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This study presents a circularly-polarized (CP) planar monopole antenna designed for ultra-wideband 
(UWB) applications using characteristic mode analysis (CMA). Initially, a planar monopole antenna 
with a crescent moon-shaped radiator and a circular open-loop on an FR-4 substrate was designed 
to achieve wideband characteristics, however, this antenna only satisfied a 3 dB axial ratio (AR) 
bandwidth within the 8.78–9.4 GHz range. To enhance the AR bandwidth, a triangular slit, a shark 
fin-shaped stub, and an L-shaped strip were added to the ground plane, generating orthogonal 
modes in the desired frequency band using CMA. The overall dimensions of the proposed antenna are 
30 × 24 × 1.6 mm2 (0.58 × 0.46 × 0.031 λ₀2). The − 10 dB S11 bandwidth is 5.73–10.78 GHz (61.21%) and 
the 3 dB AR bandwidth is 6–11.12 GHz (59.81%), achieving overlapped bandwidth from 6 to 10.78 GHz 
(56.9%). The proposed antenna has a realized gain 2.4–5.4 dBi and an average efficiency of 80% within 
the target frequency. A time-domain analysis, including group delay and system fidelity factor, is 
conducted to evaluate performance. The fabricated antenna demonstrates omnidirectional radiation 
patterns at various frequencies and performs well in both the time and frequency domains.
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In recent years, ultra-wideband (UWB) technology has become increasingly popular for indoor positioning due 
to its superior accuracy and reliability1–3. However, indoor environments present numerous obstacles, including 
room walls, furnishings, and people, which can cause multipath interference. In such circumstances, UWB 
signals follow different routes and reach the receiver at different times, resulting in distortion and inaccuracy 
when determining position4–8.

Circularly-polarized (CP) antennas offer a distinct advantage in mitigating multipath interference, 
in contrast to linearly-polarized antennas. This is due to the enhanced signal integrity of CP signals in 
multipath environments9,10. Consequently, CP antennas can provide stable performance in indoor positioning 
systems11,12. Numerous studies have been conducted on the use of UWB CP antennas for indoor positioning. 
The most commonly required performance characteristics of UWB CP antennas are a wide bandwidth and an 
omnidirectional radiation pattern13–15.

A variety of antennas has been introduced to satisfy wideband and CP characteristics by shaping the radiator 
or modifying the ground plane. These techniques are discussed in detail in previous studies16–28. In16,17, moon-
shaped radiators were employed for the design of wideband CP antennas. In addition, antennas were proposed to 
enhance CP characteristics by incorporating a square slit and stub on the one-sided ground18, a square open loop 
and an asymmetrical ground plane19, an asymmetric radiator and a square slit20, a modified ground plane21–23, 
asymmetric radiators by bonding parasitic elements25,27 or cutting the radiator24,26,28. In16,17,19–21,25, the antennas 
achieved wide axial ratio (AR) bandwidths of 48%, 73%, 63.3%, 57.1%, 56.6%, and 45.6% respectively. However, 
these studies lack a time-domain analysis, which is an important feature of UWB antennas. In18,22–24, the 
antennas exhibited narrow AR bandwidths of 44.9%, 39.6%, 43.9%, and 21%, and the time-domain analysis was 
not performed. In26–28, the antennas were provided with the time-domain analysis, but the AR bandwidths were 
notably narrow, at 30.3%, 25%, and 25.4% respectively. Overall, antennas with a wide AR bandwidth and the 
time-domain analysis have not been explored.

In this study, we propose the CP antenna for UWB applications. The proposed antenna operates in the 
UWB 5–15 channels (6.24–10.6 GHz) above the Wi-Fi 5 GHz band. The main contribution of this work is to 
delineate the characteristic modes of the antenna within the frequency band of interest and to utilize orthogonal 
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modes for CP. In addition, a comprehensive analysis of antenna performance is provided. In particular, time-
domain analysis, of variables such as group delay and system fidelity, validates the antenna’s suitability for UWB 
applications. The proposed antenna is designed by combining various elements on a planar monopole antenna 
to achieve wideband performance with CP. The designed antenna initially features a radiator in the shape of 
a crescent moon, with an added open loop parasitic element. Additionally, the initially designed antenna is 
studied using characteristic mode analysis (CMA) to widen the 3 dB AR ratio bandwidth in the frequency 
band of interest. This is achieved by combining a triangular slit, a shark fin-shaped stub, and an L-shaped strip 
on the ground. As a result, the proposed antenna yields good UWB performance in the target frequency band. 
The remainder of this paper is organized as follows. We first present the initial design of the planar monopole 
antenna. Subsequently, the characteristic modes of the antenna are analyzed to create orthogonal modes for CP, 
and the UWB CP antenna is achieved by applying various elements. The proposed antenna is fabricated and its 
experimental results are presented in both the time and frequency domains. Finally, concluding remarks are 
provided.

