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Multi-band circularly polarized
patch antenna with CPW feed
based on sunflower geometry and
Gielis superformula for wireless
communication

Kanika Joshi!, Gaurav Kumar Soni? & Dinesh Yadav?™*

In modern wireless communication systems, antennas that support multiple wireless standards,
enabling applications such as WLAN, Wi-Fi, WiMAX, C-band, RFID and 5G NR are essential. These
multi-band antennas help reduce both system space and cost. This paper presents a multi-frequency
broadband circularly polarized patch antenna based on Gielis’s superformula. The multiband
characteristics are achieved through a sunflower-inspired multi-ringed patch structure. The antenna
is designed on a 59.691 mm x 60.41 mm Rogers RO4003 substrate and utilizes a CPW feed, which
enhances the bandwidth from 0.88 to 1.61 GHz (L-band), 2.46-2.60 GHz (S-band), and 4.87-6.49 GHz
(C-band). Circular polarization in the C-band is achieved by introducing slots in the ground plane. The
proposed design demonstrates operation at central frequencies of 1.06 GHz, 2.56 GHz, and 5.8 GHz.
Simulated and measured results of return loss, radiation patterns, and realized gain show good
agreement.
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Circularly polarized antennas are becoming a natural choice of wireless communications technologies like
satellite communication, radars, and global positioning systems, etc. for their advantage to reduce multipath
effect and irrelevance of antenna orientation!?. Various types of circularly polarized antenna such as helix
antenna, spiral antenna, dielectric resonator microstrip patch antenna, etc. have been investigated during the
past few decades>!. Among them, circularly polarized microstrip patch antennas have attracted significant
research interest due to their advantages of low cost, low profile, and ease of fabrication, despite limitations such
as narrow bandwidth and low gain performance!. Several techniques, such as the use of various geometries,
different types of slots, and mathematical approaches like Fourier analysis and super-ellipse equations, have been
applied to improve bandwidth>®.

One such technique involves the use of natural forms or shapes generated using the superformula, developed
by Gielis and reported in’. The fundamental basis for the equation is of a circle in which the mathematician
Gabriel Lamé generalized ellipse equation is inserted where the power of 2 is replaced with any real number n
and the equation is scaled along X and Y axis.

o Y =1 (1)

Gielis’s breakthrough was to expand the superellipse concept to polar coordinates, enabling a much wider range
of shapes to be described. In polar coordinates, the superformula is represented as
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Where, the number of ends is decided by the value of m. The value of a and b decides the symmetry of the design
and n,n, and n, are used to determine the position of the ends.

This mathematical formula is used to design various 2D natural or artificial shapes. The resulting designs
are more precise and proportionate, as the formula accounts for the number of edges and indentations in the
shape. Experimental research in this area has introduced a new class of patch geometries for various microwave
applications. For example, A. Omar et al. proposed an ultra-wideband circular patch antenna with a sawtooth-
like circumference, as discussed in°. The antenna operates over a 3.1-10.6 GHz bandwidth but exhibits linear
polarization with no frequency notches. The same group later proposed a modified design, described in®,
incorporating two arc-shaped slots and one split-ring resonator (SRR) in the ground plane, which generates two
frequency notches at the WiMAX and WLAN bands while maintaining linear polarization.

