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ABSTRACT: In this paper, a novel, compact, broadband circularly polarized (CP) semi-hexagonal monopole antenna is proposed. The
antenna integrates a rectangular open loop and nonuniform asymmetric ground planes. The proposed design is fabricated on a 1.6 mm
thick FR4 substrate with overall dimensions of 0.83A; x 0.70A. x 0.021). at the center frequency f. = 3.935 GHz. It achieves an
impedance bandwidth of 4.51 GHz (1.68-6.19 GHz, 114.63%) and an axial ratio bandwidth of 2.6 GHz (2.3—4.9 GHz, 72.3%). The an-
tenna offers realized gains of 1.4 dBi and 0.5 dBi, with corresponding efficiencies of 64% and 51% at 2.4 GHz and 3.5 GHz, respectively.
It exhibits right-handed circular polarization (RHCP) across the ISM and WiMAX frequency bands. Furthermore, the antenna’s perfor-
mance is validated in a realistic environment using an Arduino-based wireless voltage monitoring system, demonstrating reliable data
transmission with minimal loss. These results confirm the antenna’s suitability for IoT applications requiring stable and efficient wireless

communication.

1. INTRODUCTION

The Internet of Things (IoT) enables seamless connectiv-
ity among physical objects, machines, sensors, servers,
and individuals, transforming healthcare, industrial automa-
tion, smart homes, and wearable technology through efficient
data transmission and automation [1,2]. To support loT appli-
cations, reliable wireless communication is essential. Addition-
ally, the Industrial, Scientific, and Medical (ISM) frequency
bands facilitate low-power devices, including Wi-Fi, Bluetooth,
Zigbee, Radio Frequency Identification (RFID), and for Near
Field Communication (NFC) applications. However, interfer-
ence from other radio frequency (RF) and microwave technolo-
gies necessitates advancements in RF front-end components,
particularly antennas, to ensure reliable performance.

IoT antenna designs have been explored to meet the di-
verse connectivity demands of modern wireless communica-
tion systems. They include monopole antennas, slot antennas,
multiple-input multiple-output (MIMO) antennas, and ultra-
wideband (UWB) antennas, each offering unique advantages
in terms of bandwidth, polarization, and diversity.

Certain state-of-the-art IoT antenna architectures utilizing
slot techniques include a cavity-backed slot antenna operat-
ing at 900-925 MHz [3] and a pattern-reconfigurable antenna
functioning at 2 GHz [4]. Similarly, MIMO techniques have
been demonstrated in a quad-element super-wideband (SWB)
MIMO antenna covering a frequency range from 3.1 GHz to
40 GHz [5] as well as in a compact 5G IoT MIMO system op-
erating from 2 to 4 GHz [6]. Additionally, UWB antennas have
gained attention due to their broad frequency coverage, with de-
signs like a coplanar waveguide (CPW)-fed flexible UWB an-
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tenna spanning 3.2-30 GHz [6] and a compact UWB monopole
antenna covering 3-9 GHz [7].

These IoT antennas provide wide impedance bandwidth but
inefficient connectivity; most of them are linearly polarized,
making them susceptible to polarization mismatch losses and
multipath interference.

To enhance communication reliability, circularly polarized
(CP) antennas are preferred, as they offer improved signal sta-
bility, polarization diversity, and better performance in dy-
namic environments. The advantages of CP antennas include
reduced fading, enhanced link quality, and improved efficiency
in multipath conditions, making them essential for modern
wireless applications.

Several techniques have been explored to achieve circu-
lar polarization in antenna designs. They include asymmet-
ric monopole shapes, where the radiator geometry is adjusted
to create two orthogonal fields with a 90-degree phase differ-
ence [8, 9], slotting techniques that introduce slots within the
radiator to generate CP radiation [10, 11], and ground plane
modifications that enhance circular polarization characteris-
tics [12,13]. Additionally, parasitic elements have been used
to improve axial ratio bandwidth (ARBW) [14,15], and dif-
ferent feeding techniques, such as dual-feed or branched mi-
crostrip feeds, have been implemented to optimize CP perfor-
mance [16, 17].

