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Abstract - This article describes a coplanar waveguide (CPW) feed inverted L- strip slot antenna implementation along with 

characteristic mode analysis (CMA) to obtain circular polarization (CP) with broad bandwidth. The antenna design includes a 

microstrip feed annular ring patch and an inverted L-strip asymmetric square slot. The resonant and radiating behavior of the 

inverted L-strip with asymmetric square slot are analyzed using CMA for the first six characteristic modes (CMs) to attain CP. 

The annular ring microstrip-fed patch is then excited based on the CMs response to achieve broadband CP. To further assess 

the accuracy of the simulation results, a prototype is fabricated on a single-layered FR-4 substrate measuring 25×25 mm2. Upon 

measurement, the antenna displays an S11 less than -10 dB of 59.6% (5.50 - 10.17 GHz) impedance bandwidth and 3dB circular 

polarization of 46.8% (5.98 - 9.64 GHz) axial ratio bandwidth. The proposed antenna's operating bandwidth may include the 

satellite and naval radar required for military applications.  

Keywords - Antenna, Broadband, Circular polarization, Characteristic modes, Characteristic mode analysis. 
 

1. Introduction  
The present-day surge in the usage of wireless, mobile, 

and satellite communication technologies has resulted in an 

amplified requirement for dual-band, multi-band, or 

broadband antennas in ultra-wideband (UWB) applications 

[1-3]. Circularly polarized (CP) antennas are necessary as they 

offer a solution to the issues associated with linear polarization 

(LP) that are associated such as Faraday Rotation, 

interferences due to multipath, and polarization mismatch 

between the transmitter and receiver [4-5]. In order to achieve 

circular polarization, a combination of two modes that are 90 

degrees to each other and have uniform amplitude is utilized. 

In literature, numerous approaches have been described 

to achieve CP, including diagonal feeding, rectangular patch 

with different slots and stubs, truncating edges, asymmetric 

radiators, crossed-shaped apertures, and array configurations 

with either single-feed or dual-feed options [6-14]. Although 

single-feed CP antennas are compact and straightforward to 

manufacture, they have a restricted bandwidth, especially in 

terms of their 3dB axial ratio (AR) bandwidth, which has been 

a drawback. To address this issue, dual-feed CP antennas have 

been designed. These antennas are fed at two distinct points, 

resulting in a 900-phase difference in two perpendicular 

directions. However, these antennas are bulky and complex in 

structure and are typically designed using full-wave modeling 

and optimization with little physical insight. The absence of 

physical understanding in the design process can complicate 

the antenna shape and feeding optimization and result in 

deceptive simulated current distributions. To address this 

issue, characteristic mode analysis (CMA) has recently 

garnered significant attention from researchers, as it provides 

source-free techniques to understand the antenna's natural 

resonance properties [15-20]. A profound understanding of 

how the antenna operates on a physical level can generate 

valuable modal analysis outcomes that guide optimization 

efforts, achieving the required radiation performance at a 

particular frequency. CMA is a versatile analysis that can 

improve bandwidth, polarization, and structure optimization. 

This research paper introduces a new CP antenna 

geometry that uses CM analysis to optimize the antenna's 

resonance behavior. To excite the antenna on a 0.4mm FR-4 

substrate, a microstrip feed with an annular ring is utilized. 

http://www.internationaljournalssrg.org/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Samineni Peddakrishna et al. / IJEEE, 10(2), 196-206, 2023 

 

197 

Several antenna parameters are assessed, including AR, 

reflection coefficient, gain, and radiation patterns. The 

antenna's performance is scrutinized through experimental 

validation by measuring these parameters. This antenna 

provides extensive circular polarization and can cover both the 

uplink frequency of the C-band and X-band military uplink 

and downlink frequencies.  

2. Characteristic Mode Theory  
This section provides an overview of modal analysis and 

a substantial role in antenna design. Modal analysis was first 

introduced by Garbacz [36] and was later developed by Turpin 

[22]. They presented a unique set of characteristic modes 

(CMs) for any arbitrary perfect electric conductor (PEC) that 

is independent of any particular source. Harington and Mautz 

[38] further improved the idea by relating the surface current 

to its tangential electric field. The main idea behind modal 

analysis is to extract resonant frequencies of fundamental and 

higher-order modes and electromagnetic structure properties 

such as modal current and radiation behavior for each mode in 

the far-field zone. 

