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Abstract – This paper presents a theoretical study of a cavity-

backed circularly polarized slot antenna, designed for 

applications requiring high-quality polarization characteristics 

across a wide angular range. The analysis covers radiation 

patterns, polarization properties, and impedance matching 

across the operating frequency range. The proposed antenna 

demonstrates advantages in terms of compact size, ease of 

fabrication, and achievable performance characteristics. The 

antenna design achieves a high average axial ratio of 

approximately 0.96 in angular region from -50° to 50° with small 

antenna size 0.4λ0. 

Keywords – Slot Antenna, Cavity-Backed, Circular 

Polarization, Axial Ratio, Radiation Pattern 

I. INTRODUCTION 

Currently, designs for circularly polarized antennas for 

various satellite systems, including navigation, 

communication, telecommunications, and others [1, 2], are 

rapidly advancing due to improvements in manufacturing 

technologies. Antennas designed to receive signals with right-

hand (RHCP) and/or left-hand circular polarization (LHCP) 

are often employed in transceiver systems [3] to provide 

polarization discrimination and enhance channel isolation. 

Circularly polarized antennas serve as standalone elements in 

receiving systems for navigation, positioning, and timing [4, 

5], or they can be integrated into antenna arrays to increase 

gain [6] or to counteract intentional and unintentional 

interferences [7]. Implementing linearly polarized elements 

with sequential rotation in an antenna array [8] implies their 

use for directional antenna devices, as circular polarization 

generated this way typically operates within a narrow angular 

sector. To achieve circular polarization over a wide angular 

sector, it is necessary to excite two orthogonal modes directly 

within a single radiating element. Such an element can then 

function either independently or as part of an array, depending 

on the system requirements. It is important to emphasize 

requirements for wide-angle circular polarization performance 

now apply not only to terrestrial antenna systems (e.g., GNSS 

base station receivers) [9] but also to antennas on emerging 

low-altitude spacecraft in low Earth orbit (LEO) [10]. The low 

orbital altitude imposes stringent requirements in the form of 

wide angular beamwidth and polarization performance. Thus, 

the investigation of manufacturable and compact circularly 

polarized antennas capable of operating over a wide angular 

range represents a relevant task for both onboard and 

terrestrial systems of various purposes. 

These requirements are met by a cavity-backed slot 

antenna. Numerous cavity-backed antenna designs based on 

substrate integrated waveguide (SIW) technology [11] are 

known. Such antennas can achieve a wide-angle radiation 

pattern [12] or, on the contrary, a relatively small beam width 

when combined into antenna array [13]. Additionally, SIW 

antennas can be matched to the feeder in wide frequency 

range [14] or in dual band with frequency ratio up to 30 [15]. 

Moreover, a frequency-tunable SIW cavity-backed antenna is 

known [16]. Tuning of the reflection coefficient is achieved 

using a disk aperture-coupled to the radiating slot. Despite 

their advantages, SIW antennas have leakage, dielectric and 

ohmic losses. 

To minimize losses, all-metal antennas are employed. For 

example, in papers [17, 18] the authors developed such 

antennas. Antenna from [17] is wideband, it operates in 

frequency range from 10 to 16 GHz and has high gain about 

16 dBi. Antenna from [18] is frequency-tunable by metal pin. 

Length of the pin changes an inductance and as a result 

resonant frequency changes. However, these antenna designs 

allow operation only in linear polarization. 

To excite a circularly polarized wave, two spatially 

orthogonal electric field vectors with a 90° phase shift are 

required. So, in [19] authors developed slot antennas with 90° 

crossed slots to ensure circular polarization. This construction 

allows tuning antenna characteristics similarly to [18]. 

Besides, it is possible to use slots with more complex shape. 

In [20] authors employ arc slots to achieve high axial ratio in 

wide angular sector, but its antenna operates in narrow 

frequency band, 3 dB axial ratio bandwidth is about 0.4%. 

Using a circular slot [21], it is possible to achieve 3 dB axial 

ratio bandwidth about 9.5% with wide angular sector. 