CPW-fed antennas have been developed with varying de-
grees of success in achieving broadband CP operation. Some
notable designs include a CPW-fed antenna with an asymmetric
ground plane operating from 4.35 to 8.15 GHz, achieving an ax-
ial ratio bandwidth (ARBW) of 60% [12], a planar antenna with
an inverted L-shaped feed and a hook-shaped ground, obtaining
CP with a 3dB ARBW from 2.38 to 4.60 GHz (63.61%) [15],
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FIGURE 1. Evolution of the proposed semi-hexagonal antenna: (a) Geometry of proposed antenna, (b) Cross-sectional view, (c) Hex antenna, (d)

Half Hex antenna, (e) Proposed semi-Hex antenna.

and a branched microstrip-fed antenna achieving an impedance
bandwidth from 1.99 to 4.28 GHz and a CP bandwidth 0f46.8%
(2.13-3.43 GHz) [16]. Additionally, a monopole UWB patch
antenna for on-body IoT applications has been reported, pro-
viding an impedance bandwidth of 124% (3.48-15 GHz) and
an ARBW of 88.46% (3.48-9 GHz) [18].

However, many of these designs suffer from narrow ARBW
relative to their impedance bandwidths and inconsistent CP per-
formance across desired frequency bands. A few broadband CP
antennas feature complex feed structures and intricate radiators
that make them challenging to fabricate and embed into practi-
cal IoT devices [12, 16, 17, 19]. The existing CP antennas often
fail to provide consistent CP features, which are not suitable
for seamless integration to operate within Wi-Fi/WLAN bands.
Therefore, further research is required to optimize IoT antenna
designs for next-generation wireless communication systems,
aiming for enhanced performance and reliability.

This paper presents a novel design that consists of a half-
hexagonal radiating patch with a rectangular open loop and an
asymmetric ground plane to achieve CP polarization features,
operating in ISM and WiMAX bands. The proposed configu-
ration is designed and optimized using Computer Simulation
Technology (CST) model simulator, followed by fabrication
and measurement. The antenna has also been tested in an IoT
environment, and the obtained results confirm its suitability for
portable wireless communication devices.

2. ANTENNA GEOMETRY AND DESIGN

2.1. Design Procedure

Figure 1 shows the evolution of the proposed semi-hexagonal
CP antenna. The radiator is printed on a 1.6 mm thick FR4
substrate with relative permittivity €, = 4.3 and loss tangent
tand = 0.02, and is fed through a 3 mm wide coplanar waveg-
uide (CPW) line with an identical gap width of ‘g’. The volu-

228

metric dimension of the proposed antenna is W x L x hmm3,
where W, L, and h represent the width, length, and height, re-
spectively. The side length of the hexagonal patch is calculated
using the equation [20].

Ta?
R= /% 1
W (1
where,
2h Ta
t = a- \/1 S [m (%) + 1.7726} @)
o= L ()
1+ 72 [In (35) +1.7726]
9
»_ 879X 10 @
frsr

a. 1s the effective radius of hexagon, a the actual radius of
hexagon, and R the side length of hexagon.

Antenna-1 resonates over 2 GHz—4.9 GHz with the axial ra-
tio near 40 dB within the band that exhibits linear polarization.
Antenna-2 halves the hexagonal structure with an asymmetric
ground plane which resonates over an impedance bandwidth
from 2.5 to 6.5GHz and ARBW from 4.0 to 5.95GHz. In
order to achieve CP at 2.4 GHz (ISM band) and 3.3-3.8 GHz
[WIMAX], an additional open-loop stub is introduced in
Antenna-3 that creates inductive and capacitive effects re-
sulting in CP radiation in the lower band (2.3-4.9 GHz).
The performance comparison is shown in Figure 2, and the
optimized dimensions of the proposed antenna are listed in
Table 1.
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FIGURE 2. Comparison of all three antennas showing, (a) S11 and (b) Axial Ratio (AR) performance.
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FIGURE 3. Surface current distribution at 2.4 GHz: (a) 0°, (b) 90°, (¢) 180°, (d) 270°.

TABLE 1. Dimensions of proposed antenna (Unit: mm).

