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Single-Layer Circular Polarizer for Linear Polarized Horn Antenna

Ryo KUMAGAI†, Student Member, Ryosuke SUGA†a), and Tomoki UWANO†, Members

SUMMARY In this paper, a single-layer circular polarizer for linear

polarized horn antenna is proposed. The multiple reflected waves between

the aperture and array provide desired phase differences between vertical

and horizontal polarizations. The measured gain of the fabricated antenna is

14.4 dBic and the half power beamwidths of the vertical polarization are 28

and 24 deg. and those of the horizontal polarization are 31 and 23 degrees

in the vertical and horizontal planes. The polarizer has a low impact on

the gain and beamwidth of the primary horn antenna and their changes are

within 1.7 dB and 10 degrees. The 3 dB fractional bandwidth of the axial

ratio is measured to be 1.4 %.
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1. Introduction

The circular polarization has the advantages to avoid the

multipath interference and polarization mismatch [1] [2].

Circular polarized antennas are used for a global positioning

system [3], a reader for radio frequency identification [4],

a satellite communication [5], a 5G system [6] and short-

range communications [7]. A crossed dipole antenna [8],

helical antenna [9], spiral antenna [10], microstrip patch

antenna [11], slot antenna [12] are reported as the circular

polarized antennas.

In comparison with these circular polarized antennas,

arrangement of metal element arrays in front of a linearly

polarized antenna aperture is effective in simplifying a feed

network and reducing antenna size to convert linear to cir-

cular polarizations [13]. The equal amplitudes and phase

differences of 90 degrees between the vertical and horizon-

tal polarization are essential for the circular polarizer and

they are are generally realized by using an orthogonal capac-

itive and inductive array. Polarizers using arrays of meander

lines [14] - [16], split rings [17] - [19], cross slots [20], a

lattice structure [21] - [23], and slabs [24] are reported so

far. However, these polarizers require very thick or multi-

ple arrays compared to the wavelength [26]. The authors

had reported the feasibility study of the single-layer circu-

lar polarizer by using electromagnetic simulator [27] and its

measurement evaluation [28]. However, the design of the

polarizer had not been discussed.

In this paper, the optimal design of the single-layer cir-

cular polarizer for linear polarized horn antenna is discussed

and its operation principle is also explained. The proposed
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Fig. 1 Structure of circularly polarized horn antenna.

polarizer convert linear to circular polarizartions in a single-

layer element array and has pretty small impact for the gain

and beamwidth of a primary linear polarized horn antenna.

The required amplitude and phase difference are obtained by

adjusting the distance between an antenna and the polarizer.

2. Proposed polarizer

Figure 1 shows the structure of a proposed polarizer with a

linear polarized horn antenna. A vertically polarized rectan-

gular horn antenna and a single-layer metal element array are

used as the primary radiator (WR-42) and polarizer. The gain

of the horn antenna is 16.1 dBi at 22.25 GHz. The circular

polarization is obtained by combining the vertical and hori-

zontal electric fields with appropriate amplitudes and phase

differences. The significant difference of the reflection co-

efficient at the antenna aperture for both polarizations are

applied to realize the required fields. Therefore, the square

horn antenna is used as the primary radiator. The array with

= elements is arranged in front of the antenna aperture with

distance A and the elements have the tilt angle of 45 degrees

to obtain the maximum horizontal polarization [29]. The el-

ement has the width of 1/10 wavelengths (1.3 mm) and length

; and arrangement interval 3. The rotational direction of the

circularly polarization depends on the tilt direction of the

elements and the antenna in Fig. 1 radiates the left-handed

one.

Figure 2 shows the (a) vertical component and (b) hori-

zontal component of the radiated electric field propagating +

I direction and these radiated electric field can be presented

as

�V4
− 9:0I = �aV4

− 9:0I + �ΓV4
− 9:0I + �04

− 9:0I (1)

�H4
− 9:0I = �aH4

− 9:0I + �ΓH4
− 9:0I (2)
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(a) Vertical component

(b) Horizontal component

Fig. 2 Radiated electric field components.

Here, �aV and �aH are the radiated electric fields from the

polarizer, �ΓV and �ΓH are those caused by the multiple re-

flected waves between the antenna aperture and the polarizer.

�0 is the radiated field from the primary horn antenna and

:0 is the wave number in the free space. All electric fields in

both equations are obtained in the far-field at \ = 0 degrees

and q = 90 degrees. �V and �H are desired to have equal

amplitude of �0/
√

2. Thus, �aV + �ΓV need to be anti-phase

with �0 to decrease �V, and �aH and �ΓH should be in-phase

to increase �H. Thus, �aV + �ΓV need to be anti-phase with

�0 to decrease �V, and �aH and �ΓH should be in-phase to

increase �H.

E field [V/m]
High

Low
Phase : 0 degrees Phase : 90 degrees 

Phase : 180 degrees Phase : 270 degrees 

Element arrayV-pol. horn antenna

Fig. 3 Radiated electric field vectors at 22.25 GHz.

