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ABSTRACT: Circularly polarized (CP) antennas minimize polarization losses and improve signal reliability in ultra-reliable and low-
latency satellite communication. Compact design, wide impedance, and axial ratio bandwidth (ARBW) are key requirements for circu-
larly polarized antennas utilized for modern automotive wireless applications. In this work, a miniaturized slotted antenna for C-band
automotive-oriented wireless applications is proposed. The antenna achieves a wide measured impedance bandwidth of 69.5% (4.0–
8.26GHz, 4.26GHz) and exhibits an ARBW of 51% (4.96–8.33GHz, 3.37GHz). The overall compact size of 25 × 30 × 1.6mm3

(0.33λ × 0.40λ × 0.02λ at 4GHz) further underscores its suitability for integration in space-constrained C-band communication sys-
tems. The anticipated design is optimized using rigorous parametric analysis to achieve a wide ARBW from θ = −27◦ to +33◦ which
is very beneficial for satellite applications. The fabricated prototype demonstrates a measured peak gain of 4.8 dBi and radiation effi-
ciency ranging from 82% to 92% across the radiating band. Measurement results obtained from the fabricated antenna are validated
with simulations and show satisfactory agreement. The anticipated design, compared with existing literature, is found to outperform
other designs in terms of size, ARBW, and impedance bandwidth. The achieved resonance in the proposed design can be utilized for
satellite communication, medical and automotive applications (tele-operated driving support, high-definition map collecting and sharing,
infrastructure-based teleoperated driving), and other applications in C-band.

1. INTRODUCTION

Circularly polarized (CP) antennas are extensively used in
wireless communication due to their ability to predict po-

larization mismatch and flexibility of alignment angle between
transmitting and receiving antennas [1]. Apart from these
features, CP antennas also offer high gain, improved radia-
tion performances, and resilience to multipath fading which
makes them a suitable candidate for ultra-reliable and low-
latency satellite communication in automotive applications [2].
Achieving broadband impedance bandwidth and ARBW along
with a compact, low-profile, light design is crucial and chal-
lenging for CP antennas utilized in these applications [3]. CP
radiations are produced by superimposing two orthogonal elec-
tric fields with the equivalent amplitude and in 90◦ phase
quadrature [4]. A conventional and well-known method to
achieve CP radiation in planar antennas is by using truncated
slots on the patch thereby exciting the orthogonal modes [5].
However, these conventional methods result in poor

impedance and axial ratio bandwidths and are unsuitable
for satellite-oriented automotive applications. For instance,
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in [6] a co-planar waveguide (CPW)-fed slot antenna with
wideband CP is proposed. The design achieves an 87.8%
impedance bandwidth and a 73.05% ARBW by incorporating
structural modifications by introducing an L-shaped strip,
square stubs, and peripheral slots. In a similar design, a
miniaturized CP antenna for radio-frequency identification
(RFID) applications is proposed [4]. The antenna design
has an L-shaped feedline and stubs and achieves a wide
ARBW of 460MHz (818–1278MHz) and a 54.6% impedance
bandwidth (630–1103MHz). Further, in [7], the concept of
a triple-wideband three band CP equal sided slot antenna
is projected featuring an L-shaped radiator and rectangular
strips. The antenna achieves bandwidths of 1.32GHz and
5GHz with ARBWs for triple bands at 35.9%, 44.0%, and
6.3% suitable for C- and X-band applications. Thereafter,
the authors in [8] demonstrated a slot antenna intended for
C-band applications. The antenna achieves wide impedance
and ARBW through a microstrip-fed structure with a protruded
stub. The compact design (25 × 25mm2) offers a bandwidth
of 90.2% (3.5–9.25GHz) and a 40% ARBW (4.6–6.9GHz),
making it suitable for applications like WLAN and WiMAX.
The researchers in [9] projected a compact, microstrip