By understanding the modal behavior of the antenna 

geometry, the radiation performance at a specific frequency 

can be optimized [24,37]. Modal analysis can be 

mathematically considered an eigenvalue (EV) analysis, and 

its characteristic modes can be obtained from equation (1). 

This approach provides a powerful technique for optimizing 

antenna performance by enabling researchers to gain an 

intuition of the natural resonance properties and determine the 

necessary radiation performance at a given frequency. 

𝑋(𝐽𝑛⃗⃗  ⃗) = 𝜆𝑛𝑅(𝐽𝑛⃗⃗  ⃗)                             (1) 

Where The EV is denoted by a symbol𝜆𝑛, while the 

eigenfunctions (Eigen currents) are denoted by 𝐽𝑛⃗⃗  ⃗, The 

operator 𝑅is real and 𝑋 is imaginary impedance. According to 

equation (1), the characteristic modes (𝐽𝑛⃗⃗  ⃗) are defined as 

actual currents on the conductive body. The shape and size of 

the body are the only factors that determine these currents, and 

any particular source or excitation does not influence them. 

From equation (1), the EV equation (2) is formulated from the 

method of moment impedance matrix. 

[𝑋][𝐼]𝑛 = 𝜆𝑛[𝑅][𝐼]𝑛        (2)   

The concept of EV analysis and using characteristic 

modes to obtain natural resonance information of each mode 

index. The EV equation (1) represents the characteristic 

current, where n is the mode index. The EV equation gives the 

mode information at different frequencies based on the stored 

energy on the radiating surface. The modes are classified as 

resonant mode, inductive mode, and capacitive mode based on 

the stored energy (electric and magnetic) at various 

frequencies. However, discriminating higher-order modes 

using EV becomes difficult at higher frequencies as they are 

closely grouped. To address this difficulty, modal significance 

(MS) and characteristic angle (CA) can be used to analyze 

other parameters derived from the EV. These characteristics 

and parameters examine all aspects of the radiation capacity 

of specific modes. MS, in particular, determines the 

significant modes for a particular design and can be defined 

using equation (3). 
 

𝑀𝑆 =
1

|1+𝐽𝜆𝑛|
         (3) 

 

The MS calculation involves determining the modal 

contribution to the far field. The mode with the highest MS is 

considered the dominant mode. The MS provides the resonant 

frequency and bandwidth of the modes contributing 

significantly to the antenna. Furthermore, the characteristic 

angle determines the direction of maximum radiation for each 

mode. By analyzing these parameters, it is possible to 

optimize the antenna's radiation performance and bandwidth 

for specific applications. Therefore, using CMs in modal 

analysis provides physical insight into the antenna's behavior 

and facilitates the optimization of antenna design. 

The other parameter, CA, is useful for identifying phase 

lag between the surface current and tangential electric field. 

This can be defined in equation (4). 

𝜙𝑛 = 1800 −𝑡𝑎𝑛 −1 (𝜆𝑛)   (4) 

The CA information can be used to estimate the phase 

angle between two orthogonal modes, which is very useful for 

generating CP radiation. To generate CP radiation in antenna 

design, it excites equal amplitude orthogonal modes with 

quadrature (90°) phase difference concurrently. This can be 

simultaneously observed from MS and CA and current modal 

distribution. 

