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Design of Compact Circularly Polarized Antenna Using Sunshine-Shaped 

Slotted Patch  

Jiayuan Lu, Hao Chi Zhang, Cunyue Wei, Jia-Sheng Hong, and Tie Jun Cui 

Abstract—We propose a method to design compact circularly polarized 

(CP) antenna using a novel sunshine-shaped slotted radiating patch, which 

exhibits slow-wave and other interesting properties. The structured 

radiating patch introduces adjustable coupling between a pair of orthogonal 

modes (TM10 mode and TM01 mode) to facilitate good axial ratio and 

reflection parameters of the antenna simultaneously in the radiating 

frequency band. A π/2 balun is employed to excite the TM10 and TM01 modes 

by using back feeding structure. Based on the proposed method, a compact 

left-hand CP antenna is designed, fabricated, and measured to verify the 

feasibility of the design method. The whole antenna is 0.17λ0×0.17λ0 in 

dimension (λ0 is the wavelength in free space) and the measured maximum 

gain is 5dBic in the working band, and 3-dB axial ratio (AR) bandwidth is 

0.4% for left-hand CP. 

Index Terms—Sunshine-shaped slotted patch, patch antenna, circularly 

polarized antenna, miniaturization, sunshine-shaped slotted radiating 

patch. 

I. INTRODUCTION

Nowadays, compact circularly polarized (CP) antenna is widely 

used in wireless communication systems, due to its good 

characteristics in low profile, light weight, and compact size. In [1]-

[2], three-dimensional (3D) printing technique is applied to design CP 

antenna. In [3]-[5], by setting slots on the patch, the asymmetric patch 

generates a pair of orthogonal modes, which helps to realize CP 

antenna design. In [6]-[11] antenna arrays are designed to realize good 

CP characteristics with good axial ratio (AR). In [12]-[14], meta-

surface is applied to realize good CP characteristics in design. In [15]-

[18], shorting via-holes are applied to realize CP design. In order to 

achieve a compact design to meet the high integration requirements of 

advanced systems, cavity modes are applied to realize compact design 

[19]-[22]. Besides, in [23]-[27] two pairs of dipole antennas are placed 

vertically on the patch and the folded structure is helpful to achieve 

compact CP antenna design. So, it can be drawn that the compact CP 

antenna is a topic of great concern. 

In this paper, a new method of designing compact CP antenna in 

common dielectric constant is proposed. The sunshine-shaped slotted 

pattern is applied at the center of the radiating patch. The slow-wave 

characteristic of the structured patch helps to realize compact design. 

Comparing with the current CP antenna using square radiating patch 

as listed above, because of the introduction of the non-uniform 

structure of the patch, there is coupling exists between the TM10 mode 

and TM01 mode. In other words, introducing the sunshine-shaped 

slotted arrangement can not only reduce the size of the radiating patch, 

but also bring about electromagnetic coupling between TM10 and 

TM01 modes (which should be orthogonal). Thus, the parameters of 

the sunshine-shaped slotted radiating patch are adjusted to control the 

coupling between TM10 and TM01 modes to realize good CP 

characteristic. As an example, we design a compact CP antenna 

applying the proposed method. A pair of 90 degrees out of phase 

signals generated by 90° balun is transmitted to the radiating patch by 

shorting via-holes. The feeding part is set on the back of the radiating 

patch. The simulated and measured results have proved the feasibility 

of the proposed design scheme. 

The outline of the paper is as follows. The structure of antenna, 

design method, and working principle are described in Section II. The 

simulated and measured results and the comparison with relevant 

antennas are investigated in Section III. Finally, a summary together 

with concluding remarks is presented in Section IV. 

II. OPERATION PRINCIPLE

The operating principle is illustrated through our theoretical 

analysis of the coupling between two modes in this section. The 

substrate is Rogers 4003C with a relative permittivity of εr = 3.38 and 

a thickness of h= 1.524 mm.  

A. Resonant Frequency of the Sunshine-Shaped Slotted Structure

According to the theory described in [15], when dual-feeding

structure is applied on a patch to realize the CP antenna, the current 

distribution of CP antenna is shown in Fig. 1(a). The current of TM10 

flows in the horizontal direction, and the current of TM01 flows in the 

vertically direction. The resonating frequencies of TM01 and TM10 can 

be derived as [28]-[29]: 
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Fig. 1.  (a) TM10 mode and TM01 modes on traditional patch antennas. (b) The 
3-D view of the proposed CP antenna.
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where, μ0 is the permeability of free space, ε0 is the permittivity of free 

space, μr is the relative permeability of the dielectric substrate of 

antenna and εr is the relative permittivity of the dielectric substrate. 

