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ABSTRACT: This work introduces a small cycle-shaped antenna for multiband applications. The design combines three main ideas,
concentric circular rings on the patch, spoke-like arms to excite higher frequencies, and a hexagonal slot in the ground to extend bandwidth.
The antenna is built on a 40 x 42 x 1.6 mm® FR-4 substrate and works across three frequency bands within 3.04-3.62 GHz and 5.07—
8.08 GHz, suitable for sub-6 GHz, ISM, WLAN applications. The structure is easy to tune, and increasing rings and the length of the
spokes shifts the resonance to lower frequencies. Smaller gaps between rings may increase coupling and bandwidth. A bigger hexagonal
slot etched on the ground widens the range but may slightly shift the frequency. With these features, the antenna achieves strong resonances
and good return loss at 3.31, 5.75, and 7.58 GHz, achieving Si; of —19.4dB, —34.9 dB, —21.4 dB showing that it can support wireless

applications.

1. INTRODUCTION

Wireless communication has been developed very rapidly
over the past few decades, during which it caught every-
one’s attention. Today, all these devices need to support Wi-
Fi, WLAN, and also WiMAX without increasing their cost and
size [1]. Smaller antenna structures are becoming popular due
to their smaller dimensions. Engineers are mostly focusing on
designs that can achieve more with less space (multiband, wide-
band, and efficient) [2]. Due to this need, engineers have ex-
plored various antenna structures such as adding slots, integrat-
ing ring structures, adding additional slits, and etching slots on
the ground plane to improve performance [3-5]. In[6], a 3D an-
tenna operating from 1.10 to 2.20 GHz has a complex structure
and fails to produce high gain. In [7], a Vivaldi antenna with
an impedance bandwidth of 0.55 GHz is reported, but it can-
not provide sufficient bandwidth or isolation. A unique dual-
band slot antenna is presented in [8], where arc-shaped slots are
inserted into two semicircular slots on the ground to achieve
the desired frequencies. In [19], a triangular slotted antenna
is transformed into a floral-shaped slot. In [9], an antenna for
sub-6 GHz applications is discussed; however, its physical size
is relatively large.

In [10], the importance of slits and slots on improving
impedance matching is discussed. Engineers have developed
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many circularly polarized symmetric slotted antennas. Among
them, cross-shaped polarized symmetric slot antennas perform
better than many other shapes, as reported in [11]. In [12],
another compact single-feed circularly polarized antenna is in-
troduced with diagonal slits on the patch. In [13], an asym-
metric circular patch antenna for Radio Frequency Identifica-
tion (RFID) applications is presented. Increasing effective sub-
strate thickness can improve the bandwidth, and integrating an
inverted-U shaped structure increases the electrical length of
the design, as discussed in [14]. Several antenna structures have
been introduced to generate circular polarization. Examples in-
clude circular slots with split-ring resonators [18], asymmetric
structures [ 16], uneven C-shaped slots [ 15], V-shaped slits [20],
and cross-slot coupling techniques [17], all reported in the lit-
erature.

A circular patch antenna with a pentagon slot is presented
in [21]. To achieve better performance, different slot tech-
niques are discussed in [22]. A meander-line antenna array
for multiple-input multiple-output (MIMO) applications is re-
ported in [23]. Many of these applications are battery-powered
handheld devices; regular charging ensures smooth commu-
nication [28]. Energy harvesting from surrounding radio fre-
quency (RF) signals can support wireless systems [24]. Mi-
crostrip patch antennas and wideband antennas with metama-
terials are considered for RF energy harvesting in [25-27,29].
Circular and ring-shaped antennas are often preferred because
they operate at multiple frequencies without increasing size.
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FIGURE 1. The evolution of the CCRA design followed a four-step process, initiating from the Ant 1 and resulting in the final configuration at Ant 5.

(a) (b)

FIGURE 2. Configuration of cycle-shaped circular ring antenna with
(a) top and (b) bottom view.