2.1. Proposed Design Modal Analysis  

The CMs of an inverted L-strip design with an 

asymmetric square slot have been conducted using CMA. The 

proposed design analysis begins from a simple square patch 

without any substrate, as depicted in Fig. 1, with a dimension 

of 25 × 25 mm2. Fig. 2 depicts the MS and CA for the initial 

six modes of Patch #1. As observed from Fig. 2, the first two 

degenerated modes (Mode 1 and Mode 2) resonate at 6.43 

GHz, and Mode 4 resonates at 7.35 GHz. However, these 

modes are irrelevant to generating CP for quadrature phase 

shifts. Also, the other modes depicted in Fig.2 are insignificant 

in the specified band. Therefore, the basic patch antenna is 

modified with different levels of modifications to attain 

quadrature phase shift for CP radiation and reduce the 

resonance frequency of higher-order modes.
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Fig. 1 Symmetric square patch #1 

 
(a) 

 

        
(b) 

 
Fig. 2 Symmetric square patch #1 CM parameters (a) MS (b) CA  

 
(a)                                                    (b) 

 
(c)                                                    (d) 

Fig. 3 Comparative analysis for patch stages. (a) Patch #2, (b) Patch 

#3, (c) Patch #4, (d) Patch #5 

Fig. 3 illustrates various levels of modification to Patch 

#1. In the first level, an asymmetrical slot is added to Patch #1, 

resulting in Patch #2 (Fig. 3(a)). The CMs analysis of Patch 

#2 is depicted in Fig. 4. The results indicate that all the modes 

have shifted towards lower frequencies, and the degenerate 

modes, including Mode 1 and Mode 2, have split and 

resonated at two distinct frequencies. Mode 1 and Mode 2, for 

instance, resonate at 4.01 GHz and 4.08 GHz, respectively. 

More specifically, Mode 1 and Mode 2 have resonant 

frequencies of 4.01 GHz and 4.08 GHz, respectively. Only 

Mode 3 is non-resonant within the given frequency range 

among all six modes. Meanwhile, the higher-order modes, 

including Mode 4, Mode 5, and Mode 6, resonate at 

frequencies of 7.07 GHz, 7.87 GHz, and 11 GHz, respectively. 

Their combination generates a wider bandwidth with a modal 

suppression greater than 0.707. 

During the second modification, a square patch was added 

to the lower left corner of the slot to create Patch #3 from Patch 

#2 (shown in Fig. 3(b)). The MS and CA of Patch #3 are 

displayed in Fig. 5. The results show that Mode 1 shifted 

further towards lower frequencies, and Modes 2, 4, 5, and 6 

shifted slightly towards higher frequencies. Orthogonal modes 

from Mode 2 to Mode 6 had high MS values except for Mode 

3. The frequencies where Mode 2 intersects with Mode 4, 

Mode 4 intersects with Mode 5, and Mode 5 intersects with 

Mode 6 were detected at 6.14 GHz, 8.19 GHz, and 9.84 GHz, 

respectively, with an MS greater than 0.7, which leads to a 

broader bandwidth. Moreover, at 6.14 GHz, the CA angle 

between Mode 2 and Mode 4 was approximately 90 degrees, 

accompanied by an MS value of 0.7. 
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(a) 

 
(b) 

Fig. 4 Comparative analysis of characteristics modes of patch #2 (a) 

MS (b) CA   
 

Patch #3 was further modified by adding a slot in the 

bottom center of the patch to create Patch #4 (Fig. 3(c)). The 

resulting MS and CA values for Patch #4 are depicted in Fig. 

6. The changes to the patch caused a shift in the mode 

resonance frequency towards the higher frequency side and a 

reduction in the broader frequency band, causing Mode 2 and 

Mode 4 to intersect at 7.7 GHz with a phase difference of 980 

and an MS of 0.65. To achieve a broader frequency band and 

shift the mode frequencies towards the lower side, an inverted 

L-shaped strip was added to Patch #4, as shown in Fig. 3(d), 

to form Patch #5. As demonstrated in Fig. 7, the addition of 

the strip caused a shift of all modes towards the lower 

frequency side, resulting in the intersection points between 

different modes also shifting. Mode 1 and Mode 3 became 

non-significant in the specified band, while the significant 

modes such as Mode 2, Mode 4, Mode 5, and Mode 6 

contributed to the broader frequency bandwidth. Mode 2 and 

Mode 4 intersected at 6.19 GHz with an MS of 0.81 and a CA 

of 71.70, while Mode 4 and Mode 5 intersected at 8.4 GHz 

with an MS of 0.98 and a CA of 73.30. Mode 5 and 6 

intersected at 9.9 GHz with an MS of 0.76 and a CA of 210, 

while Mode 4 and 6 intersected at 9.0 GHz with an MS of 0.76 

and a CA of 77.70. The circularly polarized radiation is 

facilitated by the stable CA of approximately 70° at all 

intersection points, except for Mode 5 and Mode 6. This 

stability is beneficial for proper feeding design and an 

additional phase shift to generate circular polarization. 

