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Abstract— In this paper a new concept to improve the angular 

stability of linear-to-circular polarizing reflectors is presented. It 

is first explicitly demonstrated that existing design approaches 

heavily rely on the adjustment of the design stack-up, namely the 

substrate height and relative permittivity, to the desired operating 

frequency. An approach is then proposed for decoupling the 

performance from the substrate parameters. The proposed 

approach provides increased design flexibility, resulting in 

performance improvement. Insight on the operating principle is 

provided resorting to equivalent circuit models. Subsequently, the 

benefits of the angularly stable reflection polarizer are 

demonstrated by a practical example involving a multiple beam 

antenna implemented using materials and processes compatible 

with satellite missions. The antenna exploits an innovative quasi-

optical beam former as primary feed combined with a cylindrical 

polarizing reflector. Numerical and experimental results from this 

antenna architecture are presented to confirm the improvements 

achieved with the proposed concept over existing designs. The 

close comparison of simulations with measurements that is 

achieved validates the concept and the design approach. 

Index Terms— linear-to-circular polarizers, frequency selective 

surfaces, reflector antennas, multiple beam antennas.1 

I. INTRODUCTION

ERIODIC surfaces providing linear-to-circular (LP-to-CP)

polarization conversion have attracted significant interest in

the past years due to their advantageous performance 

characteristics combined with their geometrical simplicity [1]-

[7]. They have been considered for applications that include 

imaging systems [3] as well as satellite communications [4], 

[5], [6], [8] where they can help to simplify the system optics. 

For example, the number of components in a millimeter-wave 

(mm-wave) imaging system can be reduced if the LP-to-CP 

polarizer and the reflector are combined in the same structure 

[3]. Similarly, LP-to-CP reflection polarizers provide 

opportunities to simplify circularly polarized multiple beam 

antennas (MBAs) such as those used in satellite communication 

for contiguous coverage in circular polarization [4], [5], [6], [8]. 

LP-to-CP reflection polarizers also find applications in 
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reflectarrays when LP feeds are preferred [9]. The performance 

of these structures is traditionally presented under a given plane 

wave incidence, where the performance is optimized for fixed 

angles of incidence [1]-[6]. 

More recently, the performance in the case of illumination 

from practical feeds and techniques to optimize the polarizing 

reflector in such scenarios have been presented [7]. These 

design approaches address the requirements of applications 

where the reflector is experiencing a fixed illumination. 

However, in applications such as MBAs the polarizing reflector 

will typically be illuminated from a number of different feeds 

(or field patterns), each associated with a different beam [8]. 

Since the various feeds illuminate the reflector from a distinct 

angle, optimizing the polarization performance for a given feed 

will typically lead to compromised performance for others. In 

this scenario, the angular stability of the polarizing reflector 

becomes a critical feature.  

The bulk of the published literature for this class of reflection 

polarizers exploits electrically thin substrates [1]-[8]. In this 

case, the response exhibits overall angularly stable 

characteristics [1], [2]. While these substrates are suitable for 

low-cost PCB implementation, their requirements are driven 

primarily by RF characteristics. In space applications, such as 

MBAs for satellite communications, substrates need to satisfy 

simultaneously stringent RF and mechanical characteristics. Α 

reflector assembly considered for reflectarrays that provides 

both low RF losses and high mechanical stiffness exploits a 

honeycomb spacer sandwiched between thin laminated skins. 

Honeycomb spacers are particularly attractive for the 

manufacturing of shaped reflectors. However, they are not 

readily available with a thickness below 2 mm, and these 

electrically thin materials pose challenges for the bonding 

assembly [10]. 