εreff is the effective dielectric constant of  antenna. L is the physical 

size of antenna. L is derived as the equivalent width of the fringing 

capacitance, which affects the radiation characteristics of the antenna. 

Le is the equivalent length of the patch resonator. h is the thickness of 

the dielectric, W is the width of the radiating patch. According to this 

technique, the length of L in “x” and “y” direction has been studied to 

adjust the orthogonal modes to realize good CP characteristics in a 

specific frequency band [25]. 

Fig. 1(b) shows the 3D view of the proposed antenna, in which the 

radiating part is on the top layer. The substrate of the radiating patch 

is Rogers 4003C as the first layer of dielectric board. The ground plane 

is placed on the bottom of the first layer of dielectric board, which is 

marked in blue. Beneath the ground plane, there is the second 

dielectric board, which is used as the feeding part. The surface metal 

of the feeding part is on the lower surface of the second dielectric 

board. 

The sunshine-shaped slotted structure is introduced at the center of 

the radiating patch to realize compact design without deteriorating the 

radiation characteristic of the patch on the top layer. The radiating 

edges are marked in red. The lengths of the long and short axes are “a” 

and “b”, respectively. Because of the center-defected structure, the 

current flows along the edge of the patch, which increases the 

equivalent electrical length of the radiating patch to some extent. 

Besides, the corrugated structure helps to achieve slow wave 

characteristic on the radiating patch. Considering these reasons, the 

corrugated structure helps to realize compact design. To further 

explore the proposed theory, the propagation constant of different 

transmission structures in infinite length are simulated, as shown in 

Fig. 2. Here, the parameter “p” is the period length of the structured 

units and we keep “p” unchanged, and kep/π is the normalized phase 

delay of the structured units; ke is along the patch edge and is the 

average propagation constant of the structured patch [30-31]. The red 

line with round symbols is the propagation constant of the microstrip 

line, the black line with rectangle symbols is the propagation constant 

of round defected structure, and the blue line with tri-angular symbols 

is the propagation constant of the proposed sunshine-shaped slot 

structure. Comparing these results, the sunshine-shaped slot structure 

has bigger value of ke at the same frequency. Therefore, we 

approximate it with the following formula 

e 0 0 reff reff equ equ (5)k       

where, μequ and εequ is the equivalent relative permeability and 

permittivity of the structured transmission line, respectively. Because 

of the slow-wave characteristic, √μequεequ  is bigger than 1. And the 

resonant frequency of the sunshine-shaped slotted patch is decided by: 
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Hence, the predetermined central frequency of the antenna (with the 

best AR) is determined by the initial size of the antenna as: 
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where, ΔL is determined by (4). 

   To further study the effect of the slot on the antenna’s resonant 

frequency, we study the effect of antenna parameters. As shown in Fig. 

3, the outer diameter of the groove copied by rotation is ϕ2 and the 

inner diameter is ϕ1.We tried different numbers of slots, keeping the 

outside diameter of the slots as constant ϕ2=10mm, and changing the 

size of the inside diameter ϕ1 to verify the effect of the inside diameter 

on the antenna resonance frequency. It can be clearly seen that under 

the premise of the same number of slots and the same ϕ2, the antenna 

resonant frequency increases with the increasing of ϕ1, but for the 

geometric reason, ϕ1 meets the following equation:  
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Fig. 2.  Dispersion curve of different patch in horizontal direction:  

k1–traditional Square patch, k2–round defected patch, k3–sunshine-shaped 

slotted patch. 
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Fig. 4.  Effect of slot depth and number on antenna radiation frequency. 
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Fig. 3.  Effect of slot depth and number on antenna radiation frequency. 
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where, “w” is the width of slot as 0.2mm and “num” is the number of 

slots. In order to effectively reduce the antenna resonant frequency 

and achieve miniaturization, we set ϕ1=w/sin(π/num). 

    The length of slots is derived “n” in Fig. 4 and n=(ϕ2- ϕ1)/2. In order 

to verify the effect of the number of slots “num” and the length of the 

slot “n” at the antenna’s resonant frequency, we change the number of 

slots “num” and the outer diameter ϕ2 to simulate the antenna’s 

resonant frequency. Since the inner diameter ϕ1 has a certain relation 

with the number of grooves, we have drawn the contour lines for the 

same groove depth “n” with different “num” and ϕ2. It can be seen that 

the resonant frequency of the antenna gradually decreases as the 

number of slots increases with the same slot depth “n”. Although the 

number of slots affects ϕ1, as the number of slots increases, the 

antenna’s resonant frequency decreases rapidly. Since the outer 

diameter ϕ2 directly affects the groove depth, the increase of the outer 

diameter ϕ2 significantly reduces the antenna’s resonant frequency. 

