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Abstract. The present study presents a novel microstrip line-feed compact square slot
Circular-Polarization (CP) antenna for K,-band applications. The proposed square slot
antenna with circular trimmed corners was fabricated with the FR-4 substrate with the
defected ground on the opposite side of the patch. The Axial Ratio Band-Width (ARBW)
was considerably enhanced by adding a shorting pin and the Impedance Band-Width (IBW)

was improved by etching the pentagon-shape slot in the defected ground. The antenna
offered the wide CP IBW of 4.96 GHz (13.6 GHz-18.56 GHz), simulated ARBW of 4.85 GHz
(14.51-19.30 GHz), and positive gain in the K,-band. The presented antenna is appropriate

for K,-band applications.

(© 2023 Sharif University of Technology. All rights reserved.

1. Introduction

In addition to transmitting and receiving indepen-
dently of orientation, the Circular-Polarization (CP)
antennas are under growing reformation and they
have drawn the attention of researchers in the area
of wireless communication due to their resistance to
multipath reflections [1]. In recent years, space and
wireless communication has experienced an expeditious
advance. To support high data rates in wireless appli-
cations, the low-cost, low-profile, and high-bandwidth
printed antennas are a key component. By taking these
points into account, the requirement of high-bandwidth
CP antenna is expected.
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Commonly, the CP performance can be acquired
by using many specific feed arrangements and slight
modifications in patch geometry [2,3]. When dual
feeding is applied at orthogonal positions in addition
to equal amplitudes and 90° phase difference, the CP
can be achieved [4]. The other way to obtain CP is by
cutting a particular thin slot in the patch or by trim-
ming the two opposite corners of the square patch [5].
Various types of feeding techniques like microstrip
line [6], Co-Planar Waveguide (CPW) feed [7], inset
feed, and mutual coupling [8] in the form of dual-feed
or single-feed can be used to attain CP. Wide CP can
be achieved by a bent feeding microstrip line of single-
feed type [9]. Some other methods and techniques to
procure CP are loading Shorting Pin (SP) [10,11] and
chip resistor loading [12].

The most commonly used and a simple technique
among all the above-discussed techniques is the single-
feed CP without any external phase shifter. Numerous
techniques, patch geometries, and configurations have
been explored, analyzed, and delineated using a single
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feed for CP radiation characteristics. In [13], CPW
feed CP broadband antenna with 64.7% bandwidth was
reported. CP bandwidth between 31726211 MHz was
obtained by embedding two inverted-L grounded strips
and a 45° bent strip around corners of the ground. The
Impedance Band-Width (IBW) was enhanced by tun-
ing stubs. A CP monopole antenna with performance
ability in two bands was proposed in [14] with IBW
of 3.7 GHz in the lower band frequency range (2.9
6.6 GHz) and 1 GHz in the upper band (7.7-8.7 GHz).
A slanting edge Defected Ground Structure (DGS) and
two orthogonal arms were used to acquire CP.

A single-feed square patch antenna with four T-
shape or Y-shape slots at the edges of the patch and a
center slot was proposed [15]. By varying the dimen-
sions of T-slots or Y-slots and the center slots, other fre-
quency ratios of CP were also possible. High gain with
CPW feed CP antenna was reported in [16] by Kush-
waha and Kumar. The gain was improved (3—4 dB) by
incorporating Frequency Selective Surface (FSS) and
adding a reflector to the IBW, as a result of which the
3 dB Axial Ratio Band-Width (ARBW) was improved.
40 x40 mm? Asymmetric modified Bow-Tie (ABT) and
Symmetric modified Bow-Tie (SBT) slotted circular
patch antennas with circular polarization were pre-
sented for wideband applications [17]. A ferrite-based
wideband circular patch antenna designed on a two-
layer, ferrite-dielectric substrate with a wideband cir-
cular polarization characteristic was proposed in [18].

A parametric assimilation technique was applied
for radiation pattern correction of a mutually cou-
pled circular dipole antenna array [19]. Modeling of
the Positive-Intrinsic-Negative (PIN) diode Radio Fre-
quency (RF) switch on a High-Frequency Structure

Shorting pin
(Radius = R)

(2)

Simulator (HFSS) was presented for the reconfigurable
antenna applications [20]. The resonating frequency
of the antenna was significantly lowered by using
an arrow-shape slot radiating structure. Most of the
above antennas reported have narrow CP bandwidth or
complex design structures. However, recently, a novel
design of CP square slot antenna using two parasitic
patches on a single substrate has been presented for
1.74 and 2.82 GHz applications [21]. Also, a dual-sense
square slot CP antenna fed by a two-port coplanar
waveguide was proposed in [22].