In this paper, equivalent circuit models (ECMs) are described 

in Section II, which provide insight on the operating principle 

of polarizing reflectors. In particular, these models demonstrate 

that for electrically thick substrates the operating regime of 

existing designs may no longer be attainable. This, in turn, is 

shown to compromise the angular stability as well as operating 

frequency bandwidth of the polarizing reflector. By exploiting  
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Fig. 1: Layout of unit-cells for reflection polarizers (Left top) the original 

unconnected dipole element, and (Left bottom) the proposed connected dipole 

element. The 3D view of the unit-cell for the original unconnected dipole 
element is shown in (Right). 

a previously unused element in the equivalent circuits, we next 

show that it is possible to decouple the operating principle of 

the polarizer from the substrate characteristics, and in particular 

its thickness. Accordingly, the design of a broadband and 

angularly stable reflection polarizer is demonstrated in the case 

of a multi-layer honeycomb-based assembly with 

characteristics driven by mechanical and material constraints. 

Section III describes a practical example of an antenna 

architecture exploiting this multi-layer assembly to design a 

cylindrical reflection polarizer fed by the multiple-beam quasi-

optical beamformer (QOBF) presented in [11], [12]. A 

prototype was manufactured, and the test results are reported 

and discussed. Finally, some conclusions are drawn in Section 

IV. 

II. PRINCIPLE OF OPERATION

A. Equivalent Circuit models

A LP-to-CP reflection polarizer works as an anisotropic

impedance surface (AIS), which provides polarization 

conversion by imposing a phase difference of ±90° between 

two orthogonal linear components with equal magnitude and 

phase [1], [2]. Doubly periodic planar metallo-dielectric dipole 

arrays, operating as a frequency selective surface (FSS) over a 

reflective ground plane can be designed to produce the 

aforementioned phase difference between the two linear 

incident field components upon reflection [1]-[5]. The high 

aspect ratio of the periodic element provides the desired 

anisotropy, Fig. 1. Assuming the incident field is polarized at 

linear slant 45°, it is a common notation to decompose it into 

orthogonal linear components, one of which is perpendicular to 

the dipole array. The transverse electric (TE) wave has its 

electric field component orthogonal to the incidence plane 

while the transverse magnetic (TM) wave has its electric field 

component in the incidence plane. The focus of this paper is on 

the performance in the yz-plane (𝜙 = 90°), as this is a worst 

case for angular stability due to the larger periodicity. Thus, 

unless otherwise specified, the notations refer to the yz- plane 

and the TE wave has its electric field component along the x-

axis, while the TM wave has its projected electric field 

component along the y-axis, Fig. 1.  

A unit-cell containing the dipole element, often considered 

in previous works and referred in this paper as the unconnected 

dipole, is shown in Fig. 1(a). Without loss of generality, the 

dipole is considered aligned with the y-axis. The proposed 

alternative unit-cell, referred to as the connected dipole, is  

h
z = 0

𝑘𝑧0, 𝑌𝑧0
𝑇𝑀

𝑘𝑧0, 𝑌𝑧0
𝑇𝐸

𝑘𝑧1, 𝑌𝑧1
𝑇𝑀

𝑘𝑧1, 𝑌𝑧1
𝑇𝐸

𝑌𝐹𝑆𝑆
𝑇𝐸

𝑌𝐹𝑆𝑆
𝑇𝑀

Γ𝑇𝐸

Γ𝑇𝑀

Fig. 2. Equivalent circuit models of a single-layer reflection polarizer for 

incident TM (top) and TE (bottom) waves.

shown in Fig. 1(b). It consists in a dipole, also aligned with the 

y-axis, with an added strip along the x-axis, which connects all

dipoles along that direction. The rational leading to this unit-

cell is elaborated in this section. The same equivalent circuit

model can be used for both unit-cells, and is reported in Fig. 2

[2], [5]. In particular, the response of the AIS can be modelled

by an equivalent circuit with an admittance representing the

FSS in parallel with the short circuit provided by the ground

plane at a distance ℎ, where ℎ is the thickness of the dielectric

substrate. The response of the AIS is treated independently for

TE and TM wave incidence, suggesting that coupling between

the two fundamental Floquet modes is negligible. This

assumption has been verified in the case of the unconnected

dipoles [2], [5], and is also validated here in the case of the

proposed connected dipoles.