 
(a) 

 
(b) 

Fig. 5 Comparative analysis of characteristics modes of patch #3 (a) 

MS (b) CA 

2.2. Antenna Design and Analysis 

After performing a CMA analysis on the mode 

resonances, a square slot antenna was selected and equipped 

with an annular ring microstrip feed and an inverted L-strip 

patch to introduce a phase shift for circularly polarized 

radiation. The proposed design is optimized on a low-cost FR-

4 substrate on 0.4 mm thickness, a relative permittivity of 4.4, 

and a loss tangent of 0.04. Its dimensions are 25 × 25 × 0.4 

mm³, and the feed line comprises a 50 Ω transmission line with 

a feed length of 32.5 mm, a signal line width of 2.75 mm, and 

a 0.4 mm gap between the signal line and the asymmetrical 

slot patch. The feedline is attached to the annular ring to 

enhance the phase shift for circular polarization further. Fig. 8 

depicts the geometric configuration of the antenna design, and 

Table 1 summarizes its overall dimensions. 

A comparison of the simulated S11 and AR is conducted 

in Fig. 9 with and without an annular ring to evaluate the 

significance of the annular ring in the design. The results 

indicate that the antenna lacking an annular ring does not offer 

impedance matching. In contrast, the antenna with an annular 

ring presents a matched impedance within the frequency band 

from 5.41 GHz to 10.54 GHz. Furthermore, the antenna with 

an annular ring demonstrates improved AR, less than 3 dB, for 

CP radiation within the range of 5.92 GHz to 9.50 GHz. 
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Table 1. Geometrical parameters of the proposed antenna 

Parameter Ws Ls Wp Lp Wp Wf g 

Value 

(mm) 
25 25 18 18 6 2.75 0.4 

Parameter a b c d e rin rout 

Value 

(mm) 
8.3 8.5 8 1 4 2 3 

 
(a) 

 
(b) 

Fig. 6 Comparative analysis of characteristics modes of patch #4 (a) 

MS (b) CA 

To investigate the IPBW and ARBW of the proposed 

antenna, a parametric analysis was conducted by varying the 

substrate thickness and feed width. The substrate thickness 

(hs) analysis was performed on commercially available 

substrates ranging from 0.2 mm to 1.6 mm. The feed width 

(Wf) analysis was conducted on 2 mm to 3 mm values. The 

parametric thickness analysis, as shown in Fig. 10, indicates 

that as hs increases, the IPBW increases, and the matching 

shifts towards the lower frequency side. However, the ARBW 

becomes very poor. At 1.6 mm, the CP radiation is not 

provided at a certain frequency in the specified matching band. 

Therefore, the substrate thickness was optimized in the design 

to 0.4 mm to balance the IPBW and ARBW.  

 
(a) 

 
(b) 

Fig. 7 Comparative analysis of characteristics modes of patch #5 (a) 

MS (b) CA 

 
Fig. 8 Proposed CPW-Fed printed square-slot antenna design layout 

The relationship between the feed width (Wf) and its 

variation is illustrated in Fig. 11. It is evident from the graph 

that there is a reduction in matching around the center 

frequency as the feed width is increased from 2 mm to 3 mm. 

This may be attributed to the need to maintain close coupling 

among the elements and achieve the desired ARBW and 

impedance matching. Furthermore, it is noted that increasing 

the feed width Wf results in a reduction of the ARBW, 
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particularly at the upper-frequency edge. This could be the 

disturbance of soldering on the patch. Therefore, the optimal 

design is obtained by selecting a value of Wf that balances the 

IPBW and ARBW, which in this case, is 2.75 mm. 

