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ABSTRACT

A circularly polarized flat lens antenna element is presented in this article. The element is designed by using
aperture-coupled patches with a common ground plane. A pair of identical cross-shaped slots is loaded on the common
ground plane to realize circular polarization (CP). The desired phase error compensation and axial ratio performance for
CP are achieved by tuning the slots dimensions. The proposed element achieves a very good 3 dB axial ratio bandwidth of
21%, phase shift range of 225° and low transmission coefficient of only 1.9 dB.This element employs a simple and less
fabrication complexity mechanism for polarization conversion.

Keywords: array lens, circular polarization, aperture-coupled, cross-shaped slot.

INTRODUCTION

Circularly polarized antennas are required in
modern wireless communications systems such as space
communications. Flat lens antenna has potential benefits
and effective antenna solutions for airborne application
(Thornton and Huang, 2012). It has a high gain, light
weight and low-cost compared to the bulky and high cost
conventional dielectric lenses (Godi et al. 2007).A feed
antenna usually horn or Microstip patch is used to
illuminate one side of the array lens to create a space-fed
antenna system as shown in Figure 1(a) (Thornton and
Huang, 2012). The subject attracted significant interest
for the last decade and researchers widely studied the
performance improvement and less manufacturing
complexity of this antenna (Awaleh and Dahlan, 2014),
(Ryan et al. 2010), (Kaouach er al 2009). High
performance linearly polarized flat lens antennas based on
different phase controlling techniques are reported in
literature (Pozar, 1996), (Awaleh and Dahlan, 2014),
(Padilla et al. 2010).

However, realization of circularly polarized flat
lens antenna array has been a challenging task. Most of the
design efforts for circularly polarized lens planar array use
element patch rotation to generate two orthogonal field
components (Phillion and Okoniewski, 2011), (Kaouach et
al. 2011). Furthermore, using metallic vias to connect the
element patches or the cascaded antenna layers have some
manufacturing complexities.

The aim of this paper is to design a circularly
polarized element by using simple and compact structure
for planar lens antenna array. Two cross-shaped slots
loaded on the common ground plane were used to achieve
the desired axial ratio performance and phase error
compensation. The effect of several parameters for the
element operation and performance were examined.
Details about unit cell design configurations and analysis
are presented in the second section, followed by
parametric studies and discussion of results in third and
fourth sections respectively. Finally, the conclusion of the
work is given in the last section.

PROPOSED UNIT CELL DESIGN

The geometry of the proposed aperture-coupled
element for circularly polarized flat lens antenna is shown
in Figure-1. The unit cell structure consists of two back-to-
back square patches with non-resonating aperture-coupled
common ground plane. Two identical cross-shaped
apertures are diagonally placed at the center of the
common ground plane. The element dimensions are
organized in a square pattern, where the unit cell size
equals 15.8x15.8 mm?* (\-/2xA-/2 at 9.5 GHz). Two square
patches of size 7.9x7.9 mm? are printed on two standard
FR4 substrates having relative permittivity (g,) of 4.3,
dielectric loss tangent (tan &) of 0.02 and physical
thickness of 1.6 mm.

The  cross-shaped  aperture lengths are
systematically varied simultaneously to compensate phase
errors and to achieve polarization conversion.
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Figure-1. Geometry of the proposed unit cell (a) Flat lens
antenna and unit cell illustrations (b) Square patch (c)
Slotted common ground plane.

The linearly polarized incident wave that
impinges on the receiving surface of the element has two
orthogonal electric field modes (E', and E'y) with constant
magnitude and phase. The signal is coupled through the
cross-shaped apertures (polarizer) to achieve a circularly
polarized radiated wave. Figure-2 illustrates waveguide
simulator model where the unit cell boundary condition is
properly defined to create an infinite array lens behavior.
The magnitude of the transmission coefficients radiated by
the element are represented as Ty and T, for x and y
polarization components respectively.

The antenna unit cells have been simulated and
analyzed by using the commercially available CST
Microwave Studio software. A linearly polarized incident
wave oriented at 45° along the x-axis (see Figure-2) and
travelling into the negative z-direction was fed into the
unit cell. The incident wave can be expressed as the
superposition of the transverse electric (TE) and transverse
magnetic (TM) modes. Therefore, in order to obtain
circularly polarized (CP) radiated modes, a common
technique is to excite two orthogonal linearly polarized
field components with a constant magnitude and a 90°
phase difference.

To realize this polarization conversion technique,
the incident field components can be decomposed into two
orthogonal modes, in which one E field component is
perpendicular to the receiving patch of the unit cell while
the other is parallel to the patch. However, as the signal
passes through the cross-shaped coupling apertures; the
mode with E field parallel to the patch tends to be delayed
more than the other component. Thus, due to the delaying
effect, the two modes will be 90° out of phase. Hence,
creates a circularly polarized mode at the back of the
aperture.
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Figure-2. Unit cell boundary condition setup showing the
incident wave angle and field components.