The transmission lines on the left side of the plane 𝑧 = 0 in 

Fig. 2 correspond to free-space propagation, with a 

wavenumber 𝑘0 = 2𝜋 𝜆0⁄ , and a characteristic admittance

𝑌0 = √휀0 𝜇0⁄ , where 𝜆0, 휀0 and 𝜇0 are the wavelength, the

permittivity and the permeability in free-space, respectively. In 

the dielectric substrate, which is here assumed isotropic for 

simplicity, the wavenumber is 𝑘1 = 𝑘0√휀𝑟, while the

characteristic admittance is 𝑌1 = 𝑌0√휀𝑟, where 휀𝑟 is the relative

permittivity of the dielectric material. The wavenumbers along 

the z-axis under oblique incidence, at an angle 𝜃 with respect to 

the z-axis, are 𝑘𝑧0 = 𝑘0 cos 𝜃 and 𝑘𝑧1 = 𝑘0√휀𝑟 − sin2 𝜃 in

free-space and in the dielectric material, respectively. It is noted 

that Snell’s law of refraction is employed in order to obtain the 

latter. The corresponding tangential components of the 

wavenumbers are 𝑘𝑥1 = 𝑘𝑥0 = 𝑘0 sin 𝜃. As shown in Fig. 2, the

response of the AIS is driven by its characteristics along the z-

axis. The characteristic admittances are 𝑌𝑧0
𝑇𝑀 = 𝑌0 cos 𝜃⁄  and

𝑌𝑧0
𝑇𝐸 = 𝑌0 cos 𝜃 for the TM and TE waves in free-space,

respectively, while in the dielectric material, they may be 

written as 𝑌𝑧1
𝑇𝑀 = 𝑌0휀𝑟 √휀𝑟 − sin2 𝜃⁄  and 𝑌𝑧1

𝑇𝐸 =

𝑌0√휀𝑟 − sin2 𝜃 for the TM and TE waves, respectively.

The reflection coefficients Γ𝑇𝑀,𝑇𝐸, corresponding to the

ratio between reflected and incident TM,TE waves respectively, 

can be expressed as follows 

Γ𝑇𝑀,𝑇𝐸 =
𝑌𝑧0

𝑇𝑀,𝑇𝐸−𝑌𝐴𝐼𝑆
𝑇𝑀,𝑇𝐸

𝑌𝑧0
𝑇𝑀,𝑇𝐸

+𝑌𝐴𝐼𝑆
𝑇𝑀,𝑇𝐸 (1) 

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.2020.3048494, IEEE
Transactions on Antennas and Propagation

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 3 

where 𝑌𝐴𝐼𝑆
𝑇𝑀,𝑇𝐸

, the equivalent admittance of the AIS at 𝑧 = 0, 

is given by 

𝑌𝐴𝐼𝑆
𝑇𝑀,𝑇𝐸 = 𝑌𝐹𝑆𝑆

𝑇𝑀,𝑇𝐸 − 𝑗𝑌𝑧1
𝑇𝑀,𝑇𝐸 cot(𝑘𝑧1ℎ) (2) 

Following an approach similar to the one described in [5], 

the unit-cells under consideration may be approximated under 

TM incidence by zero thickness periodic capacitive strips in a 

dielectric medium of effective permittivity 휀𝑒𝑓𝑓 ≈ (휀𝑟 + 1) 2⁄ ,

since the period along the x-axis is very small compared to the 

free-space wavelength (𝐷𝑥 ≪ 𝜆0). For both the unconnected

and the connected dipoles, the capacitive strips are defined with 

a period 𝐷𝑦  and an aperture height 𝐷𝑦 − 𝑙. The admittance of

the FSS under TM oblique incidence in the yz-plane may be 

analytically approximated by [13, p. 280]  