Mao et al. proposed a wideband dual-sense circularly polarized (CP) helical array antenna with enhanced
isolation. The design utilizes two concentric helical antennas with opposite winding directions and different
radii to achieve left-handed (LHCP) and right-handed (RHCP) CP radiation within the same frequency band.
A 2 x 2 array configuration with sequentially rotated microstrip feeding networks on the same plane was
implemented to further enhance performance. The fabricated prototype achieved overlapping impedance and 3
dB axial ratio (AR) bandwidth from 3.7 GHz to 5.0 GHz (30% fractional bandwidth), with isolation better than
22 dB, demonstrating excellent dual-polarization characteristics’. Chen et al. proposed a bandwidth-enhanced
full-metal circularly polarized cavity-backed slot antenna and array using two pairs of degenerate modes within
a single cavity. Unlike conventional CP antennas with a single AR minimum, their design achieves two AR
minima, resulting in wider bandwidth. Metal prisms are introduced to bring the two CP bands closer together,
enhancing the operational bandwidth. A 2 x 2 cross-slot array, directly fed by cavity modes, eliminates the
need for additional power dividers. The fabricated antenna achieved a 15% bandwidth, a peak gain of 11.8
dBic, and a total efficiency of 96%!°. Naser et al. designed a compact ultrawideband (UWB) MIMO antenna by
placing two single-pole super-formula-based antenna elements at 180° orientation. The results demonstrated
low envelope correlation coefficient (ECC) and good group delay performance, indicating favorable diversity
characteristics!!. Poordaraee et al. proposed an eye-drop-shaped patch antenna with an elliptical cut, achieving
circular polarization at 2.45 GHz. The design is a single-band, narrow-band, circularly polarized patch antenna
with a low return loss coefficient!?. Bhaskar et al. introduced a CPW-fed antenna utilizing a super-shaped slot
and super-shaped patch. The simulated results exhibited UWB performance from 2.5 GHz to approximately 9
GHz with an almost constant gain of around 5 dB'>. Sun et al. proposed an ultrawideband circularly polarized
halved-type Vivaldi antenna (HVA) with symmetrical radiation patterns. The design features a rotational-
symmetry structure where each HVA element serves as both the radiator and ground plane, eliminating the need
for an additional ground plane. A compact sequential phase feeding network is integrated into the design. The
fabricated antenna achieved an impedance bandwidth of 111.5% (0.52-1.83 GHz), a 3 dB axial ratio bandwidth
0f 100% (0.49-1.47 GHz), and a peak gain of 7.2 dBic”. Wei et al. proposed a dual-band rotational-feed circularly
polarized antenna array using two pairs of symmetric dipoles. The low-frequency CP radiation is achieved by
longer dipoles, while the high-frequency CP radiation results from the combination of shorter dipoles and
higher-order modes. A compact 1-to-4 rotational feeding network was employed. The antenna achieved |S11|
< —10 dB from 0.8 to 1.26 GHz and 2.15-2.82 GHz, with 36.3% AR bandwidth at low frequency and 24.5%
at high frequency. The realized gains were 7.7 dBic and 12.3 dBic, with symmetric radiation patterns'*. An
et al. proposed a dual-band, dual-sense circularly polarized antenna using a microstrip-line-fed, slot-coupled
magneto-electric dipole (ME-dipole) structure. In this design, the coupling slot serves both as a feeding structure
and a radiating element, enabling LHCP and RHCP generation without the need for two separate antennas. The
design achieved dual-band impedance bandwidths of 18.2% (2.14-2.57 GHz) and 17.8% (3.78-4.52 GHz), with
LHCP and RHCP axial ratio bandwidths of 21.3% and 25.9%, respectively'®. Fathima et al. proposed a compact
fractal Koch-shaped slot antenna achieving seven resonant bands (1.7-6.7 GHz) with impedance bandwidths
of 1.6%-9.8%, suitable for GPS, WLAN, WiMAX, and satellite applicationslﬁ. Goel et al. designed a single-layer,
proximity-fed circularly polarized antenna with orthogonal circular slots, covering dual bands (3.2-3.9 GHz and
4.9-5.6 GHz) and compact size (80 x 80 x 1.6 mm?)'7. Ali et al. introduced a compact patch antenna for WBAN
at 2.4 GHz ISM band with high efficiency (53% off-body, 46% on-body), low SAR, and stable far-field patterns
(62 x 43 x 1.67 mm®)'%. An et al. developed a dual-band dual-sense CP antenna using a slot-coupled ME-dipole,
achieving wide AR bandwidths of 21.3% and 25.9% at 2.14-2.57 GHz and 3.78-4.52 GHz, respectively'.