B. Coupling Analysis between Two Modes

Ideally, the resonating frequencies of the TM10 and TM01modes are 

the same: f0. When the dual-feeding structure is adopted with 90-

degree phase difference, AR is the best at f0[28] with 

0

1
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2
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in which, C is the self-capacitance of resonator, and L is the self-

inductance of resonator. 

Because of the unique design of the radiating patch, there is 

additional coupling existing between the two modes and the topology 

is shown in Fig. 5. Assume that TM10 is mode 1 (M1) and TM01 is 

mode 2 (M2). According to [32], the coupling coefficient between M1 

and M2 is k12, and the first and second resonant frequencies are f1 and 

f2. The two frequencies and k12 can be described as: 
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where, L’
m represents the mutual inductance between M1 and M2, and 

C’
m represents the mutual capacitance between M1 and M2. 

To realize good impedance and AR characteristic at the desired 

center frequency f0, we change the ratio of long axis length over short 

axis length, that is m=a/b, to explore the change of reflection zeros. 

As shown in Fig. 6(a), adjusting the value of m changes the position 

of two reflection zeros at the same time. Besides, the sweet AR point 

keeps at f0. The trend of coupling coefficient k12 between M1 and M2 

according to the change of m is shown in Fig. 6(b). It can be seen that, 

k12 decreases with the increase of m, thus, we can adjust the in band 

impedance matching by changing the value of m. 

C. Design Steps of Compact Antenna

After the explanation through part A and part B, part C mainly

discusses the design steps based on above two steps as shown in Fig. 
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7. Step 1: determine the initial parameters of the patch. Set the

parameters in rhombus-shaped radiating patch, which is square shape,

with equal diagonal lengths. The initial parameter can be calculated

by formula (7) in part A. Step 2: adjust the “m” parameter to change

the coupling between TM10 and TM01 modes to realize good

impedance matching at the desired center frequency as shown in part

B. Step 3: confirm the impedance matching in desired frequency. If

not, change the feeding point on antenna and go back to Step 2.

III. DESIGN AND MEASUREMENT

To confirm the effectiveness of the proposed method, a compact 

CP antenna is designed on Rogers 4003C with the size of 4cm×5cm. 

The detailed dimension of the CP antenna is shown in Fig. 8. Figure 

8(a) is the top layer of the antenna. The periodical slots are distributed 

around the center of the rhombus-shape radiating patch. According to 

the coupling theory discussed in Part IIA, to tune up the resonant 

frequencies of the orthogonal modes, the ratio of a/b= m is set to 1.05. 

The whole size of the patch is a= 16 mm and b= 16.8 mm. The outer 

and inner radios of the slots are ϕ1= 2.29 mm and ϕ2= 10mm, and the depth of slots is n= (ϕ2-ϕ1)/2, corresponding to the parameter “n” in 

Part A. Fig. 8(b) is the middle layer of the antenna, in which the blue 

rectangle represents copper plane, serving as the ground planes of the 

antenna and feeding structure. Fig. 8(c) is the bottom layer of the 

antenna, which serves as the feeding part. The feeding part is 50 ohm 

microstrip line with the copper plane on the back, as shown in Fig. 

8(b). W1= 0.7 mm is the width of the power divider, and W2=W3= 3.8 

mm is the width of the impedance matching part. l1= 18 mm, l2 = 11.45 

mm, which form a pair of π/2 out of phase signals, are connected to 

impedance matching structure. The lengths of impedance matching 

part are l3 = 5 mm and l4= 8.1 mm. A pair of π/2 out of phase signal 

with the same amplitude is fed to the radiating patch on the top layer 

through shorting via-holes in green colors.  

The photos of the fabricated antenna are shown in Fig. 9, in which (a) 

is the top view and (b) is the bottom view. To ensure good grounding 

characteristics and facilitate welding, some shorting via-holes are set 

at the edge of the circuit board. The close-up of the surface patch is 

magnified and placed between Figs. 9(a) and (b). Due to the current 

processing technology, there will be a round metal pad with a radius 

of 0.3mm around the shorting via-holes. We have shortened the teeth 

on the left and right sides of the shorting via-holes by 0.85mm and this 

operation did not significantly change the characteristics of antenna.  