However, these constructions have large electrical length and 

width about 0.7λ0, where λ0 is center operating frequency. 

Other types of antennas that form polarization 

characteristics over a wide angular sector are also known, 

such as, for example, low-profile single- or multi-layer printed 

antennas with high-impedance surfaces [22], Fabry-Perot 

resonator-based antennas with artificial magnetic conductor 

[23], helical antennas [24], and quadrifilar antennas [25]. The 

disadvantages of these antennas include their large 

longitudinal or transverse dimensions. 

In this paper, we focused on compact (0.4λ0) all-metal 

antenna with ring slot to achieve high axial ratio in wide 

angular sector. We study the antenna elements to evaluate 

their characteristics. 

https://doi.org/10.18485/mtts_mr.2025.31.2.1
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II. ANTENNA DESIGN 

In this work, a low-profile cavity-backed slot antenna is 

investigated. The antenna was modeled using the Finite 

Element Method (FEM) in electromagnetic simulation 

software. 

A. Antenna assembly 

The assembled antenna view is shown in Fig. 1(a). An 

interior view of the antenna cavity is presented in Fig. 1(b). 

The slot element ("slot" in Fig. 1(c)), etched into the ground 

plane, is located on the top side of the antenna. 

To reduce the antenna's lateral size, the slot features a 

cogwheel shape. The antenna cavity ("cavity" in Fig. 1c) 

forms an electrically closed cylindrical volume filled with the 

Rohacell – a structural polymethacrylimide foam having 

parameters εr = 1.05, tanδ = 0.0002. The cavity is filled using 

two layers of Rohacell, each 4 mm thick. This configuration is 

used to create a suspended substrate for the balanced stripline 

forming the branchline coupler feed network. To ensure 

compactness and increase packing density, the branchline 

coupler striplines are implemented with multiple meanders. 

The feed network is excited via the center conductor of a 

coaxial cable ("coax") at the geometric center of the antenna. 

The two outputs of the feed network are shorted to the cavity 

wall at points "1" and "2" on the cavity periphery, as shown in 

the top view of Fig. 1(c). The shorted feed outputs enable 

energy transfer to the slot radiating element ("slot"). 

Importantly, this feeding method is only valid for a balanced 

stripline where electric field concentration occurs both above 

and below the strip. 

To ensure mechanical stability and flatness of the slot 

radiator ("slot"), the central part of the antenna's top ground 

plane is secured by four dielectric spacers. The spacer 

material is Teflon (PTFE) with εr = 2.1, tanδ = 0.0002. The 

top ground plane is fastened to the spacers using metric 

dielectric screws made of PTFE. The antenna height is 

H = λ₀ /16 (where λ₀  is the free-space wavelength), and its 

diameter is D = 0.4λ₀ . 

The resonant frequency of the proposed antenna is 

determined primarily by the slot radiator length and 

secondarily by the cavity volume acting as a resonator [26]. 

The frequency at which the axial ratio reaches its maximum 

value (maximum circular polarization purity) is determined by 

the quadrature hybrid feed network [27]. 

B. Cavity-backed Shaped Slot 

An initial study of the compact slot radiator with a cavity 

was conducted to determine its resonant frequency. The 

following section examines an antenna excited by the two 

fundamental orthogonal modes in quadrature. 

Fig. 2 depicts an antenna with a compact gear-shaped slot 

radiator, featuring a smaller diameter D1 = 47.5 mm and a 

bigger diameter D2 = 57.5 mm. The resonant cavity has an 

outer diameter D = 64 mm, corresponding to 0.4λ₀ . The slot 

length is approximately 1.5λ₀ , and the slot width is S = 

1 mm. 