fed, inverted L-shaped CP antenna designed for C-band use
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cases. The design achieves a wide bandwidth of 50.9% (3.48–
5.86GHz) and a 3 dB ARBW of 16.2% (4.71–5.54GHz) using
stub-matching and defected ground structures. The antenna
offers a maximum gain of 5.32 dBi, making it appropriate for
C-band downlink frequencies and other wireless applications.
Apart from these methods, researchers have proposed using
sequential rotation in antenna arrays [10–13] which results
in increased system size, or using a slotted circular patch
design [14–18]. In [14], the authors presented a compact
2 × 2 CP antenna array operating at 2.45GHz, designed for
energy harvesting. It features unbalanced slots on a circular
patch for compactness and improved circular polarization.
The 2 × 2 array achieves a gain of 10.8 dBi, a 3 dB ARBW
of 140MHz, and a lowest axial ratio of 0.15 dB, with a
rectifier circuit enabling voltage multiplication for enhanced
energy conversion. In a similar design [15], the authors
presented a CP-slotted patch antenna designed for radio
frequency (RF) power scavenging applications. It features a
compact structure, optimized for high gain (> 6.0 dBic) and
a 3-dB ARBW (2.36GHz–2.40GHz), making it suitable for
efficiently converting scattered electromagnetic waves into
electrical energy. The authors in [16] discuss the design of a
wideband CP antenna array featuring sequentially rotated feed
technology. It achieves a wide bandwidth (4.62–9.92GHz)
and ARBW (4.48–8.52GHz) with a miniaturized structure and
a maximum gain of 7.5 dBi, making it appropriate for modern
wireless communications. Further, a miniaturized 4 × 4 CP
antenna array is proposed for next-generation small satellites
in [17]. The design uses a sequential phase feed structure to
enhance gain, bandwidth, and axial ratio performance while
preserving a compact size. The antenna achieves a left-handed
CP gain of over 12 dBic with an AR below 1.5 dB across
an operating bandwidth of 8.05 to 8.25GHz. In a similar
research paper [18], metasurface has been utilized along with
the sequential feeding structure, and the authors propose a
single-layer, wideband CP 2 × 2 antenna arrays for C-band
wireless use cases. The antenna design uses a chamfered
corner patch and intermittent metallic plates to attain a wide
operating bandwidth of 2GHz with a high gain ranging from
9.5 to 11.5 dBic.
It is evident from the literature survey that although various

methods are proposed to achieve CP in planar antennas, a nar-
row ARBW of the order of a few MHz poses a major chal-
lenge in implementing practical automotive applications. Some
literature proposes antenna arrays for enhancing the gain and
ARBW of CP antennas. However, it increases the total extent
of the antenna. To the best of our knowledge, wide impedance
bandwidth and ARBW have not been achieved with a minia-
turized single-element antenna. Motivated by this, this paper
proposes a miniaturized slotted antenna for C-band satellite-
oriented automotive applications. The proposed antenna is
appropriate for ultra-reliable, low-latency satellite communi-
cation for automotive applications, and has ultra-wideband
(UWB) impedance bandwidth, and broad ARBW in the fre-
quency band of sub-6GHz. The wide ARBW facilitates the an-
tenna to be free from polarization losses and maintain reliable
and uninterrupted transmission in the case of satellite commu-
nications. The key features like miniaturized size (25 × 30 ×

1.6mm3), wide ARBW (≈ 3.72GHz) and impedance band-
width (≈ 4.63GHz) of the anticipated antenna make it suitable
for C-band automotive and satellite applications.

2. ANTENNA DESIGN CONSIDERATIONS
The proposed design is fabricated on an FR4 substrate with
εr = 4.4, h = 1.6mm and loss tangent = 0.02. The design
steps to reach the final stage of the proposed design are listed
below:

• Step-1: A rectangular-shaped slot is imprinted out from
the ground plane and is excited with the feedline as shown
in Fig. 1(a). This initial design is a linearly polarized an-
tenna.

• Step-2: Two side rectangular stubs are added in the feed-
line which generates two orthogonal modes with the same
amplitude around 5.8GHz. The dimensions of these stubs
are optimized to improve the 3-dB axial ratio. However, a
narrow 3-dB ARBW is achieved in this step.