Figure 3 shows the simulated radiated electric field

vectors on the observation plane at a distance of quater-

wavelength away from the array. The figures are vectors

viewed from - I to + I directions at 22.25 GHz and are sim-

ulated by using an electromagnetic simulator HFSS [30]. It

is found that the vectors rotate with counter-clockwise and

the left-handed circular polarization is obtained.
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Fig. 4 Simulated distance A dependencies of the radiated electric fields

with various = (; = 33.7 mm, 3 = 10.1 mm, 22.25 GHz).

3. Array design

3.1 Position A and number = of elements

Figure 4 shows the simulated distance A dependencies of the

(a) amplitude and (b) phase difference of the vertical and

horizontal components with various =. Here, the copper is

used for the element array. �0+�aV+�ΓV and �aH+�ΓH are

obtained by using electromagnetic field simulator. �0 is also

done by the simulation of the antenna without the array and

�aV+�ΓV is derived by subtracting �0 from �0+�aV+�ΓV as

illustrated in Fig. 2. The desired conditions are as following;

|�0 + �aV + �ΓV | = |�aH + �ΓH | = 1/
√

2 and ∠(�aH + �ΓH)

- ∠(�0 + �aV + �ΓV) = 90 degrees. Note that the anti-phase

between �aV + �ΓV and �0 are required to obtain the above

amplitude condition. Here, ; = 5/2 wavelengths (33.7 mm)

as an example of the dimension longer than the aperture

height of the antenna and 3 = 3/4 wavelengths (10.1 mm) to

suppress grating lobes. Here, the amplitudes are normalized

to that of the electric field �0 radiated from the horn antenna

and the reference value of the phase difference is the phase

of �0.

The amplitudes and phases are converged with = ≥ 5

because the array is enough larger than the antenna aper-

ture. All curves in the both figures are varied with the period

of the half wavelength 6.8 mm. Both amplitude and phase
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Fig. 5 Interval 3 dependence of reflection coefficient with various ele-

ment length ; (= = 5, A = 3.4 mm, 22.25 GHz).
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Fig. 6 Interval 3 dependence of radiated electric field with various ele-

ment length ; (= = 5, A = 3.4 mm, 22.25 GHz).

of horizontal components highly-depend on the distance A

compared with those of the vertical ones. These are due to

the reflection coefficient difference between the polarizations

attributing the cut off characteristics of the feeding waveg-

uide. The parameters of A = 3.4 mm and = = 5 provide the

performances close to the above conditions; the maximum

amplitude of �aH + �ΓH of 0.55, the phase difference of 150

degrees between �aV + �ΓV and �0, and phase difference of

101 degrees between �aH + �ΓH and �0 + �aV + �ΓV.

3.2 Length ; and interval 3

The element length ; and interval 3 are designed under the
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Fig. 7 Interval 3 of element dependence of each characteristic with var-

ious element length ; (= = 5, A = 3.4 mm, 22.25 GHz).

conditions of A = 3.4 mm and = = 5. Here, the resolutions of

3 and ; are 1/8 and 1/2 wavelengths. Figure 5 shows the sim-

ulated interval 3 dependencies of the reflection coefficient

and the reflection below -10 dB are obtained with 3 ≥ 3.4

mm. Figure 6 shows (a) amplitude and (b) phase difference

between the vertical and horizontal poalrization. In the fig-

ure, the amplitudes in this figure is normalized to the electric

field �0 radiated from the horn antenna. The reflection and

radiation characteristics are saturated with ; ≥ 33.7 mm be-

cause it is larger than the antenna aperture. The amplitude

ratio less than 1.4 with phase difference of 90 degrees and

the phase differences less than 110 degrees with the equal

amplitude are required for 3 dB axial ratio. The conditions

are obtained with 3 = 10.1 mm and 33.7mm ≤ ; ≤ 40.2

mm. Figure 7 shows the simulated 3 dependencies of (a)

circular polarization gain and (b) axial ratio under the above

conditions. The maximum gain of 15.3 dBic and minimum

axial ratio of 2.9 dB are obtained with ; = 33.7 mm and 3 =

10.1 mm.

3.3 Improvement of axial ratio

The axial ratio of 2.9 dB is obtained at 22.25 GHz with the

parameters of A = 3.4 mm, = = 5, ; = 33.7 mm and 3 = 10.1

mm so far. In this section, the axial ratio will be improved

by loading open stubs to the metal strip elements. Figure 8
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Fig. 8 Simulated surface current densities on the element array without

stubs and the stubs positions (22.25 GHz).
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Fig. 9 Simulated axial ratio at 22.25 GHz against various ;stub.
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Fig. 10 Simulated electric field vectors by adding the stubs with ;stub =

3.4 mm (22.25 GHz).

shows the simulated surface current densities on the element

array and the stub positions. The high current densities are

observed at 3.3, 16.9, and 30.3 mm from the element edge

and the vertical open stubs with the dimensions of 1.3 mm

× ;stub are added at the positions.

Figure 9 shows the simulated axial ratio at 22.25 GHz

against various ;stub. The ratio with ;stub = 0 mm indicates

the ratio without stubs. The minimum axial ratio of 1.4 dB is

obtained with ;stub = 3.4 mm. Figure 10 shows the reactions

of the simulated electric field vectors by adding the stubs

with ;stub = 3.4 mm. Here, all vectors are normalized to �0.