The antenna excitation was implemented using two 

striplines rotated 90° relative to each other. The output 

amplitudes are equal, with a phase shift of 90° to achieve 

sequential rotation excitation. 
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Fig. 1. Cavity-backed slot antenna: (a) assembled antenna, (b) view 

of antenna cavity, (c) top view of feed network and cutting plane of 

assembled antenna 
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Fig. 2. The pinion gear shaped slot with stripline quadrature fed 
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Fig. 3. (a) Frequency dependences of total efficiency, (b) average 

axial ratio at area θ = [-50°; 50°] 

The total efficiency (including mismatch and dissipative 

losses) exceeds 0.9 within the frequency band 

f/f₀  = 0.99 – 1.02 (Fig. 3(a)). The frequency dependence of 

the axial ratio (Fig. 3(b)) demonstrates that the antenna 

maintains favorable polarization characteristics outside its 

efficiency-based operational bandwidth. It should be noted 

that the 
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Fig. 4. Frequency dependence of angular width for different antenna 

cavity height (H) 

axial ratio of the assembled antenna will also be determined 

by its feed network and the matching of the slot radiator, 

which is inherently narrowband for antennas of this type. 

Next, a study was conducted to investigate the effect of the 

cavity height on the radiation pattern angular width of the slot 

antenna. Figure 4 shows the frequency dependence of the 

angular width (-3 dB) for cavity heights (H) ranging from 5 

mm to 40 mm in 5 mm steps. 

The graph shows that as the height H increases, the angular 

width also increases. Initially, up to a height of H = 20 mm, 

the characteristic grows linearly, after which the angular width 

sharply rises. This may be due to the fact that the current 

distributions on the conductor's surface are such that the 

cavity-backed antenna degenerates into an omnidirectional 

monopole-like antenna over a ground plane. 

It should also be noted that the obtained variability in 

angular width with respect to H –ranging from 77° to 105° for 

the proposed compact antenna allows for selecting different 

configurations to address a wide range of applications, 

including both terrestrial and satellite systems for various 

purposes. 

Next, we will examine the configuration of a compact 

feeding circuit for exciting the slot antenna in quadrature. 

C. Compact Feed Network 

The key component in designing a circularly polarized 

antenna is the feeding circuit. A properly designed feeding 

circuit ensures high axial ratio within the specified operating 

frequency band. A two-point feeding scheme was proposed. 

Although feeding schemes with three or more points can 

provide better polarization characteristics, they require more 

space and are unsuitable for the proposed antenna design. 

For a compact antenna implementation, even a 

conventional quadrature hybrid coupler is not suitable, as the 

dimensions of its topology may exceed the inner diameter of 

the slot radiator (D1 in Fig. 2, see Fig. 5 on the left). In this 

case, spontaneous excitation of the slot radiator may occur, 

leading to degraded polarization characteristics. 

To achieve a compact feeding solution, a folded quadrature 

hybrid coupler based on a stripline is proposed, with a 

reference characteristic impedance of Z0 = 110 Ω. The 

physical layout is shown in the figure 5. 
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Fig. 5. The stripline feed network – compact branchline coupler with 

reference characteristic impedance Z0 = 110 Ω 
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(b) 

Fig. 6. (a) Frequency dependences of magnitude of S-parameters, 

(b) phase of S-parameters 

The design is based on a stripline feeding circuit with a 

height of H = 8 mm, since unlike microstrip lines, the electric 

field propagates symmetrically between the upper and lower 

ground planes, eliminating the need to route the feed cable 

directly to the antenna excitation point. A characteristic 

impedance of Z₀  = 110 Ω allowed for a reduction in the 

width of the feeding circuit conductors, freeing up space for 

implementing bends in the quadrature hybrid. However, a 

95 Ω stripline transformer had to be added at the input to 

ensure matching. The input impedance of the feeding circuit is 

50 Ω, while the high-impedance sections have a characteristic 

impedance of Z₁  = √2·Z₀  ≈ 150 Ω. The output ports of the 

feeding circuit are designed for 125 Ω to ensure optimal 

matching between the slot radiator and the feedline. 

Below, Figs. 6(a) and 6(b) present the amplitude and phase 

characteristics of the compact quadrature hybrid-based 

feeding circuit. 