• Step-3: Three slot strips are etched out in the ground plane
to improve the axial ratio purity and ARBW as illustrated
in Fig. 1(b).

• Step-4: The hexagon-shaped slot in the ground plane
is partially covered from (b) and (c) to achieve maxi-
mum ARBW. The optimized antenna design after Step-4
is shown in Fig. 1(d).

(a)

(b)

(c)

(d)

FIGURE 1. Various steps for the proposed antenna design: (a) Step-1,
(b) Step-2, (c) Step-3, and (d) Step-4.

The performance of antenna design in terms of return loss
and axial ratio variation with frequency for Steps 1–4 is shown
in Fig. 2. The axial ratio versus frequency plot for Steps 2–4
is presented in Fig. 2(a). It can be visualized from Fig. 2(a)
that the design of Step 2 achieves the ARBW of 1.6GHz,
which improves to 2.6GHz in Step 3. There is an improve-
ment of 62.5% in ARBW with Step 3 as compared to the de-
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(a) (b)

FIGURE 2. Step-wise variation in (a) axial ratio, (b) return loss S11 (dB).

FIGURE 3. Dimensional parameters of the proposed design.

sign presented in Step 2. Finally, the proposed optimized an-
tenna designed in Step 4 achieves the overall wide band ARBW
≈ 3.72GHz. Similarly, the reflection coefficient (S11) varia-
tions can be visualized in Fig. 2(b), which depicts the mini-
mum bandwidth in Step 1. However, the bandwidth is widened
in Step 2 but the ARBW is not much enhanced in Step 2.
Therefore, an optimized sufficient impedance bandwidth and
ARBW have been achieved in the final proposed design, i.e.,
Step 4. The illustration of the anticipated design is presented
in Fig. 3, which demonstrates its compactness in terms of size
(only 25mm× 30mm× 1.6mm).

3. CURRENT DISTRIBUTION
The current distribution of the anticipated design at all the res-
onating frequencies is shown in Fig. 4. It can be visualized from
Fig. 4 that different stubs that are cut in the ground plane are
responsible for the excellent impedance matching in the wide
frequency band. For a very low frequency band of operation,
the left side of the design exhibits a significant portion of the
current. Similarly, the right portion of the design exhibits cur-
rent density which causes the impedance matching for a higher

band of frequencies. Moreover, the design exhibits wide band
ARBW, i.e., right-hand circular polarization (RHCP) demon-
strating the vector current density at different phases for 6GHz
as shown in Fig. 5. Further, it can be visualized from Fig. 5 that
the E-field vector interchanges anti-clockwise suggesting that
the antenna delivers RHCP.

4. PARAMETRIC ANALYSIS
This section presents a comprehensive parametric analysis un-
dertaken on the dimensional specifications of the proposed an-
tenna design to achieve optimized impedance bandwidth and
ARBW. It includes studying the effect of (A) the diagonal
length of polygon, the variation of axial ratio with (B) the
length of top cover, (C) the length of side cover, and (D) the
length of upper right stub and lower left stub. For instance,
Fig. 6(a) depicts the alteration of S11 with the change in di-
mensions of the polygon’s diagonal length (D). It can be vi-
sualized from Fig. 6(a) that each 1mm increment improves the
impedance bandwidth significantly. Finally, D = 24mm is
chosen as the optimal value for the diagonal length of the poly-
gon. It is to be noted that a further increase in the diagonal
length shifts the operating band and hence is neglected in this
analysis. Next, Fig. 6(b) depicts the length of top cover (L)
of the hexagonal slot in ground plane. This dimension directly
impacts the ARBW as illustrated in Fig. 6(b). The results were
captured by varying length L from 3.9mm to 4.5mm. The
highest ARBW is achieved with the value of L = 4mm which
is chosen as optimal value. Further, the variation of axial ratio
with length of side cover (S) can be visualised in Fig. 6(c). It
can be visualized from Fig. 6(c) that ARBW remains almost the
same for S = 3.0, 3.3 & 3.7mm. However, the highest ARBW
has been achieved with S = 3.5mm and is therefore chosen as
the optimized value for the side cover. At last, another parame-
ter of interest is the length of stubs as shown in Fig. 6(d) which
depicts a variation of ARBW with a change in dimensions of
the upper right-side slot (marked as A). The length of the slot
ranges from 2mm to 3.5mm. Optimal ARBW is obtained at
A = 3mm as illustrated in Fig. 6(d). Similarly, dimensionB is
optimized from 3 to 5mm and finally,B = 4mm is selected as
the optimized value achieving the highest ARBW as depicted
in Fig. 6(e).
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(a) (b) (c)