 
Fig. 9 Simulated S11 and AR plots 

 
(a) 

 
(b) 

      Fig. 10 Effect of variation in height (a)S11 (b) AR  

In order to gain deeper insights into the circular 

polarization behavior of the antenna under consideration, an 

analysis of the surface current distribution is performed at a 

frequency of 7.5 GHz. The results, shown in Fig. 12, 

demonstrate surface current distribution at different phases 

(00, 900, 1800, and 2700). The current on the top left corner of 

the inverted L-strip asymmetrical slot patch and extended 

patch point rotates in an anti-clockwise direction with a 900-

phase difference at all phase variations from 00 to 2700. In 

addition, a clockwise current distribution is observed on the 

top edge intersecting point between the annular ring and feed 

line. These observations inferred that the antenna exhibits left-

hand circular polarization. 

 
(a) 

 
(b) 

      Fig. 11 Effect of variations in feed width (Wf) (a) S11 (b) AR plots  

 
(a)                                               (b) 

 
(c)                                               (d) 

Fig. 12 Surface current distribution of proposed antenna at 7.5 GHz. (a) 

θ = 00  (b) θ = 900   (c) θ = 1800   (d) θ=2700 
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2.3. Experiment Results 

A prototype model is created to verify the antenna design, 

and various measurements are taken, such as S11, axial ratio 

(AR), gain, and radiation pattern. The prototype is illustrated 

in Fig. 13(a). The S11 parameter is measured using the Anritsu 

S820E vector network analyzer. The measured S11 results are 

then compared with the simulated results, as shown in 

Fig.13(b). The antenna is measured IPBW is 59.6% with S11 

of -10 dB and operates within the frequency range of 5.50 GHz 

to 10.17 GHz. The simulation IPBW is 64.2% within the 

operating band of 5.41 GHz to 10.54 GHz. 

 

 
(a) 

 

 
(b) 

Fig. 13 (a) Antenna prototype (b) S11 parameter 

The measured and simulated AR, along with gain plots, 

are shown in Fig. 14. The measured ARBW is about 46.8% 

(5.98 GHz to 9.64 GHz), and the simulated 3 dB ARBW is 

about 46.3% (5.92 GHz to 9.50 GHz). The minimum AR of 

the simulated and measured values is 1.57 dB (8.80 GHz) and 

1.42 dB (6.58 GHz), respectively. The results indicate that 

both the simulated and measured values are in good 

agreement. 

 
Fig. 14 Simulated and measured AR along with realized gain 

Furthermore, upon measurement, it was noted that the 

maximum gain obtained was 3.72 dBi at 10.1 GHz. On the 

other hand, the simulated realized peak gain was 3.61 dBi at 

10.61 GHz. The gain remains almost stable within the -10 dB 

IPBW and 3 dB ARBW (improving from lower to higher 

frequency) and starts degrading after the 3 dB AR terminating 

point (10.68 GHz). Table 2 provides a summary of the 

comparison between the measured and simulated results. 

Table 2. Comparison of simulated results and measured results 

Results 
IPBW ARBW 

% GHz fc % GHz fc 

a)Sim 64.2 5.41-10.54 77.98 46.3 5.92-9.50 7.71 

bMea 59.6 5.50-10.17 7.83 46.8 5.98-9.64   7.81 

a) Simulated; b) Measured 

The antenna's pattern is measured using an Amitech 

radiation pattern measurement setup, which involves placing 

the source antenna (horn) in the far field and mounting the 

measured antenna on an automated rotator with a data 

recorder. To exhibit the direction of circular polarization (CP), 

the far-field patterns are measured in both left-hand circular 

polarization (LHCP) and right-hand circular polarization 

(RHCP) at frequencies of 6.0 GHz, 7.5 GHz, and 9.5 GHz. 