Parameter Value Parameter Value
di 10 w 63.5
da 0.5 L 53.3
ds 0.7 l2 14
hl 15 wq 5
ho 18.1 Ly 20
Wp 11.75 lp 36.5
R 21 g 0.5
wy 2.5 w1 25
wa 15.5 Ly 19

3. SIMULATION RESULTS

The return loss (S11) and axial ratio (AR) of all proposed anten-
nas are compared and shown in Figure 2. Antenna-1 is a con-
ventional hexagon-shaped CPW-fed monopole antenna which
resonates at 2.4 GHz. It exhibits linear polarization due to the
opposing currents on the ground plane edge that creates out
of phase waves to achieve CP characteristics. An asymmetric
ground plane is introduced to create an imbalance in the surface
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current distribution in the antenna structure. This imbalance is
crucial for generating the orthogonal modes necessary for CP.
It is observed from Figure 2(b) that the AR of Antenna 1 is
40 dB because the horizontal components of the electric field
get cancelled in the ground plane. Thus, the majority of verti-
cal components result in a vertical polarization at 2.4 GHz. An
asymmetric ground plane is used in Antenna 2 where the hor-
izontal currents are confined to the right ground plane. Thus,
the CP characteristic is observed from 4.3-5.9 GHz. In order to
cover ISM (2.4-2.5 GHz) and WiMAX (3.3-3.8 GHz) bands,
a rectangular open-loop stub is introduced at the side of the
semi-hexagonal monopole antenna to provide capacitive cou-
pling with the monopole, as shown in Figure 1(e). The loop
provides reactive loading around 2.4 GHz, which modifies the
current distribution and generates the lower band CP. Conse-
quently, a broadband CP response with AR < 3 dB is achieved
over 2.3-4.9 GHz.

In the proposed design, the right side of the extended ground
plane is used to generate the right-hand circular polarization
(RHCP) at higher frequency band. Similarly, at lower frequen-
cies, the rectangular loop is introduced to achieve the RHCP.
The validation is done by analysing the surface current distri-
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FIGURE 4. Surface current distribution at 3.6 GHz: (a) 0°, (b) 90°, (¢) 180°, and (d) 270°.
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FIGURE 5. Simulated results of axial ratio (AR) with variation of (a) k1 and (b) ws.

bution shown in Figures 3 and 4. The surface current distri-
butions in the proposed antenna are observed from the angles
ranging from 0° to 270° which illustrate CP in the frequency
bands. The resultant current in the antenna rotates anticlock-
wise with increasing time phase that exhibits RHCP radiation
in the +Z direction.

4. PARAMETRIC ANALYSIS

The parametric analysis of a semi-hexagonal CP antenna is car-
ried out and discussed in this section. All the dimensions of the
antenna affect the antenna characteristics, whereas the follow-
ing dimensions, height and width, of the asymmetric ground
plane, hy and w1, control the impedance and axial ratio band-
width. The height h; influences the current distribution of the
ground plane and together with w;, affects the effective path
length, reflection phase on the ground plane, as well as the am-
plitude of the orthogonal components of the electric field. How-
ever, wy has minimal impact on the antenna’s S1; and axial ra-
tio (AR). In contrast, the height of the left side of the ground
plane (h,) significantly affects the antenna’s axial ratio (AR).
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It is observed from Figure 5 that h; increases the AR in the
lower band. When h; = 13mm, AR is 3 dB obtained from
2.4-2.5 GHz, and when h; = 17 mm, the AR is obtained from
3.3-3.7 GHz. So, an optimal height of 15 mm is recommended.

At hq 15 mm, the antenna is optimized to have a wider
—10dB impedance bandwidth and 3 dB AR bandwidth at 2.3—
4.9GHz. Another critical parameter is the length of Gnd-
2, which is wq as it contributes to generating the horizontal
components required for CP. The slanted side of the hexag-
onal monopole provides both vertical and horizontal compo-
nents, making it necessary to generate additional horizontal
components for effective CP creation. When the length of
wo increases to 15.5mm, a CP bandwidth AR below 3 dB is
achieved, as illustrated in Figure 5(b). There are other param-
eters like position of loop, ratio of asymmetricity of ground
plane, and feed position which contribute to getting a matching
impedance as well as CP in the desired bands. Other crucial pa-
rameters to consider are length (L) and width (L,,), as shown
in Figure 6(a), and loop openings (d; ) of the rectangular loop, as
shown in Figure 6(b). L and L,, likely contribute to the gener-
ation of two orthogonal electric field components required for
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FIGURE 6. Simulated results of axial ratio (AR) with variation of (a) Ly, L, and (b) d;.