To reduce the interference from WLAN, WiMAX, and satel-
lite services, the authors in [30] suggest a small ultra-wideband
(UWB) MIMO monopole antenna with three integrated notch
bands. A small multiband monopole MIMO antenna that can
function in the 2.4, 3.5, and 5-6 GHz wireless bands is pre-
sented in [31]. To improve directivity, a superdirective wide-
band array that uses circular monopole components loaded with
parasitic patches is presented in [32]. Still, some of the studies
from the literature show strong performance [30-32].

The antenna presented in this work is developed using a
compact cycle-shaped circular ring antenna (CCRA) structure
combined with semicircular slots to achieve multiband perfor-
mance. To further optimize performance, the ground plane
is etched with a hexagon slot, which strengthens impedance
matching and supports stable resonances. The rings and spokes
that determine the antenna performance-larger dimensions shift
the resonance to lower frequencies, while smaller geometry
moves the frequency upward. The bandwidth is controlled by
the ring spacing and hexagon slot size; smaller gaps or larger
slots result in wider bandwidth. Placing the feed near strong
current points improves impedance matching and performance.
The proposed CCRA design is analysed using electromagnetic
simulation tools. Radiation patterns and gain metrics are ob-
tained through ANSYS High Frequency Structure Simulator
(HFSS).

2. ANTENNA DESIGN

A single circular annular ring with cycle-shaped slots is oper-
ated at several bands. The antenna is smaller in its overall di-
mension, and it is approximately 40 x 42 x 1.6 mm?, fabricated
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on FR-4 with a thickness of 1.6 mm. Moreover, the ground
plane of the design is etched with a hexagon shape for better
enhancement. In the device testing phase, they both resonate
greatly with good reflection coefficients. The measured reflec-
tion coefficient values show that the antenna resonates well at
the respective resonances. The design is constructed incremen-
tally (as specified in Figure 1), ranging from a simple circular
ring patch to arranging ring slots until they obtained the final
required band. The evolution of the CCRA design followed a
four-step process, initiating from Ant 1 and resulting in the final
configuration at Ant 5, as shown in Figure 1. The final config-
uration of the CCRA antenna design is shown in Figure 2. Key
parameters of the CCR antenna geometry are provided in Ta-
ble 1.

These rings look like the spokes of a bicycle wheel, hence
their circular nature. The electrical length is increased, and
multiple correlated current paths are formed due to the presence
of several rings, which contribute to achieving multi-resonant
modes and broadening bandwidth. Then, spoke-like features
(or tear-dropped arms) appear from the outer ring toward the
centre. The spokes are typically arranged in four particularly
consecutive, but also non-consecutive pairs. A hexagon slot is
etched at the centre of the ground plane of the antenna.

The proposed CCRA design achieves multiband behaviour at
each step in the design and introduces new resonating lengths
and paths. In Figure 1(a) Ant 1, the plain circular patch oper-
ates at a single frequency band. In Figure 1(b), a circular ring
is etched, forming an additional ring loop for surface currents,
displaying a shallow dip indicating weak resonance. In Fig-
ure 1(c), four semicircular slots disturb the current flow and
add another strong resonance with a deep notch and better cou-
pling. In Figure 1(d) and Figure 1(e), additional inner rings and
spoke-shaped slots are integrated, which further increase the ef-
fective current length and lead to new frequency bands. As the
design is developed by adding circular rings, polygon slots, and
the modified ground, new resonances appear.

The fabrication model of the CCR antenna with connectors
is shown in Figure 3. The notches in the curves represent the
frequencies where impedance matching occurs. Finally, in Fig-
ure 4, the measured S values are compared with the final con-
figuration antenna in Figure 5. The simulated curve is repre-
sented in black, and the measured curve is represented in red.
Their values closely match and prove that the fabricated design
operates the same as the simulated design. Eventually, Fig-
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TABLE 1. Key parameters of the CCRA geometry.