(d) (e) (f)

FIGURE 4. Current distribution of the proposed design at different frequencies.

(a) (b)

(c) (d)

FIGURE 5. E-field vector at (a) 0◦, (b) 90◦, (c) 180◦, and (d) 270◦.
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(a) (b)

(c) (d)

(e)

FIGURE 6. (a) S11 v/s frequency with variation in the diagonal length of the polygon (D); (b) Variation of ARBW w.r.t L for different frequency
bands; (c) Axial ratio v/s frequency with variation in the length of side cover (S); (d) Variation of ARBW w.r.t A; (e) Variation of ARBW w.r.t B.
The pictorial view of antenna elements is shown in a subset of each figure.

5. RESULTS AND DISCUSSIONS

The UWB capability of the anticipated antenna is illustrated in
Fig. 7 using a return loss v/s frequency (GHz) plot. A band-
width of 4.63GHz is achieved as shown in Fig. 7. Further, the
3-dBAR of the optimized antenna design proposed in this work
is demonstrated in Fig. 8. It can be visualized from Fig. 8 that
an ARBW of 3.72GHz is achieved with this design. The axial
ratio graph presented in Fig. 9 shows polarization in the broad-
side direction. However, in the case of CP antennas, it is more
significant that the antenna provides CP radiations not only in
broadside direction but also away from it. Therefore, Fig. 9
demonstrates the axial ratio variations at different theta angles,

which depicts that the antenna exhibits CP characteristics from
−27◦ to +33◦ in the same frequency band. The overall anal-
ysis of Fig. 9 shows that the proposed antenna has minimum
polarization losses in the frequency band of interest.

6. FABRICATION AND MEASURED RESULTS
The simulation results for the antenna design are calculated on
AnsysHFSS softwarewhich is further validated usingmeasure-
ment results from the fabricated sample of the antenna. The fab-
ricated prototype of the anticipated design is shown in Fig. 10.
The performance characteristics of the fabricated prototype

was experimentally measured using a Keysight P9372A vector
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FIGURE 7. Return loss variation of the proposed design with frequency
showcasing bandwidth from 3.91GHz to 8.54GHz.

FIGURE 8. Axial ratio of the proposed antenna with frequency present-
ing a 3 dB axial ratio of 5.10GHz–8.82GHz.

FIGURE 9. Axial ratio v/s frequency for different values of theta from
−27 degree to +33 degree showcasing 3 dB BW.

network analyzer (VNA). All measurements were conducted
inside an anechoic chamber with dimensions of 3m × 3m ×
2.6m, which provides a reflection-free environment for reliable
antenna testing. The setup enabled accurate evaluation of the
impedance bandwidth, radiation patterns, axial ratio, gain, and
efficiency of the proposed antenna.
The comparative analysis of the proposed design’s simulated

and measured return losses in terms of S11 (dB) is visualized in
Fig. 11 and demonstrates thier excellent agreement. The simu-
lated curve covers the frequency range from 3.91 to 8.82GHz
(4.91GHz), and measured results cover the bandwidth from 4
to 8.26GHz (4.26GHz). Although the measured bandwidth
is marginally narrower, it still fully covers the band of inter-
est (4–8GHz), ensuring no compromise in performance for the
intended C-band applications. The simulated S11 values re-
main in the −15 to −20 dB range across most of the operat-
ing frequencies, whereas the measured results predominantly
exhibit return loss values better than −20 dB, confirming ade-
quate impedance matching. The small offset can be attributed
to fabrication tolerances, connector effects, and chamber mea-
surement uncertainties, which are common in practical antenna
prototypes. Overall, measured and simulated results are in good
agreement, and the antenna maintains the required performance
across the entire target frequency band. Further, the variations
in gain are illustrated in Fig. 12 which demonstrates that the
measured gain values are slightly less than the simulated results.