To illustrate the circular polarization characteristics of the antenna 

W2
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Fig. 9. Photos of the fabricated antenna. (a) top layer. (b) bottom layer.
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Fig. 8.  Dimension of the CP antenna. (a) Top layer of the antenna, (b) Middle 

layer of the antenna, (c) bottom layer of the antenna. 
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Fig. 10.  Field diagram of a circularly polarized antenna at different time. (a) 
t=0; (b) t=T/8; (c) t=T/4; (d) t=3T/8. 

0018-926X (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TAP.2020.2999663, IEEE
Transactions on Antennas and Propagation

IEEE TRANSACTIONS ON ANTENNAS AND 

PROPAGATION

3

vividly, we plot the field patterns of the antenna in the xoy plane at (a) 

t=0; (b) t=T/8; (c) t=T/4; and (d) t=3T/8 separately in Fig. 10. Figure 

11(a) shows the measured and simulated S-parameters of the antenna, 

which have good agreement. The measured bandwidth of 10-dB return 

loss is around 90MHz (4.66-4.75GHz), and the reflection coefficient is 

measured by the Agilent N5230 network analyzer. Figure 11(b) displays 

the comparison of the simulated and measured ARs and the maximum 

gain at the boresight. The results show that the measured bandwidth of 

3-dB AR is about 20MHz (4.67-4.69GHz) and the measured maximum 

gain is 5 dBic. The simulated and measured radiation efficiencies are 

73%±2% and 70%±3%, respectively. 

Figure 12 presents the simulated and measured normalized radiation 

patterns on the xoz and yoz planes at the operating frequencies, in which 

Fig. 12(a) shows the left- and right-handed circularly polarized radiation 

Table I  
Comparison with related CP antennas 

Ref. 
Center Freq. 

(GHz) 

Dimension 

(λ0×λ0) 

Thickness 

(λ0) 

-10dB S11

BW(%)

3-dB AR

BW(%)

Max Gain 

(dBic) 
εr 

Size of ground 

plane (λ0) 
Technique 

[3] 0.91 0.27×0.27 0.013 2 0.66 3.8 3.38 NG Slotted 

[14] 5.5 0.24×0.22 0.04 10.86 2.54 4.17 4.4 0.037×0.037 Metamaterial 

[18] 1.575 0.1×0.1 0.016 0.89 0.2 3.03 10 0.09×0.09 Shorting strips 

[26] 1.1 0.1×0.1 0.1 7.9 1.53 4.5 2.65 0.03×0.03 3-D structure 

This work 4.73 0.17×0.17 0.029 1.8 0.4 5 3.38 0.06×0.08 
Sunshine-

shaped slotted  

4.64 4.68 4.72 4.76
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Fig. 11.  (a)Simulated and measured S-parameters of the proposed antenna. 

(b)Simulated and measured AR and gain of the proposed CP antenna.
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patterns in the xoz plane, and Fig. 12(b) gives ARs in the xoz plane. We 

notice that the 3dB AR beam width covers from -35° to 35°. Figure 12(c) 

illustrates the simulated and measured left- and right-handed circularly 

polarized radiation patterns in the yoz plane, while Fig. 12(d) provides 

ARs in the yoz plane. Clearly, the 3dB AR beam width covers from -50° 

to 50° in this case. We also observe that the measured and simulated 

results are in good agreement with each other.  

We also made comparisons of the proposed antenna with the related 

antennas in literatures, as demonstrated in Table I. It can be obviously 

seen that the proposed antenna has smaller physical size and smaller 

thickness, while has better radiation characteristics. Besides, it has a 

broader bandwidth than the conventional antennas with large dielectric 

constant.  

IV. CONCLUSION

We discussed the possibility of applying the sunshine-shaped slotted 

technique to design compact CP antennas. For the center structured 

structure, we put forward the view of applying the rhombus shaped 

radiating patch to adjust the coupling between TM10 mode and TM01 

mode. By analyzing the relationship of the coupling between TM10 

mode and TM01 mode and the parameter “m”, we realize good 

impedance matching in the operating band and maintain good AR at 

desired frequency. At last, the compact antenna is fabricated and 

measured. The simulated and the measured results are found in good 

agreement with each other, and the whole size of the radiating patch is 

0.17λ0×0.17λ0, which is about 1/10 of a conventional patch (0.5λ0×0.5λ0) 

in area. Besides, the proposed method is compatible with existing 

antenna designs. Therefore, we hope that the proposed method can 

promote the development of compact circularly polarized antennas. 
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