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Abstract. A novel and compact design of a circularly po-
larized slot antenna (CPSA) is elaborated. With the aim of
generating CP feature and enhancing the impedance band-
width, four rectangular stubs are wisely embedded in the
antenna feed line structure and slotted ground plane to
excite two orthogonal E vectors. Subsequently, a suitable
arrangement of CPSAs in the form of 2 x 2 and 4 x 4 array
antennas provokes higher functionalities in C and X band
applications, respectively. Sequentially rotated (SR) feed
technique is adopted to excite the antenna structure in array
configurations. Measured and simulated vesults confirm
outperformance of the array antennas with respect to the
previously proposed designs. Compact size, wider imped-
ance and axial ratio (AR) bandwidth, higher gain, and suita-
ble radiation characteristics, both in single and array con-
figurations, confirm suitability of the proposed designs for
communication systems.
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1. Introduction

Circular polarization (CP) antennas exhibit marvelous
merits over their linearly polarized (LP) counterparts.
Among them are the ability to overcome multipath fading
problem, performance independency to the path between
transmitter and receiver, and the ability of withstanding
against unsuitable weather conditions. The CP characteris-
tic is usually obtained by exciting two orthogonal electric
field vectors in phase quadrature. To do so, different CP
generation techniques have been investigated in the litera-
ture [1-4]. Each of these techniques is shown to be effec-
tively deployed in the desired operating band. More re-
cently in an attempt to achieve high-performance designs,
the notion of antenna arrays is developed and further
improved [5]. The key to this triumph is the provision of
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salient technical features including higher gain, improved
performance, and suitable radiation properties. Specifically
speaking, an array antenna is composed of a number of
single antennas being arranged in a specific manner. The
target is to attain better performance rather than the con-
stituting single antenna structures. In this context, effective
designs with dedicated functionalities are proposed. To
extend the desired functionalities, CP arrays have also been
proposed as prominent alternatives due to combination of
both CP and array features concurrently [6], [7]. Each of
these studies puts forward an effective sketch of CP array
with its corresponding characteristics. Although these
studies have contributed to enhanced performance in both
technical and structural metrics, further improvements
could be still pursued.

Contemplating on the aforementioned subject, this
manuscript outlines a novel structure of a CP slot antenna
(CPSA). The antenna configuration is composed of a sim-
ple slotted ground plane and a rectangular feed line. Four
rectangular stubs, two in the ground plane and two other on
the feed line, are wisely embedded in the antenna body to
both enhancing the operating bandwidth as well as gener-
ating CP characteristics. The proposed design is simple,
compact, and cost effective with broad band 10 dB imped-
ance and 3 dB AR bandwidth. Then, with the aim of bene-
fitting from both CP and array properties, the aforemen-
tioned CPSA is utilized as the constituting elements of
a2 x2 and 4 x4 slot array antennas (SAA). These SAA
structures are printed on FR4 substrate with thickness of
1 mm and loss tangent of 0.02. Sequentially rotated (SR)
technique is adopted to design the feed network in the
array configurations. However, in most of the conventional
designs, T junctions are utilized in the feed networks which
suffer from undesired radiation in the connecting points
[8], [9]. To provide adequate numerical validations, 2 x 2
and 4 x4 SAAs are implemented in Ansoft High Fre-
quency Simulator (HFSS) version 15. Besides the simula-
tion studies, experimental prototypes of these SAAs are
measured in the antenna and microwave laboratory. This
task assists in confirming applicability of the proposed
designs in real-world applications. To make it brief, the
main contributions of the present study could be listed as
follows:
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e Devising a novel scheme of a compact CP slot an-
tenna in consistent with techno-economic objectives.

e Settling the proposed design in 2x2 and 4 x4 ar-
rangements to contribute to a smaller sized SAA with
wider impedance and axial ratio (AR) bandwidth
along with higher gain values against the similar
structures.

e Implementation of SR feed network to further im-
prove the CP feature and enhancing performance of
the proposed SAA.

These features are well-supported throughout the
study. This manuscript continues as follows: Section 2
discusses the single CPSA design process. Bandwidth and
AR enhancement procedures are discussed in detail, too.
Section 3 addresses the proposed SR feed network. In
Sec.4, a 2 x2 SAA is formed, based on the proposed
CPSAs and the established SR feed network. Section 5
includes a similar analysis conducted on 4 x 4 SAA with
16 single CPSAs. Both of 2 x 2 and 4 x 4 SAAs are inves-
tigated in more details. Section 6 includes a comparative
study between the proposed and the archived designs to
interrogate the promising merits. Ultimately, Section 7
concludes the manuscript.