As mentioned, the outgoing wave has two
orthogonal modes which have the same amplitude, but 90°
out of phase. Therefore, by considering the circular
polarization requirements, the scattering transmission
parameters of the outgoing wave can be expressed as

|SZl,x| = lSZl,yl (1)
A(D = LSZI,X - LSZl,y (2)

where A® is the differential phase of the components.

The radiated circularly polarized wave may be
referred to as right-handed circular polarization (RHCP) or
left-handed circular polarization (LHCP), depending on
the rotation of the electric and magnetic field vectors. For
instance, the wave will be indicated by RHCP if the TM
mode is reflected with 90° (£360°) phase advanced with
respect to the TE component and LHCP if the TE mode is
reflected with 90° (+360°) phase advance with respect to
the TM component (Sohail et al. 2013). The unit cell IS;;
and [S,, ,| transmission coefficients are shown in Figure-3.
Notice that they achieve equal amplitude at the design
frequency (9.5 GHz).
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Figure-3. Predicted transmission coefficients for x and y
polarizations.
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RESULTS AND DISCUSSION

In order to realize the circular polarization of the
unit cell, systematic variations of slots dimensions are
carried out. The cross-shaped apertures have dimensions
of L, L, and Wy in which the slot length (L;) controls the
amount of coupling or contributes the phase shift
performance of the element, while the second slot length
(L,) and slot width (W) have much lesser effect as
explained in Section IV. As shown in Figure-3 in Section
II, the element excites two orthogonal modes with an
equal transmission magnitude at the design frequency (9.5
GHz). Figure-4 also illustrates the phase difference (-90°)
between the two orthogonal components with a wideband
axial ratio performance. The designed element uses simple
technique to produce circular polarization with a reflection
coefficient of better than -10 dB, transmission coefficient
of around 1.9 dB (see Figure-5), phase shift range of 225°
and axial ratio of less than 3 dB.
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Figure-4. Axial ratio performance of the element and
phase difference between the two orthogonal modes.
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Figure-5. S-parameters of the element (L; = L, = 4.5 mm,
W, = 1.5 mm).

PARAMETRIC STUDIES

This unit cell design has several adjustable
parameters that need to be studied. This provides further
comprehension on the unit cell functionality and
performance. Therefore, careful parametric optimizations
improve the element performance and exhibit the potential
benefits of using this element design in flat lens antenna
for airborne application. The unit cell parametric studies
have been carried out using the electromagnetic simulation
software CST microwave Studio.

The effect of the cross slots lengths (L; and L,)
on unit cell s-parameters and axial ratio performance are

thoroughly examined. The lengths are varied from 2.5 mm
to 6.5 mm while the slots width (Ws) is kept constant as it
shows lesser effect on s-parameters performances. Figure
6 shows the transmission phase response of the slot length
L, while the slot length L, variation result is shown in
Figure-7. It can be seen from Figure-6 that varying the
aperture length L, achieves a distribution phase range of
225° with transmission magnitude of better than -1.9 dB
(see Figure-8). It is also found that tuning slot length L,
demonstrates a very small phase change effect as
illustrated in Figure-7.
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Figure-6. Transmission phase performance for slot length
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Figure-7. Transmission phase response for slot length L2.
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Figure-8. Transmission coefficient magnitude for variable
length L1.
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In order to evaluate the circular polarization
capability of the unit cell, a full-wave axial ratio
simulation for incident angle 8 = 45° was calculated.
Figure-9 illustrates the frequency response of the axial
ratio for L; and L, which are varied simultaneously.
Similar to the phase response of slot length L, (see Figure-
6), the aperture length L, has also the most effect on axial
ratio performance. The result in Figure-9 reveals that as
the slot length increase the axial ratio deteriorates.
Besides, the effect of the cross-shaped slots separation
distance (s) on axial ratio was examined. Figure-10 shows
the simulated axial ratio results of the proposed unit cell
with cross slots separation distances (s) of 4 mm, 5 mm,
5.6 mm, 6 mm and 7 mm. It can be seen from Figure-10
that the slots separation distance has no effect on
resonance frequency range but mainly controls the
deepness of the axial ratio. A 3 dB axial ratio bandwidth
of 21% was achieved with an optimized values of L;= 4.5
mm and s = 5.6 mm.
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Figure-9. Simulated axial ratio response for slot length L,
variations.
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Figure-10. Simulated axial ratio response for slot
separation variations (L; = L, = 4.5 mm, W, = 1.5 mm).

CONCLUSIONS

A circularly polarized flat lens antenna unit cell
with novel dual cross-shaped slots on the ground plane and
based on aperture-coupled patches has been designed. The
desired axial ratio performance and transmission phase of
the unit cell is controlled by using variable lengths cross-

shaped slots on the common ground plane. The structure
achieves a very good 3 dB axial ratio bandwidth of 21%, a
transmission phase range of 225° and a very low
transmission coefficient of only 1.9 dB. The proposed
element uses a simple and less fabrication complexity
mechanism for linear to circular polarization conversion
for space applications. The fabrication and measurement
works of the unit cell are in progress and will be presented
during the conference.
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