In this article, a compact square slot CP antenna
for K,-band is proposed. The proposed antenna
structure is a square slot ones with two opposite
truncated corners.

2. Configuration

The front view and back view of the proposed antenna
design geometry are shown in Figure 1(a) and (b),
respectively. The antenna was printed on an FR-4
substrate of size 34 x 35 mm?, thickness 1.59 mm,
permittivity ¢ = 4.3, and loss tangent (6) 0.025. The
conducting DGS and square patch with two circular
trimmed corners and center slots were printed on
opposite sides of a substrate. The antenna was fed
by a 50 Q microstrip line of width Wj. A pentagon-
shape slot was etched on the ground to optimize the
performance bandwidth of the antenna.

The evolution process of the antenna design is
delineated in Figure 2 with four antenna designs from
the start. The four steps for the designing the antenna
considered in the proposed work are Step 1 (AntennaI),
Step 2 (Antenna IT), Step 3 (Antenna IIT), and Step 4

Shorting pin
(Radius = R)

(b)

Figure 1. Proposed antenna design; (a) Front view and (b) back view.
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Figure 2. Evolution steps of the proposed antenna geometry.

Table 1. Performance characteristics of the four antenna designs.

Antenna design

Bandwidth (GHz)

ARBW (GHz)

Step 1 13.3-17.6 (4.5 GHz) 14.5-16.1
Step 2 13.3-17.67 (4.3 GHz) 14.7-16.7
Step 3 13.3-17.7 (4.5 GHz) 14.5-19.6
Step 4 (proposed design) 13.37-19.05 (5.68 GHz) 14.51-19.30

Common band between IBW and ARBW

Proposed design

14.51-19.05 GHz (4.54 GHz)

Step 1
T~ ====Step 4
Step 2

\ - Step 3

S11 (dB)

12 14 16 18 20
Frequency (GHz)
Figure 3. Simulated 511 for the four different steps of
antenna design.

(Antenna IV). The antenna presented in step four is
the final antenna design with optimized geometrical
parameters for K,-band communication. The four
prototypes from Step 1 to Step 4 are listed in Table 1
with performance characteristics. The characteristic
graphs for reflection coefficient (S11) and axial ratio in
the antenna designs are presented in Figures 3 and 4,
respectively. By observing the simulated results, the
optimized IBW and ARBW were obtained in Step 4 of
antenna design.

To analyze and investigate the optimum perfor-
mance of the antenna design, several design parameters

- — Step 1 AR
214 == Step 4 AR
] e Step 2 AR
184 = Step 3 AR

Axial ratio (dB)

Frequency (GHz)

Figure 4. ARBW for the four different steps of antenna
design.

were considered and parametric analysis was done with
the same parameters.

3. Results and discussions

CP is achieved by trimming two opposite corners of a
square patch monopole. CP is in the K,-band range.
The corners of a square patch are trimmed by etching
circles of radius Ry mm at opposite ends, as shown in
Figure 5. The center of the circle coincides with the
corner of the square patch when kept at Center 2. The
two orthogonal circles were moved inward and outward
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Figure 5. (a) Square monopole for CP with trimmed corner and (b) position of circles for different centers of circles.
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Figure 6. (a) Sii for different positions of circle at opposite corners and (b) axial ratio for different positions of circle at

opposite corners.

from the initial position to obtain the optimum CP
bandwidth. The IBW and ARBW for different posi-
tions of circles are presented in Figure 6(a) and (b),
respectively. By considering the values obtained for
the ARBW characteristics, the optimum results were
obtained with Centre 1. The minimum AR variation
was obtained for the given range for Centre 1, which
can be later enhanced by additional modifications in
the antenna design.Due to disturbance on one diagonal,
the fundamental mode of the conventional square patch
is divided into two orthogonal modes with two different
frequencies given by Anantha et al. [23]:

=i (1-2). 1)

f2:fr7 (2)

where s is the total area of the square patch, As is the
area of truncation, and f,. is the resonating frequency
of an antenna. The condition to be satisfied for the
patch to generate circular polarization is:

As 1
? = @7 (3)

where @, is the unloaded quality factor of the antenna
patch. When the truncation area is quite enough to
generate orthogonal modes with equal amplitudes and
phase difference of £90°, the CP can be achieved. The
truncation in the presented antenna is done by etching
a circular shape at the diagonal of the patch, as shown
in Figure 5.