2. CPSA Design

The proposed CPSA design is illustrated in Fig. 1. As
it is shown, the main body of the antenna is composed of
a simple slotted ground plane along with a rectangular feed
line. To enhance the impedance bandwidth and generate
CP characteristics, two stubs are embedded in the slotted
ground plane. Moreover, two other stubs are supplemented
to the feed line to further enhance the antenna perfor-
mance. This antenna is printed on commercial FR4 sub-
strate with the thickness of 1 mm and loss tangent of 0.02.
The antenna size is 20 x 20 x 1 mm® which is smaller than
the similar CP antennas, archived recently. Detailed values
of the aforementioned CPSA are listed in Tab. 1.

La

Ls

A
A J

Fig. 1. Configuration of the proposed CPSA.

Parameter | Value (mm) Parameter | Value(mm)
L, 20 L, 5.9
W, 20 W, 0.8
L, 15.2 L, 4.9
W, 11 W, 5.2
L 14.3 L 8.2
Wi 1.8 W; 6.7

Tab. 1. Detailed values of CPSA parameters.

2.1 CPSA Design

To provide a fruitful investigation on the proposed
CPSA, the design process is investigated in three different
steps, shown in Fig. 2. In step 1, a slotted ground plane and
a simple rectangular feed line is adopted in the antenna
body. In step 2, two rectangular stubs are supplemented to
the feed line. Finally, in step 3, the final configuration of
CPSA is achieved within which two extra rectangular stubs
are added to the slotted ground plane. All the three afore-
mentioned structures in steps 1, 2, and 3 are simulated
using Ansoft High Frequency Structure Simulator (HFSS)
version 15. Corresponding S;; and AR curves are extracted
in Figs. 3a), b), and c), respectively. As can be seen, in
step 1, narrow impedance bandwidth of 4.22-4.75 GHz is
covered. However, no circular polarization is obtained. In
the next step, say step 2, a judicial inclusion of two rectan-
gular stubs in the feed line structure improves its imped-
ance bandwidth. Thus, 5.43-6.97 GHz band is covered.
Still, 3 dB AR bandwidth is not granted. In the final step,
when the rectangular stubs are also included in the slotted
ground plane, both impedance and AR bandwidths are
enhanced greatly. It can be evidently recognized that CP
feature is generated when two orthogonal E vectors are
excited. To this end, suitable paths should be perceived to
let the surface current to flow through them and excite
orthogonal vectors. Herein, inclusion of stubs in the an-
tenna structure, ends in formation of perpendicular current

©

Fig. 2. Design steps of the proposed CPSA: (a) step 1, (b) step
2, and (c) step 3.
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Fig. 3. 10 dB impedance bandwidth and 3 dB AR bandwidth:

(a) step 1, (b) step 2, (c) step 3.

paths in which surface current circulates and results in CP
generation. The obtained results indicate that the proposed
CPSA operates over the frequency range of 4.33-6.37 GHz
for S;;<-10dB. Simultaneously, AR bandwidth covers
5.14-5.58 GHz. The antenna gain is also depicted in
Fig. 3¢). It can be easily seen that the gain values are
around 3 dB over the operating CP frequency band.

3. SAA Feed Network Structure

Feeding strategy of an antenna structure demonstrates
a prominent impact on its overall performance. Due to ease
of implementation, a simple feed line is generally deployed
to excite the antenna. This is why accurate design of feed
line could yield in sensible improvements. As the antenna
structures become more complex, extra efforts should be
devoted to design appropriate feeding networks. This issue
plays more sound in the case of array antennas. Inclusion
of thousands of single antenna elements in array antenna
design calls the need for an accurate and efficient feed
network to achieve desired results. To this end, many tech-
niques are provoked to feed the antenna arrays. Among
them, SR technique is a popular one to obtain improved CP
mechanism. The inclusion of SR feeding technology in CP
array antennas yields in polarization purity increment,
impedance matching, and pattern symmetry [10]. Accord-
ingly, SR feeding technique is deployed here to attain en-
hanced performance of the proposed SAA. The proposed
compact SR feed technique could be applied to 2" x 2V
feeding networks, which is suitable for large CPSAAs.
Interested readers are referred to [11] to access detailed
information on design process of SR feed network.