Methods
Initial antenna design
As previously stated, in this work, a planar monopole antenna is employed to achieve wideband characteristics, 
CP, and omnidirectional radiation patterns. The dimensions of the antenna, constructed on an FR-4 substrate 
with a dielectric constant of 4.4 and a loss tangent of 0.02, are 24 mm × 30 mm × 1.6 mm. Figures 1 and 2 
illustrate the initial antenna schematics and their performances, respectively. Initially, the dimensions of the 
crescent moon-shaped radiator are determined to ensure operation at the lowest frequency of interest. Note that 
the lowest operating frequency of a planar monopole antenna can be approximately determined by equating its 
area to that of an equivalent cylindrical monopole antenna29. Modification of the current flow by the crescent 
moon-shaped radiator results in the generation of CP16,17. Subsequently, a circular open-loop structure19 is 
incorporated into the crescent moon-shaped radiator design to enhance the 3 dB AR bandwidth. As shown 
in Fig. 3, surface current flows through the open loop of Ant. 2, facilitating CP operation at 9 GHz (which is 

Fig. 2.  Simulated results of the initial antennas (a) S11 and (b) AR.

 

Fig. 1.  Schematics of the initial antennas (a) Ant.1 and (b) Ant.2.
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not included in the 3 dB AR bandwidth of Ant. 1). Nevertheless, the initially designed antenna fails to satisfy 
the − 10 dB S11 bandwidth and 3 dB AR bandwidth within the entire target frequency range. Therefore, the 
following subsection will analyze the characteristic modes of the initially designed antenna and describe how its 
performance can be improved.

CMA-based design of the UWB CP antenna
In this subsection, the CMA is employed to delineate the surface current and radiating fields of the antenna 
structure of perfect electric conductors (PECs)30. In essence, the features of the surface current and radiating 
fields on the conducting structure establish the configuration and dimensions of CP antennas. The characteristic 
currents in a PEC structure can be calculated quantitatively31:

	 J =
∑

ncnJn� (1)

In Eq.  (1), Jn represents the characteristic current of the nth mode, while cn denotes the complex modal 
weighting coefficient (MWC) corresponding to the nth mode. The MWC can be calculated using Eq. (2)32:

	
cn =

V i
n

|1 + jλ n|
= V i

nMS� (2)

V i
n is the modal excitation coefficient that determines the extent of the coupling between the excitation and 

the nth mode, and ?n is the eigenvalue of the nth mode. As ?n approaches zero, the associated mode exhibits 
resonance and achieves optimal radiation efficiency33. Modal significance (MS) assesses the potential radiation 
contribution of each mode. The characteristic angle (CA) represents the phase difference between the 
characteristic current and the corresponding characteristic field, and it can be computed using Eq. (3)34:

	 CA = 180◦ − tan−1 (λ n)� (3)

Theoretically, the following three conditions must be met to achieve an ideal CP mode35,36:

	1.	� The two modes are identical with the MS of 0.707 or greater.
	2.	� The phase difference of CA between the two modes is 90 degrees.
	3.	� The surface current distribution between the two modes demonstrates orthogonality.

A single mode with a CA of 135° or 225° exhibits low radiation efficiency due to the high stored reactive energy. 
However, when the two modes with the same MS are combined, they can achieve high CP radiation efficiency. 
This phenomenon occurs because the inductive energy in one mode compensates for the capacitive energy in 
the other37–39.

Figure 4 illustrates the simulated results of the CMA for Ant. 2. Figure 4a shows that, at 9.2 GHz, the MS 
values for Modes 1&2 are identical and exceed 0.707. Figure 4b exhibits a CA difference of approximately 71 
degrees between the two modes. The symmetric ground plane currents cancel each other out, leaving only 
the current from the radiator and a circular open loop. The surface current distributions on the radiator and 
circular open loop, as depicted in Fig. 5, confirm the orthogonality between Modes 1&2. Figure 6 displays the 
corresponding 3-D far-field radiation patterns at 9.2 GHz for Modes 1&2 of Ant. 2. The 3 dB AR bandwidth of 
Ant. 2 ranges from 8.78 GHz to 9.4 GHz (see Fig. 2b).