In this paper, a multi-frequency broadband circularly polarized patch antenna based on Gielis’s super-
formula is presented. The antenna is fed using a coplanar waveguide (CPW) feed. The feed consists of a central
conducting strip and two ground planes placed around it, printed on the same side of the dielectric substrate. It
consists of two ground slots and multiple T slots to achieve broadband at 1.06 GHz and 5.8 GHz with circular
polarization. The proposed antenna has dimensions of 62.3 mm x 59.7 mm with a good gain.

Compared to the above mentioned designs this work achieves integration of the Superformula geometry with
dual band circular polarization performance. Further the use of CPW feed has reduced the design to a single
layer. Thereby reducing cost, complexity and thickness of the design. The application of multiple slots produces
high efficiency and circularly polarized bands of 0.095 or 9.5% and 0.037 or 3.7% bandwidth in the C band.
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Design of the multi-ringed super-formula-based antenna

The design of the proposed antenna structure begins with a CPW-fed multi-ringed superformula-based patch
antenna, utilizing a Rogers RO4003 substrate (substrate thickness h=1.6 mm, relative permittivity e =3.55,
and loss tangent tan § =0.0027). The antenna structure is positioned in the x-y plane, with its normal direction
aligned along the z-axis. The initial antenna shape is generated using the superformula, and subsequently, two
rings of equilateral triangles are incorporated step by step, as illustrated in Fig. 1. The value of a=b=1 to achieve
mirror symmetry. The value of m =30 to get multiple edges and the value of n, =n, =n,=>5 to position these edges
on the circumference of this design.

First, a circular patch antenna structure is designed, and the first ring of polynomials is added on the
circumference and simulated as shown in Fig. 1(a). To increase the bandwidth and other parameters a second
ring is added over the first one, as shown in Fig. 1(b). But now the resonant frequency shifts forward in the
8 GHz range. So, a third ring is subtracted from the patch structure, which makes the structure resonate in the
desired frequency range as shown in Fig. 1 (c).

A CPW feed is used to excite the proposed antenna. The dimensions of the feed are calculated using the
following formula, as explained by K.P. Ray in'°.

c 7.2

I =X=Ixr+» ®

Where,

‘L is the height of the planar monopole antenna, ¢’ is the effective radius of the equivalent cylindrical
monopole antenna, and ‘p’ is the length of the 502 feed line. All the units are taken in cm.

For the purpose of designing, the monopole antenna is equated with a cylindrical monopole antenna with a
large diameter whose bandwidth is proportionate to its diameter. This is done because a CPW feed is designed
according to the lower band edge frequency of all usual shapes of monopole antennas. We are choosing a
circularly polarized antenna as a base design; we need to equate the area to a cylindrical monopole antenna.
As the total surface area of a cylinder can never equal the area of its base circle, the curved surface area is thus
equated with a circular patch antenna by the following Eq.

2rrh =7 ad® (4)

Where, 7’ is the radius of the cylinder, l’ is the height of the cylinder, and %@’ is the radius of the circle of equal
area. The final dimensions of the feed p are calculated by substituting the value of L=2a, i.e. complete diameter
of the circular patch and r=a/4, i.e. circumference divided by 2m and f=5.8 GHz.

The dimension of the vertices of the equilateral triangle of each ring is optimized to get maximize bandwidth
output. The length of the ground plane in a CPW-fed design can be optimized since the design formula depends
on the ratio between the ground plane width and the feedline width. Therefore, the length of the ground plane
and dielectric substrate was reduced by 4.5 mm on each side, making the structure more compact without
negatively impacting the antenna’s performance parameters.

() (b) (c)

Fig. 1. Different simulated stages for super-formula-based patch antenna with their front view and side view
(a) single ringed. (b) Double ringed. (c) Triple ringed.
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Fig. 2. (a) Simulated design of Multi-ringed Super-formula-based antenna (b) Design of Multi-ringed Super-
formula-based antenna with dimensions in mm.
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Fig. 3. The return loss graph as a function of frequency with step wise addition of rings to the antenna.