The measured bandwidth and gain are less than the simulated
bandwidth and gain because the simulations are performed in
ideal boundary conditions. However, during fabrication and
measurement, some parameters such as fabrication imperfec-
tions, material loss, environmental interactions, connector and
feed network loss, very sharp edges in the proposed design, and
impedance mismatch may impact the overall results.
Further, the axial ratio comparison is shown in Fig. 13 which

depicts a wide ARBW inmeasured and simulated results. How-
ever, a better ARBW in measured results has been achieved at
the cost of polarization purity near the 5.8GHz–6.5GHz fre-
quency band. The value of the AR is very near the 3 dB in mea-
sured values. But still, the two curves are in good agreement. A
wide measured 3-dB axial ratio (AR) bandwidth of 3.37GHz,
extending from 4.96GHz to 8.33GHz, is achieved, whereas
the simulated ARBW spans 5.10–8.82GHz (3.72GHz). Al-
though the measured ARBW is marginally reduced compared
to simulation, it still covers more than 80% of the measured
impedance bandwidth (4.00–8.26GHz). More importantly, the
measured ARBW fully encompasses the band of interest (4–
8GHz), thereby ensuring stable circular polarization across the
operating frequencies. To further confirm the polarization pu-
rity and angular stability, axial ratio beamwidth analysis is car-
ried out. The AR beamwidth defines the angular region over
which the antenna maintains AR ≤ 3 dB, a key parameter for
ensuring reliable circular polarization in satellite links. Fig. 14
illustrates the angular performance of the antenna at 6GHz, pre-
sented as Cartesian plots of AR (dB) versus θ for φ = 0◦ (E-
plane) and φ = 90◦ (H-plane). The measured results indicate
that the antenna achieves a 3-dB AR beamwidth of approxi-
mately 67◦ in the φ = 0◦ plane and 84◦ in the φ = 90◦ plane.
These values demonstrate that the proposed structure maintains
circular polarization over a sufficiently wide angular region.
Next, the radiation pattern of the anticipated design at various

resonating frequencies is shown in Fig. 15, which depicts the bi-
directional nature of the radiation pattern. The simulated and
measured radiation patterns show excellent agreement.
The measured and simulated radiation efficiencies of the

proposed antenna are shown in Fig. 16. It can be observed
that the radiation efficiency remains consistently high across
the operating band of 4–8.26GHz, with measured values ex-
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(a) (b)

FIGURE 10. Fabricated prototype of the proposed design. (a) Feed plane, (b) ground plane.

FIGURE 11. Comparative analysis of simulated and measured return
losses of the proposed design.

FIGURE 12. Comparative analysis of simulated and measured gains of
the proposed design.

FIGURE 13. Comparative analysis of simulated and measured axial ra-
tios of the proposed design.

FIGURE 14. Axial ratio vs theta at 6GHz.

ceeding 82%. The measured peak efficiency reaches approxi-
mately 92% at about 5.9GHz, closely matching the simulated
response, thereby validating the accuracy of the design model.
This indicates that minimal power is lost due to dielectric or
conductor losses, highlighting the effectiveness of the antenna
design in ensuring efficient radiation, which confirms the suit-

ability of the antenna for C-band satellite communication ap-
plications.
Further, the comparative analysis of the proposed designwith

the existing literature is shown in Table 1. The table describes
the enhanced performance specifications of the anticipated de-
sign in comparison with other existing designs from the liter-
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(a) (b)

(c) (d)

FIGURE 15. Radiation patterns at (a) 4GHz, (b) 6GHz, (c) 7GHz, and (d) 8GHz.