Fig. 3.  Surface current density distributions at 9 GHz (a) Ant. 1 and (b) Ant. 2.
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Fig. 6.  Far-field 3-D radiation patterns of Ant. 2 at 9.2 GHz.

 

Fig. 5.  Surface current density distributions of Ant. 2 at 9.2 GHz.

 

Fig. 4.  CMA results of Ant. 2 (a) modal significance and (b) characteristic angle.
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Figure 7 illustrates the design process of the proposed antenna using CMA. The addition of a triangular slit to 
the right-sided ground plane in Ant. 3 results in the emergence of an additional Mode 3. Consequently, Modes 
1&3 have the same MS at 7.34 GHz, as illustrated in Fig. 8a, and differ in CA by approximately 71 degrees, as 
shown in Fig. 8b. Furthermore, the introduction of the triangular slit alters the direction of the current on the 
right-sided ground, preventing cancellation of the ground plane current. The surface current distributions shown 
in Fig. 9 verify the orthogonality between Modes 1&3. Figure 10 shows the 3-D far-field radiation patterns at 
7.34 GHz. Figure 11 demonstrates that the AR at 7.34 GHz is enhanced by approximately 17 dB in comparison to 
Ant. 2, resulting in an additional 3 dB AR bandwidth from 6.28 GHz to 8.2 GHz. Moreover, as shown in Fig. 11, 
the matching performance is improved by introducing the triangular slit.

Figure 12 presents the CMA results for Ant 4, which incorporates a shark fin-shaped stub and an L-shaped 
strip on the ground plane. At 8.43 GHz and 11.05 GHz, the MS values for both Modes 4&5 and Modes 5&6 are 
identical, with CA differences of approximately 87 degrees and 70 degrees, respectively. The surface current 
distribution, as depicted in Fig. 13, validates the orthogonality between Modes 4&5 and Modes 5&6. Figure 14 
illustrates the 3-D radiation pattern for each mode. Notably, three additional modes that contribute to CP are 
observed, leading to an enhanced 3 dB AR bandwidth. It is additionally observed that the impedance bandwidth 
of Ant. 4 is enhanced in comparison to that of Ant. 3. Consequently, Ant. 4 exhibits a bandwidth of 5.79 GHz to 
11.12 GHz (63%) for 10 dB S11 and 5.94 GHz to 11.22 GHz (61.5%) for the 3 dB AR, encompassing the UWB 
5–15 channels (6.24–10.6 GHz) as shown in Fig. 15. The design process is depicted in a flow diagram in Fig. 16.

Time-domain analysis
In UWB applications, time-domain analysis of the antenna should be performed to assess the potential for 
distortion and to evaluate the signal quality, focusing on the group delay and system fidelity factor (SFF)40,41.

The group delay ( τ ) is a metric employed to assess the overall phase (∠H (ω )) distortion within an antenna 
system. The average group delay represents the time required for a signal to traverse from one antenna terminal 
to the other. This parameter offers a valuable measure of the system’s temporal characteristics42:

Fig. 8.  CMA results of Ant.3 (a) modal significance and (b) characteristic angle (dashed lines: Ant. 2 modes, 
solid line: additional mode).

 

Fig. 7.  Design process of the proposed antenna using CMA (a) Ant.3 and (b) Ant. 4.
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τ = −d [∠H (ω )]

dω
� (4)

The SFF employs a standard parameter to compare the received signal ( R̂S) and the transmitted signal ( T̂S) 
across two antennas. This parameter serves to quantify the extent to which the antenna system influences the 
input pulse43,44:

	
SFF = max

n

∫ ∞

−∞
T̂S (t) R̂S (t + τ ) dt� (5)

To validate the group delay and SFF of the designed UWB CP planar monopole antenna, two identical antennas 
are spaced 500 mm apart. These antennas are positioned in both face-to-face and side-by-side configurations, as 
illustrated in Fig. 17. Figure 18a, b indicate good simulated performances of the phase and group delay for the 
two proposed antennas positioned face-to-face and side-by-side. The face-to-face configuration exhibits an SFF 
of 83.3%, and the side-by-side arrangement yields an SFF of 92.3%, as depicted in Fig. 18c,d.