4. On Design and Performance of 2 x 2
SAA Configuration

The proposed design of CPSAs is arranged in array
topologies to end in a SAA configuration. Figure 4a)
shows the established design founded on 1 mm thick FR4
substrate. As well, the fabricated prototype is shown in
Fig. 4b). As can be seen, four CPSAs along with a SR feed
network are adopted to form the proposed SAA. As men-
tioned earlier, SR feed network yields in performance en-
hancement of CPAAs. In the investigated design, values of
feeding structure parameters are reported in Tab. 2. The
resultant time-varying surface current distribution on the
aforementioned 2x2 SAA at 5.6 GHz is shown in
Fig. 5a). As can be seen, 5.6 GHz is the minimum point in
3 dB AR bandwidth. Moreover, it can be easily captured
that current distributions in 180 and 270 degrees are equal
in magnitude but opposite in phase with those of 0 and 90
degrees, respectively. A fine attention on the obtained
results reveals that the proposed 2 x 2 SAA exhibits right-
hand circular polarization (RHCP) in +z direction while
left-hand circular polarization (LHCP) is provided in —z
direction.
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Fig. 4. (a) Schematic structure of the proposed 2 x 2 array
antenna structure, and (b) the fabricated prototype.
Parameter | Value (mm) Parameter Value(mm)

Ly 0.85 Ws 1.41
W, 20.35 L, 6.5
Ls 3.5 W, 1.41
Ws 2.6 Lsg 6.5
L 6.5 Ws 1

Tab. 2. Detailed values of feeding structure parameters.

As mentioned earlier, inclusion of the stubs in the
antenna body yields in impedance and AR bandwidth en-
hancement. Surface current distribution analysis could be
pursued to confirm such functionality. Fig. 5b) displays the
obtained surface current distribution on 2 x 2 array antenna
without any stubs elements. Simulation results confirm that
in 0, 90, 180, and 270 degrees, there are no current circu-
lations and consequently, no CP is obtained. This is due to
the fact that in the case of excluding stub elements, no
suitable path is formed for current circulation. Accord-
ingly, CP feature is not provoked.

The fabricated prototype is tailored to evaluate per-
formance of the proposed SAA in real-world applications.
To do so, the established prototype is measured in antenna
and microwave laboratory. Figure 6a) demonstrates simu-
lated and measured S;; curves for SAA structure. The ob-
tained results approve coverage of frequency band (3.35 to
9.51) GHz by the proposed SAA. Besides, there is a close
agreement between the simulated and measured results

(b)

Fig. 5. Surface current distribution on 2 x 2 array antenna
structure: (a) with rectangular stubs, (b) without
rectangular stubs.
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Fig. 6. (a) Impedance bandwidth, and (b) AR and gain of the

proposed 2 x 2 array antenna structure.

confirming a dependable performance of the established
design. Investigating the S;; curves regarding CPSA and
2 x 2 array antenna reveals that more resonances are ex-
cited in the case of array structure. This is due to the for-



672 S. MOHAMMADI-ASL, J. NOURINIA, C. GHOBADI, M. MAJIDZADEH, A COMPACT ARRAY ANTENNA: EXPLICIT DESIGN ...

mation of longer paths for surface current circulation on
the antenna body. By taking longer paths, more resonances
are excited and wider bandwidth is obtained. Figure 6b)
includes simulated and measured results for AR and gain
values of investigated SAA. It is evident that CP feature is
achieved in the frequency range of 3.36-6.15 GHz which
is thoroughly covered by S;; bandwidth. Moreover, the
gain value is varied between 3 to 6 dB which satisfies the
requirements of communication applications. Similarly, the
obtained results are in consistency with their measured
counterparts. An increase in gain values is recorded due to
inherent characteristics of array antennas compared to that
of CPSA.

5. On Design and Performance of 4 x 4
SAA Configuration

To end in further improvements and better results, the
proposed SAA is extended to 4x4 configuration in which the
constituting elements are the proposed CPSAs. Figures 7a)
and b) display the schematic and fabricated configurations,
respectively. As can be seen, 16 CPSAs are arranged in the
form of four 2 x2 SAAs. SR feeding mechanism is also
adopted to excite the SAA configuration. With respect to
measured and simulated S;; curves (Fig. 8a) it can be noticed
that more resonances and wider impedance bandwidth are

(©)

Fig. 7. (a) Schematic structure of the proposed 4 x 4 array
antenna structure, and (b) the fabricated prototype
from top and bottom view.
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Fig. 8. (a) Impedance bandwidth, and (b) AR and gain of the
proposed 4 x 4 array antenna structure.
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Fig.9. Simulated and measured radiation patterns of 4 x 4
SAA at (a) 4.8 GHz, and (b) 6.5 GHz.

attained against the preceding 2 x 2 configuration. This figure
signifies frequency coverage of 1.48—12.88 GHz broadening
the impedance bandwidth of the established SAA. Owing to
structural extensions in the form of 4 x 4 configuration, Fig-
ure 8b) reveals that AR bandwidth gets considerable
improvement and covers 3-8 GHz frequency band. As it is
expected, gain is increased by an increase in the array size.
This issue could be validated based on the results in
Fig. 8b). As can be seen, gain values are varied between 7
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and 9dB in the AR frequency range. Apart from this,
RHCP and LHCP radiation patterns are investigated in
Fig. 9 at 4.8 and 6.5 GHz. It is clearly seen that radiation
patterns meet the requirements of communication systems
in both xz and yz planes. As well, a proper similarity is seen
between the simulated and measured results. Based on the
reflected results, the proposed design is recognized as
a suitable choice for C and X band applications.