Dimension | Value (mm) | Dimension | Value (mm)
L 40 3 13
Wi 42 T4 35
L 2 5 3
Ls 12 T 2.5
1 16 7 1.9
I 14 a 3.5
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FIGURE 5. Comparative results of simulated and measured based on S11
consistency across operating band.

ure 6 exhibits the voltage standing wave ratio (VSWR) results
for measured and simulated cases.

These equations explain how the effective radius is deter-
mined by taking into account the ring-shaped geometry. With
these parameters, the resonant frequency of the antenna is fi-
nally obtained through the expressions given in Equations (1)—
(7). The specifications of the circular ring-slotted antenna are
shown in Table 1. Here, the resonant frequency is calculated by
three techniques.

Half wave microstrip slot model (\/2)

Cc

fres = 2L—7

C
A — (1)
Eeff 2fT€S\/€€ff
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FIGURE 6. Measured VSWR performance of the antenna.
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FIGURE 8. S characteristics for different configurations of 7.

Circular patch TM;, is approximated by

X X
fres = 1e , a= e (2)
2wa /e, 27 fresv/Er

Ring slot circumference model, when mean circumference ~

guided wavelength
Wrey & Ny f ¢ 3)
™ € ~ b res
7 g 2T of\/[Eeff
c
Teff = —F7——— 4
4 27Tfres,/€¢ﬁf ( )
Guided wavelength
c
Ag = ———— 5
g fres \/Eeff ( )
Patch radius is used to reduce resonance
8.791 x 10°
A 6)

fres\/a
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FIGURE 7. S11 characteristics for different configurations of r5.
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FIGURE 9. S characteristics for different configurations of 5.

0= E ™

J1+ % [In(ZE) + 1.7726]

F = scaling factor and f;..s; = actual frequency.

3. RESULTS AND DISCUSSION

The simulated S, characteristics of the CCR antenna for dif-
ferent values of dimensions 71, ro, r3, and r4 are analyzed.
All these parameters 71, 72, '3, 74, and rg are varied to no-
tice their impact on the impedance matching and operating fre-
quency features over the frequency range of 1-10 GHz. It can
be analysed that minor changes within these radii majorly af-
fect both the resonant band shift and the drop in the return
loss. As r1 (Figure 8) varies from 15.8 mm to 16.0 mm, the
lower band shifts toward higher operating frequencies, demon-
strating responsiveness in the antenna’s electrical length. In
the same manner, increasing ro (Figure 9) changes the cou-
pling within the radiating patch and produces good changes in
bandwidth and operating frequency stability. The parameter rg
(Figure 10) impacts the tuning of the network and impedance
matching when rg = 2.5 mm, resulting in an S7; below —35 dB
at nearly 6 GHz. This shows that ¢ plays a major role in vary-
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FIGURE 12. Analysing co-pol and x-pol at (a) 3.31 GHz, (b) 5.75 GHz, (c¢) 7.58 GHz.
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FIGURE 13. Variation of gain and RE across frequency minimal show-
ing the consistent gain characteristics.

ing the return loss and resonance peak. Similarly, differences
in r4 (Figure 11) mostly influence the resonance frequency and
bandwidth. When 74 is tuned to 3.5 mm, the design demon-
strates good reflection performance. The parameter 75 (Fig-
ure 7) impacts the tuning of the network and impedance match-
ing when r5 = 2.8 mm, resulting in an S7; below —30dB at
nearly 6 GHz. This shows that r5 plays a major role in vary-
ing the return loss and resonance peak. Similarly, differences
in 74 mostly influence the resonance frequency and bandwidth.
When r4 is tuned to 3.5 mm, the design demonstrates good re-
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FIGURE 14. Axial ratio of the design showing losses over the operating
frequency.

flection performance, exhibiting improved characteristics. To
sum up, the parametric analysis shows that all the radii con-
tribute to the electromagnetic response.

The proposed simulated and measured co-pol and x-pol at
3.31GHz, 5.75GHz, and 7.31 GHz are shown in Figure 12.
The plots of both the co-polarization and cross-polarization
configurations are seen in Figure 12. At the 3.31 GHz fre-
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FIGURE 16. Demonstrating variation of current flows at different three operating frequencies at different angles.
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TABLE 2. Performance comparison of the CCRA design with other designs available in literature.