These measured patterns are then compared to the simulated 

patterns in both the x-z (ϕ=00) and y-z (ϕ=900) planes, as 

illustrated in Fig.15. It is important to note that any slight 

discrepancies between the measured and simulated patterns 

may be due to fabrication defects or measurement 

inaccuracies.  
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(a)                                    (b)                                 

Fig. 15 Radiation pattern comparison (a) E-plane (b) H-plane 

After analyzing the measured and simulated far-field 

patterns of the LHCP and RHCP signals at various frequencies 

in the x-z and y-z planes, it is found that the magnitudes of 

both planes are equal at their respective frequencies. 

Specifically, at 6.0 GHz, 7.5 GHz, and 9.5 GHz in the x-z 

plane, the simulated magnitude of the LHCP signal is 3.46 

dBi, 3.17 dBi, and 4.25 dBi, respectively, in the main lobe 

direction. In contrast, the magnitude of the LHCP signal in the 

y-z plane is 3.53 dBi, 3.91 dBi, and 2.95 dBi in the main lobe 

direction at the same specified frequencies. Additionally, the 

difference in magnitude between the LHCP and RHCP signals 

is observed to be 0.03 dBi, 0.08 dBi, and 0.11 dBi in the x-z 

plane at 6.0 GHz, 7.5 GHz, and 9.5 GHz, respectively, in the 

main lobe direction at 0° and 180°. 
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Similarly, the magnitude difference in the y-z plane is 

0.03 dBi, 0.09 dBi, and 0.11 dBi at the same frequencies. 

Although the RHCP component is slightly larger than the 

LHCP component at all frequencies, the difference is 

considered acceptable. 

In Table 3, we compare the proposed CP antenna with the 

previous CP antennas. It demonstrates that this antenna has a 

more straightforward design, a smaller overall size, and 

excellent impedance bandwidths with appropriate ARBWs. 

Table 3. Comparison with similar designs reported in the literature  

Ref 
Antenna Size w 

× l × h (mm) 

IPBW ARBW Peak 

gain 

(dBi) 

CMA 

 % GHz fc % GHz fc 

[26] 100×100×3 60.3 4.82-5.12 4.97 58.2 4.84-5.13 4.98 9 No 

[27] 50×50×0.8 111 2.13-7.46 4.79 27.0 3.20-4.20 3.70 5.3 No 

[28] 85×85×1.6 34.1 2.80-3.95 3.37 34.1 2.80-3.95 3.37 7.5 No 

[29] 44.7×53×1.6 88.3 2.49-6.42 4.45 49.1 2.72-4.49 3.60 3.5 No 

[30] 40×40×1.6 73.3 5.02-10.84 7.93 58.1 5.07-9.22 7.14 4.2 No 

[31] 42×42×1.5 90.9 2.10-5.60 3.85 90.9 2.10-5.60 3.85 3.2 Yes 

[32] 100×100×6 52.6 1.78-3.05 2.41 31.3 2.15-2.95 2.55 7.0 Yes 

[33] 27×27×3.4 27.3 4.96-6.53 5.74 8.07 5.83-6.32 6.07 6.3 Yes 

[34] 35×40×1.6 48.3 4.70-7.70 6.20 44.0 4.60-7.20 5.90 4.0 Yes 

Proposed 

Work 
25×25×0.4 59.6 5.50-10.17 7.83 46.8 5.98-9.64 7.81 3.6 Yes 

3. Conclusion 
In this study, the antenna structure combines a CPW-fed 

annular ring and an asymmetric square slot designed for 

broadband circular polarization (CP) using CMA. The use of 

CM theory offers a systematic design approach. The CP 

behavior is analyzed using MS and CA from CMA, and the 

introduction of the patch on the left bottom side and inverted 

L-strip of the asymmetric slot. The antenna is excited with 

CPW feed along with the annular ring, and good impedance 

matching and large ARBW are observed with the help of the 

annular ring compared to the antenna without it. The final 

proposed antenna has an overall size of 25×25×0.4 mm3 and 

provides an ARBW and IBW of 46.8% (5.98 – 9.64 GHz) and 

59.6% (5.50 – 10.17 GHz), respectively. The effectiveness of 

the design technique with CMA has been validated through 

experimental values, which are in good agreement. The 

suggested broadband CP performance, simple construction, 

and small antenna size are appropriate for wireless C and X-

band applications. 
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