Based on the conducted studies on single antenna el-
ement, 2 x 2, and 4 x 4 array antennas, it could be deduced
that array structures improve the anticipated functionalities
compared to that of CPSA element. Similar conclusions are
attained in regard of impedance bandwidth and AR. As
well, results confirm that the obtained improvements based
on 4 x 4 array antenna prevails 2 x 2 array performance in
terms of wider bandwidth and increased AR. As men-
tioned, arranging the CPSA elements in the form of array
structures provides more paths for current circulation and
hence, the reflected remarks are emanated. As current takes
longer paths on the antenna structure, more resonances are
excited in impedance and AR bandwidth and hence, wider
bandwidths are obtained.

6. Comparative Studies: The Proposed
Design versus the Archived Topolo-
gies
A detailed comparative study is launched here to in-

vestigate the proposed SAA performance. To this end, the

established 2 x 2 structure is tailored against the recently
published 2 x 2 designs [12—17]. The comparison is con-
ducted in terms of 10-dB impedance bandwidth, 3-dB AR
bandwidth, and the total size of the array antenna. Results
are reported in Tab. 3. As this table unveils, the array size
in [12—16] is larger than the proposed SAA. This is while;
10-dB impedance bandwidth and 3-dB AR bandwidths are
narrower which reveals a performance defect against the
larger implementation space. The array antenna structure in

[17] is relatively smaller than the proposed structure. How-

ever, it merely covers 29% impedance bandwidth and

15.5% AR bandwidth of the proposed configuration. The
limited operating features of the investigated design do not
end in lukewarm reception in the related applications. It is
clearly shown that the presented SAA offers smaller size
with respect to many of the previous designs. More inter-
estingly, it exhibits better performance regarding imped-
ance and AR bandwidths. Regarding peak gain values,
6 dBic is recorded for the proposed design. Accordingly,
gain requirement of real-case communication systems is
satisfied. The recorded gain value is a bit smaller than the
recorded values in [12—17]. It is worth noting that higher
gains are obtained via larger array structures with limited
impedance bandwidth and narrower AR. However, a suita-
ble compromise could be established to reach to a well-
dressed design with anticipated functionalities. As well,
comparison of radiation patterns in [12—17] reveals that
suitable radiation patterns are obtained for communication
systems applications in the aforementioned designs.

7. Conclusion

This study intended to propose a novel scheme of
a CPSA as well as its extensions to 2 x 2 and 4 x 4 SAAs
for C and X band applications. First, a CPSA with a simple
and compact configuration was proposed as the array ele-
ment. Then, with the aim of performance enhancement,
2 x 2 and 4 x 4 SAAs were extended. Wise combination of
array elements as well as SR feed technique yielded in 10-
dB impedance and 3-dB AR bandwidths enhancement. The
overall size of the single CPSA, 2 x 2, and 4 x 4 SAAs are
20% 20 x I mm®, 51 x 50 x 1 mm®, and 107 x 107 x 1 mm’
respectively. Comparison of the present 2 x 2 SAA with
previous designs revealed that although the SAA in this
work occupies smaller area, it provides better operating
metrics. The presented SAA structures exhibit smaller size,
cost effective fabrication, high gain values, and suitable
performance against the recently achieved designs. As
well, a close agreement was noticed between the measured
and simulated results nominating the proposed design as
a suitable choice for communication systems.

References
Comparison Term
[12] [13] [14] [15] [16] [17] This work
10-dB impedance
bandwidth [GHz] 4-8.1 4.82-5.12 5.20-6.23 1.15-1.95 446-5.5 5-6.75 3.35-9.51
3-dB A;‘Gl;‘z'idwmth 475-6.82 484-5.13 5.25-5.95 1.15-1.9 45254 532-6.22 3.36-6.15
Total size [mm’] 90x90x0.8 | 100x100x3 | 75x75x1.5 220 x 220 x 1.6 90x90x0.5 | 45%x45x1.6 51 x50x1

Tab. 3. Comparison results between the present 2 x 2 array antenna and previous designs.
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