(b

FIGURE 7. Measurement setup of the fabricated antenna showing (a) fabricated antenna prototype and (b) radiation pattern measurement setup.

circular polarization. By adjusting Lj and L,,, the phase dif-
ference between the orthogonal modes can be controlled. d; al-
ters the effective electrical length of the loop, potentially shift-
ing the antenna’s resonance frequency. If the resonance is not
aligned with the target frequency, the axial ratio may increase,
leading to imperfect circular polarization. Proper tuning of d;
is crucial for synchronizing the resonance of orthogonal modes,
ensuring consistent circular polarization across the desired fre-
quency range. As observed in Figure 6(a), variations in Ly,
cause the CP band to shift towards both higher and lower fre-
quencies due to the capacitive effect, while the AR remains be-
low 3 dB across the band. Decreasing L,, and d; impacts the
AR because these dimensions contribute to the additional hor-
izontal electric field. Therefore, the optimized values of Ly,
L,,, and d; are 19 mm, 20 mm, and 7 mm respectively which
are selected to maintain the AR ratio band within the desired
frequency range. The lower band of the impedance bandwidth
is influenced by these three parameters, while the higher band
impedance matching and bandwidth remain unaffected.

5. MEASUREMENT RESULT

Figure 7(a) displays the fabricated antenna, while Figure 7(b)
illustrates the antenna measurement setup inside an anechoic
chamber. In this setup, a wideband horn antenna is employed as
the transmitting antenna, and the fabricated antenna functions
as the antenna under test (AUT). This configuration is utilized
to assess the radiation characteristics in a controlled, reflection-
free environment. Figure 8 illustrates the simulated antenna ef-
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FIGURE 8. Gain and efficiency of the proposed antenna versus fre-
quency.

ficiency and gain across the frequency range of 1-6 GHz. The
antenna achieves a peak efficiency of approximately 70% and
maintains efficiency above 40% across a wide bandwidth. The
realized gain reaches 1.4 dBiat 2.4 GHz and 0.5 dBi at 3.6 GHz,
with corresponding total efficiencies of 64% and 51%, re-
spectively, initiating stable performance suitable for broadband
wireless applications. Figure 9 shows the simulated and mea-
sured results. The antenna achieves a wide 10 dB impedance
bandwidth of 114.63% (1.68—6.19 GHz), with a 3-dB axial ratio
bandwidth of 72.3% (2.3—4.9 GHz), confirming its wideband
CP with good agreement between simulation and measurement.
The antenna’s performance aligns well with the design specifi-
cations, making it suitable for broadband communication ap-
plications in ISM and WiMAX bands.

Figures 10 & 11 show the simulated and measured normal-
ized radiation patterns in the X Z (¢ = 0°) and Y Z (¢ = 90°)
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FIGURE 9. Simulated and measured performances of the proposed antenna with respect to frequency: (a) S11 and (b) axial ratio (AR).
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FIGURE 11. Simulated and measured radiation patterns of the proposed antenna at 3.6 GHz: (a) X Z plane and (b) Y Z plane.

planes at 2.4 GHz and 3.6 GHz, respectively. In the case of
2.4 GHz, as shown in Figures 10(a) & (b), the RHCP gain of
the antenna at 2.4 GHz is stronger than that of the LHCP gain
by more than 20 dB in both planes, so it is an RHCP pattern in
the +Z direction.

Figure 11(a) demonstrates that the RHCP gain of the antenna
at 3.6 GHz is significantly greater than the LHCP gain in both
planes by more than 10 dB. So, the antenna shows RHCP pat-
tern in the +Z direction. The comparison with leading wide-
band CP and IoT application antennas is outlined in Table 2.
Notably, the proposed antenna provides a broader impedance
bandwidth than [12,15,21], all fabricated on an FR4 sub-
strate. Additionally, the proposed CP antenna achieves en-
hanced ARBW compared to existing designs in [19, 21], which
are enlisted in Table 2.
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6. TESTING IN IOT ENVIRONMENTS