The final dimensions of the proposed structure are 59.691 mm x 62.3 mm and the size of the vertices of the
equilateral triangles is 2 mm, 3 mm, and 0.5 mm, respectively, from outside to inside, as shown in Fig. 2.

As illustrated in Fig. 3, the triple ringed patch antenna structure has a wider bandwidth than the other
two designs. The simulated results indicate a dual-band broadband antenna structure with 5.94 GHz (with a
bandwidth of 0.52556 GHz, or 52.56%) and 1.21 GHz (with a bandwidth of 0.41659 GHz, or 41.66%) of central
frequencies.

Design of the super-formula-based antenna with circular polarization

The next step is to achieve circular polarization for the multi- ringe d super-formula-based patch antenna. So,
multiple slots in the ground were introduced at a 45" angle. Then a ground defect was introduced along with
the slots. This improved the circular polarization bandwidth, but now the structure behaves like a single-band
antenna. In the next step, multiple slots were introduced in the patch structure at various angles and optimized
to improve the parameters.

It is observed that by introducing multiple T slots at 45°, —135°, and 135° each, the optimum result is obtained.
This also leads to the removal of the deepest ring, as shown in Figs. 4 and 5. An introduction of an T slot at
90° on the top of the patch improves the gain parameter. The dimensions of the ground slot and patch slots are
shown in Table 1.
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Fig. 4. (a) Simulated design of the Super-formula-based antenna with multiple T slots and ground alterations
(b) Design of the Super-formula-based antenna multiple T slots and ground alterations with dimensions in
mm.

(a)

g h1 !

(b) () (d)

Fig. 5. Design of the (a) ground plane of the antenna (b) central T slot (c) tilted T slot (d) rectangular top slot
of the antenna.

Result of the super-formula-based antenna with multiple T slot and ground
modification

The proposed antenna is fabricated on a Rogers RO4003 substrate (substrate thickness h=1.6 mm, er=3.55,
tan §=0.0027) as shown in Fig. 6 and was measured at CARE labs at IIT Delhi. The measured and simulated
results of the return loss versus frequency are shown in Fig. 7, which are found in good agreement with each
other. The antenna now behaves as a multi- band broad band antenna with a central frequency of 1.06 GHz (with
the bandwidth of 0.670441 GHz or 67.04%), 5.822 GHz (with the bandwidth of 0.29479 GHz. or 29.48%), and
2.562 GHz (with bandwidth of 0.0591 GHz or 5.9%).
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a 5 h1 21
b 3 g 10
c 12 h 115
d 9 i 10
e 6 j 15

Table 1. Measurement of ground slot and patch slot.

(@) (b)

Fig. 6. (a) Picture of the antenna with VNA at the time of antenna testing of Multi- ringed Super-formula-
based antenna. (b) Picture of the Multi- ringed Super-formula-based antenna.
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Fig. 7. The return loss graph as a function of frequency for multi- ringed super-formula-based antenna.
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Fig. 8. The axial ratio plot of the of the Multi- ringed Super-formula-based antenna.
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Fig. 9. The gain plot and efficiency plot of the of the Multi- ringed Super-formula-based antenna.

After inserting T slots in patch and other slots in ground the antenna behaves as a circularly polarized
antenna in the C band with bandwidth from 5.31 to 5.75 GHz or 7% and 5.75-6.1 GHz or 11% as shown in Fig. 8.

The peak gain and the compound total efficiency are plotted in Fig. 9. The peak gain of the antenna at
5.82 GHz is 5.2 dB as shown in Fig. 9. It is found that at 5.82 GHz the efficiency is 98% which corresponds
with the gain. The measured 2-D co polar and cross polar radiation patterns in elevation and azimuth planes
at 5.82 GHz frequency is shown in Fig. 10 (a) and (b). It is observed that the co-polar radiation pattern is in
mushroom shape with the major power radiated in the forward direction and the cross-polar radiation pattern
nearly omnidirectional in nature and significantly resembles with monopole antenna. In elevation plane; the co-
polar patterns at all frequencies are higher than cross polar patterns.