The compact feeding circuit implementation features equal 

power division between two outputs with approximately 90° 

phase difference between them, similar to a full-size feeding 

circuit (classic 50 Ω branchline coupler). 

III. SIMULATED RESULTS AND DISCUSSION 

To analyze the cavity-backed slot antenna assembly, its 

impedance matching, radiation pattern, and polarization 

properties were calculated.  
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(b) 

Fig. 7. (a) Frequency dependences of the |S11| magnitude, 

(b) the axial ratio at zenith 

Figure 7(a) shows the reflection coefficient |S11| versus 

normalized frequency (f/f₀ ), where f₀  is the antenna's central 

frequency. The antenna exhibits a low |S11|, with a –10 dB 

bandwidth of approximately 10% and a –15 dB bandwidth of 

about 8%. However, the bandwidth for an axial ratio 

(AR) > 0.7 is approximately 4%, which is indicated by the 

shaded region in Fig. 7(b). This bandwidth is defined as the 

operational bandwidth. 
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Fig. 7(b) shows that the axial ratio approaches its maximum 

value (AR ≈ 1, indicating optimal circular polarization) only 

near normalized frequency f/f₀  ≈ 1. This can be attributed to 

the resonant nature of the slot radiator, despite the branchline 

coupler feed network providing equal-amplitude quadrature 

excitation over a ~10% bandwidth [27]. 

 

Fig. 8. Radiation patterns for left and right circular polarization 

 

 

Fig. 9. (a) Axial ratio at f/f0 = 1, (b) f/f0 = 0.98, (c) f/f0 = 1.02 

Fig. 8 presents the radiation patterns for right-hand (RHCP) 

and left-hand circular polarization (LHCP) at the center 

frequency (f/f₀  = 1), at lower band-edge frequency 

(f/f₀  = 0.98) and at higher band-edge frequency (f/f₀  = 1.02). 

The choice of radiation pattern cut plane (Fig. 8) is non-

critical, as the antenna's symmetric design results in near-zero 

azimuthal pattern variation. 

The antenna gain is 6.5 dBi, with a half-power angular 

width of 90°. Furthermore, Fig. 8 indicates good polarization 

discrimination. The axial ratio for RHCP (RHCP/LHCP ratio 

in Fig. 8) is better than 0.8 over θ = [-90°; 90°] at the center 

frequency and remains above 0.65 at the frequency band edge. 

These high AR values across a wide angular sector stem from 

the excitation of orthogonal electric field components in the 

antenna's top plane [28]. 

Fig. 9 shows patterns of the axial ratio in normalized u/v 

coordinates. The elevation angle in Fig. 9 varies from -90° to 

90°. High values of the axial ratio are observed both for the 

zenith direction and for the periphery, up to the edge of the 

spatial hemisphere. It should be emphasized that the wide-

angle AR performance is enabled by the antenna's air-gap 

cavity design. Comparable low-profile antennas, such as 

conventional patch antennas [29] also employing an air 

substrate, achieve high AR values over only half the angular 

sector due to electric field confinement between the patch and 

ground plane. 

IV. CONCLUSION 

Slot antennas backed by a resonant cavity can provide 

circular polarization over a wide angular range (±60° or 

more). This cavity enhances polarization stability by shielding 

parasitic radiation and ensuring more uniform current 

distribution. This study has investigated a compact low-profile 

antenna with a diameter of 0.4λ₀ , providing high axial ratio 

(high circular polarization purity) across a wide angular sector 

[-90°; 90°]. Compared to modern antennas of other types that 

form similar polarization characteristics, the proposed antenna 

features small transverse dimensions and can be used in 

applications where implementation compactness is important, 

including in small-sized antenna arrays. A limitation of the 

proposed antenna is its relatively narrow operating frequency 

band, limited by the slot radiator, which may not always be 

suitable for use in certain broadband systems. 

Thus, the antenna features a simple design with a 

quadrature feed circuit for circular polarization excitation and 

can be manufactured using modern techniques, including 

metal additive manufacturing (3D printing). 
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