The proposed antenna is tested in a realistic IoT environment
to assess its performance. Figure 12 illustrates the experimen-
tal setup, which comprises a wireless voltage monitoring sys-
tem developed using an Arduino Uno as the transmitter and an
Arduino Nano as the receiver, equipped with nRF24L01 trans-
mitter and proposed antenna as the RF front-end of the receiver.
A 47k(2 potentiometer functions as a variable voltage source,
with the Arduino Uno reading the analog voltage from pin A0
and transmitting it wirelessly. The transmitter continuously dis-
plays messages such as “Sending Voltage: 2.99” followed by
“Data Sent Successfully,” confirming successful data transmis-
sion. The receiver senses incoming data, displays “Received
Voltage: 2.99” to indicate proper reception, and shows “Wait-
ing ...” when being ready for the next transmission.
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TABLE 2. Comparison of proposed design with existing designs.

IBW (GHz), Peak Gain/ .
A 3 ARBW L. IoT Applications
Ref Substrate Size (A7), f. (GHz) Percentage Radiation .
. (GHz, %) . and Testing
Bandwidth (%) Effeciency (%)
[6] FR4 1.18 x 2.37 x 0.031, 3.0 2.4-3.8 (46.67) - 5dB/~ Yes/No
[7] TECONIC 0.235 x 0.494 x 0.0,4.92 3.0-9.0 (122) - —0.79dB/- Yes/No
[12] FR4 0.57 x 0.57 x 0.0116, 6.25 3.0-9.0 (100) 4.35-8.15 (60) 4.5 dBi/- No/No
[15] FR4 (EPOXY) 0.33 x 0.33 x 0.012, 3.48 2.25-4.0 (56) 2.38-4.60 (63.61) 3 dBi/- No/No
[18] RO5880 0.616 x 0.462 x 0.015,9.24  3.48-15.0 (124) 3.48-9 (88.46) 2.5dBi/77 Yes/No
[19] F4BM 1.4 x 1.47 x 0.054, 5.5 4.88-6.62 (30.6) 5.0-6.0 (22.2) 11.2dBi/84 No/No
[21] FR4 0.5 x 0.55 x 0.016, 3.0 1.48-3.95 (95) 2.05-3.95 (63.3) 0.5 dBi/~ No/No
[22] FR4 0.78 x 0.78 x 0.016,4.88  1.66-8.10 (131.97)  2.0-6.5 (105.88) 5.2dBi/- No/No
[23] Roger 4350B  1.93 x 1.93 x 0.178, 5.85 5.6-6.1 (8.55) 5.6-6.1 (8.55) —20dBi/19.3 Yes/No
[24] Jeans 1.44 x 0.46 x 0.0512,5.41  4.76-6.08 (24.40) - 10.59 dBi/85 Yes/No
[25] FR4 1 x 1.85 x 0.024, 2.83 Multi-band - 5.20dBi/~ Yes/Yes
[26] RO3003 0.328 x 0.352 x 0.0122,2.4 2.38-2.443.8), - - Yes/Yes
5.675-5.975 (5.2)
Proposed FR4 0.83 x 0.70 x 0.021,3.935  1.68-6.19 (114.63) 2.3-4.9(72.3) 2.5dBi/70 Yes/Yes

Transmitting
Antenna

Pot Regulator

Receiving Antenna

FIGURE 12. Experimental setup for IoT applications.

7. CONCLUSION

A low-profile, compact broadband semi-hexagonal monopole
CP antenna is proposed and investigated. The proposed antenna
demonstrates a wide circular polarization performance, achiev-
ing a measured 10-dB impedance bandwidth of 114.6% (1.68—
6.19 GHz) and a broad 3-dB axial ratio bandwidth of 72.3%
(2.3-4.9GHz). The proposed antenna is an attractive candi-
date for ISM, WiMAX, and other broadband communication
systems. For IoT applications, the antenna is tested in a re-
alistic environment using an Arduino-based transmitter and re-
ceiver system, demonstrating stable data transmission and min-
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imal packet loss. The custom-fabricated antenna significantly
improved performance compared to a standard nRF24L01 an-
tenna, ensuring reliable wireless voltage monitoring with ex-
cellent stability. This makes the proposed antenna a promising
solution for IoT applications.
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