The stubs increase the amplitude of �aV + �ΓV from 0.32

to 0.42 and have a low impact on �H. The required phase

difference of 90 degrees between �V (= �0 + �aV + �ΓV)

and �H with the stubs is indicated as a black dotted line.

The amplitude of �0 decrease from 0.73 to 0.68 because of

increasing in the amplitude of �aV + �ΓV. Therefore the

improvement of the axial ratio is owing to the change of �V

and the amplitude ratio and phase difference of �V and �H

are improved to 1.2 and 94 degrees by attaching the stubs.
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Fig. 11 Fabricated polarizer and linear polarized horn antenna.

4. Measurement

4.1 Axial ratio

Figure 11 shows the fabricated (a) element array as polarizer

and (b) side view of polarizer and linear polarized horn

antenna. The element array are made of copper tapes with

their dimensions of 1.3 mm × 33.7 mm with the intervals of

10.1 mm and they are applied to a plain paper. The open stubs

are connected at the 3.3, 16.9, and 30.3 mm from the element

edge. A styrofoam plate with the thickness of 10.0 mm is

fabricated and has a rectangular hole of the same dimensions

as the horn antenna aperture, and the antenna is inserted into

the plate hole. The antenna has the isometric dimensions of

that in the simulation. To maintain the designed distance A =
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3.4 mm, four plastic jigs are attached to the four corners of

the styrofoam and the array is attached on the jigs.

Figure 12 shows the measurement system for the axial

ratio of the fabricated antenna constructed in an anechoic

chamber. The fabricated polarizer and horn antenna is placed

toward upward direction on the center of the turn table to

align the antenna and table axes. The receiving antenna was

placed at 1.4 m high from the fabricated antenna using two

tripod. The receiving antenna used is a linearly polarized

horn antenna (WR-42) with the gain of 20 dBi at 22.25 GHz.

In this measurement system, the turn table was rotated with

the resolution of 1 deg. and the transmission characteristics

(21 were measured in the frequency from 22.0 GHz to 22.5

GHz. The axis ratio was calculated as the difference of the

maximum and minimum (21 as following equation.

Axial ratio [dB] = max((21) − max((21) (3)

Figure 13 shows the measured reflection coefficient of

the fabricated polarizer. The reflection coefficient below -10

dB are obtained in the frequency range. Figure 14 shows the

measured frequency characteristics of the axial ratio. The

measured ratio agree with the simulated one within 1.1 dB

and 1.7 dB is obtained at the center frequency of 22.25 GHz.

The measured 3 dB fractional bandwidth of the axial ratio is

1.4%.

4.2 Radiation

Figures 15 and 16 show the radiation patterns for (a) �V

and (b) �H at 22.25 GHz in the vertical (q = 0 degrees.)

and horizontal (q = 90 degrees.) planes. The measured

patterns of the primary horn antenna are also shown by the

solid black lines. Note that the �H components of the horn

antenna are less than -40 dB. The measured mainlobes agree

well with the simulated ones, and it is found that the element

array does not have significant influences for the mainlobe of

the horn antenna. Meanwhile, the measured sidelobe levels

increased. The half power beamwidths are arranged in Table

1. The measured beamwidths of the vertical polarization are

28 and 24 deg. and those of the horizontal polarization are

31 and 23 degrees in the vertical and horizontal planes and

their values agrees with simulated on within 6 degrees.

Figure 17 shows the measured frequency characteristics

of the gains. The simulated gains at 22.25 GHz are 13.0 and

11.3 dBi for the �V and �H components. The latter is slightly

small compared to the 3 dB down gain of the horn antenna,

the gain is, however, adequate to achieve the axial ratio below

3 dB. The measured gains agreed with the simulated ones

within 2.6 dB errors. The conductor loss of the array is

confirmed as less than 0.05 dB by using the simulator and

the differences between measured and simulated gains would

be attributed to the fabrication error. The polarizer has a

low impact on the gain and beamwidth of the primary horn

antenna and their changes are within 1.7 dB and 10 degrees,

respectively. The gain decreases are thought to be improved

by sidelobe suppression.

Table 1 Half power Beamwidth at 22.25 GHz.

Beamwidth [deg.]

q = 0 deg. q = 90 deg.

Sim.
�V 32 28

Proposed �H 37 23

polarizer
Meas.

�V 28 24

�H 31 23

Horn
Meas. �V 28 29

antenna
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Fig. 17 Frequency characteristics of the gain.

5. Conclusion

In this paper, a single-layer circular polairzer for a linear

polarized horn antenna is proposed. A vertically polarized

rectangular horn antenna and a single-layer metal element

array are used as the primary radiator and polarizer. The re-

quired conditions between the vertical and horizontal electric

field can be achieved by the multiple reflection between the

antenna aperture and the array. The polarizer has a low im-

pact on the gain and beamwidth of the primary horn antenna

and their changes are within 1.7 dB and 10 degrees. The

sidelobe level suppression is an issue to be addressed in the

future.
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