To further enhance the ARBW, a rectangular slot
is added to the ground as shown in Step 2 of antenna
design in Figure 2(b). In Step 3, a thin diagonal
rectangular slot in the patch is etched according to the
following equations [2]:

I, W L
‘Tl 272 272 (4)
WL
=373 "3 (5)

The significant improvement in 3 dB ARBW is
achieved by adding a SP in Step 3 of the antenna
design, as shown in Figure 2(c). Due to the shunt
inductive effect produced by the SP, the ARBW is
enhanced [24,25]. The parametric analysis is done for
the three different radii and positions of the SP in
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Figure 7. Three different positions of shorting pin (0.6 mm radius).
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Figure 8. Si; for shorting pin position and radius
variation.
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Figure 9. Axial ratio for shorting pin position and radius
variation.

antenna geometry. The antenna patch of width W
is placed at the XY plane with the center at (0,
23.5). The three positions of the SP are P, (P(z =
0.3,y = 28.1)), P» (Py(z = 0.3,y = 29.1)), and Pj
(P;(x = 0.3,y = 27.1)) and SP radii are Ry = 0.6 mm,
Ry = 0.4 mm, and R3 = 0.8 mm. The three different
positions of the SP with a radius of 0.6 mm are
shown in Figures 7 and 8. Figure 9 shows the antenna

characteristics obtained in terms of S;; and AR for the
above-mentioned positions of SP and radii.

The best optimum results in terms of IBW and
ARBW are attained for the SP position P, and SP
radius By = 0.6 mm. The obtained ARBW is 4.85 GHz
(14.51-19.30 GHz) and IBW is 449 GHz (13.23-
17.72 GHz). In the present antenna, the ARBW is
higher than IBW. To further improve the IBW in the
range of ARBW, a pentagon-shape slot is etched in
the ground plane and named as Step 4 of the design
(for the proposed antenna), as shown in Figure 2(d).
The addition of a pentagon slot in the ground leads to
considerable improvement in the IBW as compared to
the case without slot design. The parametric analysis
for various side lengths ({,) of the pentagon is done
by keeping the center of the pentagon the same, the
results of which are presented in Figure 10(a) and (b) in
terms of IBW and ARBW, respectively. It is clear from
the obtained results that the bandwidth is optimum
when the side length of the pentagon is {, = 3.2 mm.
Thus, variation is made to the center of the pentagon
slot by keeping the pentagon side length [, = 3.2 mm.
The center of the hexagon slot is moved horizontally
and vertically and the corresponding IBW and AR
are observed graphically; for this case, the results are
presented in Figure 10(c) and 10(d), respectively. The
pentagon slot with the center position of (z = —1,
y = 6) gives the optimum results.

The comparison of the results for IBW and
ARBW in the same conditions is shown in Figure 10(e).
It can be clearly noticed that the IBW is increased from
4.49 GHz (13.23-17.72) to 5.68 GHz (13.37-19.05 GHz)
without disturbing the ARBW. The antenna is simu-
lated on the Computer Simulation Technology (CST)
microwave studio software [26]. The front view and
back view of the final fabricated antenna design
(Step 4) are shown in Figure 11. The surface current
distribution of the designed antenna at 15.7 GHz is
presented in Figure 12(a)—(d). The dispersal of current
at 0° and 180° is the same in magnitude but opposite
in direction. A similar pattern for current distribution
is observed with 90° and 270°.

The normalized radiation patterns of an antenna
at resonating frequencies of 14.5 GHz, 15.7 GHz,
and 16.8 GHz are shown in Figure 13. Multilobe
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Figure 10. Parametric analysis of the pentagon: (a) Si1 variation for side length I, (b) axial ratio variation for side
length [,, (c) Si1 variation for the center of the pentagon, (d) axial ratio variation for the center of the pentagon, and (e)

S11 comparison with and without pentagon slot.

co-polarization and cross-polarization for E-field are
achieved at 14.5 GHz. Co-polarization and cross-
polarization with the main lobe at 120° are acquired
at 15.7 GHz. At 16.8 GHz, the main lobe is at 48°
for co-polarization and 45° for cross-polarization. The
difference between the magnitudes in the co-polar and