The surface current distribution of the antenna at 5.82 GHz is shown in Fig. 11. It is observed that the CPW
feed line carries a significant amount of current along the edges of the super-formula-based structure, which is
then directed towards the center through the T-shaped slots. At these locations, the electric field is generated.
On the ground plane, the current is primarily concentrated along the edges near the feed and around the ground
slots, where strong electric fields are also produced. These regions contribute to the generation of electric field
components Ex and Ey along the x-axis and y-axis, respectively. When Ex and Ey have equal magnitudes and a
90° phase difference, the antenna achieves circular polarization (CP). Furthermore, the surface current vectors
rotate in a clockwise direction, indicating that the antenna operates in right-hand circular polarization (RHCP)
mode. The surface current distribution is analyzed at various phase angles of 0°, 90°, 180°, and 270°, as illustrated
in Fig. 11.
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Fig. 10. The radiation pattern for the Circularly polarized Multi- ringed Super-formula-based antenna at
5.82 GHz (a) Measured Co-polarization, (b) Simulated Co-polarization, (c) Measured Cross polarization, (d)
Simulated Cross- polarization.
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Fig. 10. (continued)

Comparison of antenna dimensions, bandwidth, polarization and gain of the proposed antenna with other
reported super-formula-based antennas is shown in Table 2. The proposed antenna is capable of achieving lower
dimensions and higher gain in the C band.

Conclusion

A multi frequency broadband circularly polarized patch antenna based on Gielis’s super-formula is presented
in this paper. By inserting multiple T slots at a gap of 45° each and ground adjustments circular polarization
is obtained. The measured peak gain and corresponding total radiation efficiency of the antenna across all
operating bands are summarized as follows: 3.1 dB and 71% at 1.06 GHz, 2.4 dB and 68% at 2.56 GHz, and 5.2 dB
and 98% at 5.82 GHz. These results are consistent with the simulated trends shown in Fig. 9. The high efficiency
in the C-band can be attributed to the effective excitation of orthogonal modes and reduced substrate and
conductor losses, while slightly lower efficiencies at the lower bands arise from the electrically smaller aperture
and partial surface-wave coupling. Overall, the measured gain values confirm that the antenna maintains stable
radiation performance across its multiband operation. The proposed antenna now resonates in in the C band
with circularly polarized bands of 0.095 or 9.5% and 0.037 or 3.7% bandwidth. The other advantages of this
design are reduction in size, improvement in peek gain and peak directivity as compared to a normal patch
antenna. A comparison of the various antenna results and parameters is given in Table 3.
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Fig. 11. The surface current distribution at 5.82 GHz frequency at various phase angles of (a) 0°, (b) 90°,

(c)180° and (d) 270°.

1172017

52 %35

3.1-12

Linear

12/2018

40 x 50

2.398-2.511

Circular

13/2018

80 x 80

25-9

Linear

[N IS I SR

16/2017

56 x 55

1.5-1.8,2.2-2.6,3.3-3.6, 4.8 and 5.3- 6

Circular

1712017

80 x 80

3.2-3.9and 4.9-5.6

Circular

(53}

18/2019

62 x 43

2.33-2.44

Linear

3.01

152024

120 x 105

2.14-2.57 and 3.78-4.52

Circular

4.87
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59.69 x 60.41

0.88-1.56, 2.46-2.60 and 4.87-6.49.
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5.2

Table 2. Parameters for different antennas.
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S. | Type of antenna Resonant frequency (GHz) | Bandwidth (GHz) | Peak gain (dBm) | Peak directivity (dBm)
- 5.93 0.52, 35, 29,
1 | Multi- ring Super-formula-based antenna 123 041 33 1
5.86, 0.29 35.4, 35.4,
2 | The Super-formula-based antenna with T slot and ground modification | 1.14, 0.67 34.4, 29.9,
2.54 0.05 30.1 30.2

Table 3. Table of parameters for different antennas.
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