Operating Achieved Peak
Antenna ) Su .
Reference . Bands Bandwidth Gain
Size (o) (dB) .
(GHz) (GHz) (dBi)
1.85 1.75-1.95 —14 2.88
[29] 0.308 x 0.185
33 3.2-34 —13 5.8
2.45 2.3-2.55 —25 4.8
[24] 0.245 x 0.490
5.8 5.65-5.92 —-19 6
3.47 3.3-3.6 —25.8 43
[27] 0.440 x 0.463
6.96 6.7-7.4 —28.4 5.8
[25] 0.317 x 0.208 2.5 2.4-6.0 5
[30] 0.128 x 0.224 x 0.0128 | 3.5,5.5and 6.5 2 < —15 3.49
2.46 5
[31] 0.24 x 0.32 x 0.0128 1.5 < —10
3.47 4.32
[32] 0.34 x 0.18 x 0.22 2.94-7.93 34 < —15 4.0-8.3
P d 3.31 3.04-3.50 —19.4dB 5.45
ropose 0.441 x 0.463 5.75 ool —34.9dB 5.74
antenna 5.07-8.08
7.58 —21.4dB 5.83

quency, the antenna demonstrates approximately smooth and
stable polarization patterns. As the resonance frequency in-
creases to 5.75 GHz, co-pol pattern lobes are a bit boarder, and
x-pol patterns remain within limits. At 7.58 GHz, consistent
directional features are observed. Finally, the CCR antenna ex-
hibits stable patterns over all frequencies, confirming the best
performance across a wide frequency range. The results show
that the CCRA structure attains a good balance among gain, di-
rectivity, and radiation stability over the overall extended fre-
quency range.

At lower bands, the surface current radiates across most of
the radiating patch and ground plane, demonstrating that a ma-
jor part of the structure supports in radiation is discussed in Fig-
ure 16. When the frequency becomes higher, the current accu-
mulates mostly near the slots and edges of the conductive patch.
This characteristic indicates that these regions are responsible
for attaining resonance. Finally, the antenna supports better
gain across all bands, proving that it is supportive for wireless
applications.

The CCR antenna’s gain and radiation efficiency over the
frequency are explained in Figure 13. The gain remains sta-
ble, showing that the antenna delivers good performance across
the band. The radiation efficiency plot, shown in Figure 13,
which is highlighted in red, remains high with only small vari-
ation at higher frequencies. Without major losses, the antenna
strongly transforms the power into radiated energy. The axial
ratio is shown in Figure 14 with simulated and measured re-
sults. The considerable overlap between the two curves shows
good agreement. The axial ratio lies below 3 dB over frequency
range (1-10 GHz), indicating that the antenna achieves circu-
lar polarization with reduced losses. Finally, both results con-
firm the CCR antenna’s reliable performance and good radia-
tion characteristic over the desired frequency band. Figure 15
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explains the 3D gain characteristics along with schematic of the
patch simulated in HFSS. Table 2 explains the literature study
of previous published works compared with proposed CCRA
design results.

4. CONCLUSION

This study presents a compact cycle-shaped antenna capable of
wideband and multiband operation. By combining concentric
circular rings, spoke-like extensions, and a hexagonal slot in
the ground plane, the design achieved strong resonances across
two frequency ranges: 3.04-3.59 GHz and 5.07-8.08 GHz. The
simple structure makes the antenna compact and low cost, and
also supports tuning through geometric adjustments such as
ring size, spoke length, slot dimensions, and feed position.
These spokes function as additional radiating arms and alter
the way currents circulate on the patch. They are particularly
powerful for high frequencies (5—8 GHz) and can be tuned by
their length and shape to adjust the coupling strength and band-
width. The results confirm that the antenna maintains good
impedance matching and stable performance at key frequencies
of3.31, 5.75, and 7.58 GHz, with its ability to cover sub-6 GHz,
WLAN, WiMAX, and mid-band 5G applications.
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