plane.
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B. Antenna with FSS

The comparison between the antenna's simulated and
measured return loss with FSS is illustrated in Fig. 9 (a). The
measured S 1s -32 dB as contrasted to the simulated one of -59
dB. The fractional bandwidth is around 67%, with a measured
bandwidth range between 3 and 4.5 GHz. Hence, the proposed
antenna with FSS has a wide bandwidth. The measured plane
and H-plane radiation pattern with the simulated one is shown
in Fig. 9 (b). The measured E-plane agreed well with simulated

results as the main lobe value of 5.4 dB.
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Similarly, the measured H-plane follows the same
performance as the H-plane simulation. At 3.5 GHz, the
measured gain is 5.4 dB compared to the simulated gain of 5.6
dB. The comparison of the measured gain of the antenna alone
with the measured gain of the antenna with FSS is plotted in
Fig. 9 (c¢). It is noticed that adding FSS with the antenna
increased the gain by an additional 3 dB to the original antenna
gain. Hence, it can be concluded that FSS improves the antenna
gain and enhances the broadside radiation pattern.

Fig. 10 (a) and (b) show the current distribution and intensity
of the circular patch antenna with FSS. It can be clearly noticed
that a concentration and saturated current are distributed by the
FSS array unit cells. This significantly improves the antenna's
gain. Hence, Table I summarizes the results obtained by the
antenna with and without FSS. Table II presents a comparison
between this work and previous works related to the circular
antenna and FSS. The proposed antenna with FSS is compared
with the other designs in terms of frequency range, gain, and
size. As a result, it is proven that the proposed antenna in this
work has a good gain, appropriate bandwidth, and small size,
and it achieved a significant broadside radiation pattern value.
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_ / the proposed antenna with (4 x 3) FSS at 3.5 GHz.
0 7 prop
g /
s 27 /
o
7 TABLEI
al THE PERFORMANCE OF THE PROPOSED ANTENNA WITH FSS AT 3.5 GHz.
#1 Evaluation metrics | Antenna without FSS Antenna with FSS
-10
1 2 3 4 5 6 Performance Sim. Mes. Sim. Mes.
Fre(“(':)"z Retun loss S,,(dB) |  -35 33 59 25
Bandwidth (GHz) 3 1.6 1.7 1.6
Fig. 9. Measured Antenna with FSS results. (a) Return loss (b) Radiation -
pattern E-plane (c) Radiation pattern H-plane (d) Broadside gain. Gain (dB) 225 197 36 >4
TABLE I
COMPARISON OF THIS WORK WITH RELATED OTHER ANTENNAS.
References Frequency BW Gain Backward Antenna Size FSS size Unit cell no
(GHz) (GHz) (dB) radiation (dB) (mm?) (mm?)
[17] 23102.6 0.23 6.8 -0.82 75 x5 54%65 5x5
[20] 2.91t009.1 8.85 7.8 -8 26x26 61x61 10x10
[21] 3-10 3 6.9 -6 16 %22 52 x62.5 6x5
[22] 2.82 6 4 4 34x41 45%45 4x4
[23] 3-5.5 5.5 7 high 110x110 110 x59 (9%x15) + (5%6)
[24] 3.1-18.6 15.5 6.9 -5 16 x 22 52 x62.5 6x5
[25] 3-14 10.8 4.5 high 30x 30 62.5x62.5 6x6
[26] 3342 12.39 6.2 high 29 x23 50x 50 5x5
This work 3t04.6 1.6 5.4 -9 36.4 x 36.4 30 x26.4 4x3
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Fig. 11 (a) presents the electric field distribution of the
antenna with a partial ground plane and integrated frequency
selective surface (FSS). The observed ring-shaped pattern,
centered above the ground plane, indicates effective coupling
and interaction between the FSS and the antenna, contributing
to enhanced beam shaping and directivity.
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Fig. 11. Electric field distribution of the developed antenna at 3.5 GHz (a)
antenna layer (b) FSS layer

Fig. 11 (b) illustrates the electric field distribution across the
FSS, exhibiting a periodic and symmetrical pattern. This
distribution suggests strong field confinement and efficient
resonance within the FSS elements, which is crucial for
controlling electromagnetic wave propagation and achieving
the intended filtering effects.

IV. CONCLUSION

In this work, a designed wideband circular patch antenna
with square/circle loop-based FSS is presented at 3.5 GHz. The
circular antenna is implemented with three inner circular
patches of transmission lines and a partial ground plane. Then,
the gain and the broadside radiation pattern are enhanced using
the designed FSS placed in the back of the antenna. The
measured realization of the prototype is agreeable with the
simulated results. At 3.5 GHz, prominent bandwidth, S-
parameters, gain, and broadside radiation pattern performance
are attained. With a fractional bandwidth of 67%, the antenna
performs at the frequency range of 3 to 4.6 GHz. The antenna
evolved to be compact and low-profile. For sub-6 GHz
applications, the suggested antenna with FSS is applicable to be
implemented with an antenna array.
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