Measurement results
The designed UWB CP planar monopole antenna was fabricated and measured, as depicted in Fig.  19. As 
demonstrated in Fig. 20, the measured − 10 dB S11 bandwidth and 3 dB AR bandwidth of the fabricated UWB 
antenna were 5.73 GHz to 10.78 GHz and 6 GHz to 11.12 GHz, respectively. The measurement results align 
closely with the simulation results, with slight discrepancies attributed to fabrication and measurement errors. 
Figure 21 shows the simulated and measured realized gain and radiation efficiency of the proposed antenna, 
which has a realized gain from 2.4 to 5.4 dBi and an average efficiency of 80% within the target frequency. 
Figure 22 illustrates the phase and group delay of S21 for the two proposed antennas positioned face-to-face and 

Fig. 10.  Far-field 3-D radiation patterns of Ant.3 at 7.34 GHz.

 

Fig. 9.  Surface current distributions of Ant. 3 at 7.34 GHz.
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side-by-side. The measured phase and group delay align closely with the simulated results, demonstrating good 
agreement between experimentation and simulation. The radiation patterns of right-handed circular polarization 
(RHCP) and left-handed circular polarization (LHCP) measured at different frequencies are indicated in Fig. 23. 
The measured radiation patterns are similar to the simulated radiation patterns, and omnidirectional radiation 
patterns can be observed.

Table  1 presents a comparative analysis of the proposed CP planar monopole antenna with previous CP 
planar monopole antennas21,22,39–44. The variable λ0 represents the wavelength at the lowest frequency of the 
operating bandwidth in free space. As summarized in the table, a time-domain analysis was not provided for 
the antennas except in42–44. Therefore, most of these antennas have not been fully validated for use in UWB 
applications. In42–44, the authors performed a time-domain analysis for validating UWB performance. However, 
the overlapped bandwidths for − 10 dB S11 and 3 dB AR of the antennas proposed in42–44 are narrow, and the 
antenna size in43,44 is large. Considering the overall performances of the antennas, it is evident that the proposed 
antenna is the most suitable candidate for use in UWB applications.

Fig. 12.  CMA results of Ant.4 (dashed lines: Ant. 3 modes, solid lines: additional modes). (a) Modal 
significance and (b) characteristic angle.

 

Fig. 11.  Simulated results of Ant. 3 (a) S11 and (b) AR.
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Conclusion
In this study, the UWB CP planar monopole antenna is proposed to operate in the UWB 5–15 channels (6.24–
10.6 GHz). The proposed antenna incorporates a series of shape modifications in a stepwise manner using CMA 
to achieve CP within the target frequency bandwidth. The proposed antenna demonstrates excellent UWB 
performance, achieving an overlapped bandwidth of 6 GHz to 10.78 GHz. Measurement results closely align 
with simulation results, validating the performance of the antenna. The group delay and SFF are demonstrated 
through face-to-face and side-by-side configurations, emphasizing its practical applicability in the context of 
UWB applications.

Fig. 13.  Surface current distributions of Ant. 4 (a) 8.43 GHz and (b) 11.05 GHz.
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Fig. 15.  Simulated results of Ant. 4 (a) S11 and (b) AR.

 

Fig. 14.  Far-field 3-D radiation patterns of Ant.4 (a) 8.43 GHz and (b) 11.05 GHz.
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Fig. 17.  Configuration of the two proposed antennas for time-domain analysis (a) face-to-face and (b) side-
by-side.

 

Fig. 16.  Flow diagram of the proposed antenna design process.
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Fig. 19.  Fabrication and measurement setup of the proposed UWB CP planar monopole antenna (a) 
fabrication and (b) measurement setup.

 

Fig. 18.  Simulated time-domain results (a) phase, (b) group delay, (c) system fidelity of normalized signals in 
the face-to-face case, and (d) system fidelity of normalized signals in the side-by-side case.
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Fig. 22.  Measured phases and group delays of the two proposed antennas from a distance of 500 mm in the 
target frequency bandwidth (a) phase and (b) group delay.

 

Fig. 21.  Simulated and measured results of the proposed antenna in the target frequency bandwidth (a) 
realized gain and (b) radiation efficiency.

 

Fig. 20.  Simulated and measured results of the proposed antenna (a) S11 and (b) AR.
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Fig. 23.  Simulated and measured radiation patterns (a) 6.7 GHz, (b) 8.7 GHz, and (c) 10.2 GHz.
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Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon 
reasonable request.
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