(b)

Figure 11. Fabricated antenna (front view and back view).

cross-polar patterns is less than 3 dB, which shows
that circular polarization is good at these frequen-
cies. Figure 14 shows the gain of the antenna. The
maximum gain of 3.54 dBi is obtained at 17.25 GHz.
Figure 15 represents the AR of the proposed antenna.
It can be observed that ARBW ranges between 14.51—
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Figure 13. Radiation pattern foe E-Co and E-Cross polarization at resonating frequencies of (a) 14.5 GHz, (b) 15.7 GHz,

and (c) 16.8 GHz.

19.30 GHz. To get more insight into antenna char-
acteristics, the simulated and measured return losses
are presented in Figure 16. The measured return
loss graph is in accordance with the simulated return
loss with slight variations. The antenna achieved a
measured IBW of 4.96 GHz (13.6 GHz-18.56 GHz)
compared with the simulated IBW of 5.68 GHz (13.37—
19.05 GHz). The optimized antenna parameters are
presented in Table 2. Table 3 compares the proposed

antenna characteristics with the existing ones in the
antenna CP work reported in this paper [4-16].

4. Conclusions

A novel microstrip line fed Circular-Polarization (CP)
antenna was proposed for K,-band applications. The
presented antenna design had a very compact size of
34 x 35 x 1.6 mm? and simple geometry. The antenna
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Figure 15. Variation of axial ratio with frequency in the

proposed design.
Table 2. Optimized dimensions of the antenna.

Parameter Value Parameter Value sd T ﬁﬂmlﬁte;l
(mm) (mm) m— Measure

L 35 ls 10

w 34 Ly, 11.5

Ls 13 ¢ 1

R 0.6 Wa, 2 =

Wi 3 ly 22 T

R 3 Wy 23 CE

Ly 17 lp 3.2

was of very low cost as it was fabricated on the FR-4
substrate. The low-cost compact-size antenna achieved
a very high CP Impedance Band-Width (IBW) of . . .
4.96 GHz (13.6 GHz-18.56 GHz) and simulated Axial 14 16 18

Ratio Band-Width (ARBW) of 4.85G GHz (14.51- Frequency (GHz)

19.30 GHz) in the K,-band. The antenna had a Figure 16. Simulated and measured Si; of the antenna.

Table 3. Comparison of the present work with the existing CP antenna literature.

Reference Antenna size IBW ARBW
986 MHz (49%)

4] 100 x 100 mm? 1.525-2.16 GHz (0.635 GHz) (35%)
with center frequency of 2007 MHz

[5] 50 x 60 mm?  2.29-2.4 GHz (130 MHz) 2.340-2.370 GHz (0.03 GHz)

6] 60 % 60 mug? 367414 GHz (0.47 GHz) 3.00-3.840 GHz (0.84 GHz)
4.45-6.0 GHz (1.55 GHz) 4.30-5.150 GHz (0.85 GHz)

[10] 24 x 21 mm?  3.34-4.57 GHz (1.39 GHz) 4.311-4.384 GHz (0.73 GHz)

[11] 100 x 100 mm?  2.09-2.65 GHz (0.56 GHz) 2.180-2.610 GHz (0.43 GHz)

[12] 70 x 63 mm?  1.209-2.697 GHz (1.48 GHz) 1.740-2.260 GHz (0.52 GHz)

| 4

[13] 40 x 40 mm?  22576:75 GHz (4.50 GHz) 3.172-6.211 GHz (3.039 GHz)
8.25-10.25 GHz (2.0 GHz)

(4] 29 % 30 2 2:90-6.60 GHz (3.70 GHz) 4.08-6.5 GHz(2.42 GHz)
7.70-8.70 GHz (1.00 GHz) 8.10-8.40 GHz (0.30 GHz)

[16] 45 x 50 mm?  2.20-4.80 GHz (2.28 GHz) 2.20-4.180 GHz (1.98 GHz)

Proposed antenna 34 x 35 mm? 13.6-18.56 GHz (4.96 GHz) 14.51-19.30 GHz (5.16 GHz)
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wide bandwidth with a positive maximum gain of
3.54 dBi at 17.25 GHz. Low cost, simple geometry,
wide bandwidth, compact size, and positive gain make
the antenna a suitable candidate for K ,-band applica-
tions.
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