FIGURE 16. Radiation efficiency.

ature. It can be visualized from Table 1 that the proposed de-
sign outperforms the designs anticipated in the previous work in
terms of−10 dB impedance bandwidth, size, and 3 dB ARBW.

The proposed design has higher gain values than those pre-
sented in [7, 19, 20–24]. Although the gain of the proposed
design is slightly lower than that reported in [9, 15, 16] but at
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TABLE 1. Comparison of performance parameters of the proposed antenna with existing literature.

Ref. Size (mm3) Relative Size

Operating
Frequency
Band
(GHz)

−10 dB
Impedance
Bandwidth
(%, MHz)

Gain
(dBi)

3-dB
ARBW
(%, MHz)

Applications
Complexity
& Cost

[19] 120× 120× 1.6 0.25λ× 0.25λ× 0.003λ 0.63–1.103
54.6%
473

4
43.9%
460

UHF RFID Medium & low

[7] 60× 60× 1 0.91λ× 0.91λ× 0.02λ 4.55–9.55
70.9%
5000

4.2
6.3%
530

WLAN High & low

[9] 32× 32× 1.6 0.54λ× 0.54λ× 0.02λ 3.48–5.86
50.9%
2380

5.35
16.2%
830

Downlink
frequency
of C-band

High and low

[20] 32× 25× 1.575 0.59λ× 0.46λ× 0.03λ 5.5–6.67
19.2%
1170

4
12.1%
760

Satellite
Applications

Low & High

[15] 60× 60× 3.2 0.46λ× 0.46λ× 0.02λ 2.304–2.439
5.69%
135

6
1.68%
80

RF energy
harvesting

High & low

[16] 46× 46× 1.6 0.71λ× 0.71λ× 0.02λ 4.62–9.92
72.9%
530

7.5
62.2%
4040

Modern Wireless
Communications

High & low

[21] 60× 60× 1.6 0.68λ× 0.68λ
2.2–2.47
3.42–3.54

11.6% (270)
3.5% (120)

3.43
2.09

33.63% (790)
4.20% (120)

Wi-Fi
& MiMAX

High & Low

[22] 31× 31× 1.6 0.29λ× 0.29λ× 0.02λ 2.82–8.53
100.6%
(5710)

4.47 N.A. SHFB Medium & low

[23] 50× 50× 1.6 0.62λ× 0.62λ× 0.02λ 3.2–4.4 31.57 4 N.A.
5G NR
C-band

Low & Medium

[24] 30× 40× 1.6 0.32λ× 0.42λ× 0.02λ 3.2–5.85 43.98 3.5 N.A.
5G New Radio
(NR) sub-6GHz
n77/n78/n79

High & Medium

Proposed
design

25× 30× 1.6 0.33λ× 0.4λ× 0.02λ 4–8.26
69.5%
4260

4.8
51%
3370

C-band satellite
applications

Low & low

the cost of the size. Moreover, the proposed design demon-
strates a significantly smaller overall size than all the previ-
ously reported antennas cited in this section. It can be decided
that the proposed design exhibits miniaturized size and wide
impedance bandwidth and ARBW in comparison to existing lit-
erature, which is very suitable for ultra-reliable and low-latency
satellite-oriented automotive applications.

7. CONCLUSION
This article presents a compact slotted patch antenna that fea-
tures CP radiation with wide impedance bandwidth andARBW.
The proposed design has been optimized with rigorous para-
metric analysis by inserting stubs in the feed line and slotted
ground structure to achieve the required performance param-
eters. The proposed design exhibits a measured impedance
bandwidth of 69.5% (4.0–8.26GHz, 4.26GHz) and ARBW of
51% (4.96–8.33GHz, 3.37GHz) with a peak gain of 4.8 dBi.
Additionally, the suggested design is manufactured, and the
measured outcomes agree well with the simulated ones. The
proposed design outperforms other existing antenna designs
concerning various performance parameters. The covered fre-

quency bands facilitate the proposed antenna design for C-band
satellite-oriented automotive applications which offers mini-
mized polarization losses and improved signal reliability in
ultra-reliable and low-latency satellite communication.
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