𝑌𝐹𝑆𝑆
𝑇𝑀 ≈ 𝑗𝑌𝑒𝑓𝑓

𝑇𝑀
4𝐷𝑦 cos 𝜃

𝜆𝑒𝑓𝑓

{ln csc
𝜋(𝐷𝑦 − 𝑙)

2𝐷𝑦

+
1

2

(1 − 𝛽2)2 [(1 −
𝛽2

4
) (𝐴+ + 𝐴−) + 4𝛽2𝐴+𝐴−]

(1 −
𝛽2

4
) + 𝛽2 (1 +

𝛽2

2
−

𝛽4

8
) (𝐴+ + 𝐴−) + 2𝛽6𝐴+𝐴−

}

(3) 

where 𝐴± =
1

√1±
2𝐷𝑦

𝜆𝑒𝑓𝑓
sin 𝜃−(

𝐷𝑦 cos 𝜃

𝜆𝑒𝑓𝑓
)

2
− 1 and 𝛽 = sin

𝜋(𝐷𝑦−𝑙)

2𝐷𝑦
. 

The wavelength and characteristic admittance in the 

equivalent effective dielectric medium are 𝜆𝑒𝑓𝑓 =  𝜆0 √휀𝑒𝑓𝑓⁄

and 𝑌𝑒𝑓𝑓
𝑇𝑀 = 𝑌0

𝑇𝑀
√휀𝑒𝑓𝑓, respectively.

For TE oblique incidence, and as reported in previous works 

[2], [5], the dipoles are essentially transparent to the electric 

field component to which they are perpendicular since their 

width is very small compared to the free-space wavelength 
(𝑤 ≪ 𝜆0). Thus, the admittance of the FSS may be

approximated by zero (open circuit), 𝑌𝐹𝑆𝑆
𝑇𝐸 ≈ 0, and the

admittance of the AIS is primarily dictated by the substrate 

thickness and relative permittivity, the angle of incidence and 

the frequency, leading to 𝑌𝐴𝐼𝑆
𝑇𝐸 ≈ −𝑗𝑌𝑧1

𝑇𝐸 cot(𝑘𝑧1ℎ). In previous

works [1]-[5], the dielectric slab is selected to match the desired 

operating frequency range, with an electrical thickness well 

below 𝜆0 4⁄ .

Figure 3 illustrates the impact of the main dielectric material 

parameters, namely the relative permittivity and the substrate 

thickness, on the phase response using the analytical formulas 

reported above. These results indicate that for TM incidence, 

the impact of the substrate is primarily seen near the resonance 

(defined as the frequency for which the reflection phase is zero 

degrees). Away from the resonance, the TM phase response is 

stable over a relatively wide frequency range. For TE incidence, 

the phase response appears to be more sensitive to the substrate 

thickness than to the substrate relative permittivity. As reported 

in Fig. 3(b), the TE reflection characteristics are strongly 

inductive for thin substrates (e.g. ℎ = 1.5 mm) but become 

capacitive for substrates exceeding 𝜆0 4⁄ . Full-wave results,

obtained with CST Microwave Studio [14], are overlaid in 

transparency on top of the equivalent circuit model results. 

These results correspond to the dipole unit-cell (Fig. 1(a)) and  

(a) 

(b) 

Fig. 3.  Parametric study of the polarizing reflector unit-cell phase response 

versus dielectric slab properties: (a) relative permittivity for ℎ = 1.5 mm and 

(b) thickness (in mm) for 휀𝑟 = 1.5, with 𝐷𝑦 = 8 mm, 𝑙 = 7 mm, and 𝐷𝑥 ≪  𝐷𝑦

(CST results are overlaid in transparency on top of ECM results).

validate the capacitive strip approximation. For thinner 

substrates, the approximation 휀𝑒𝑓𝑓 ≈ (휀𝑟 + 1) 2⁄  provides a

reasonably good agreement. For thicker substrates, a slightly 

smaller value is found to improve the agreement with full-wave 

results. 

From these results, a first key observation is that the 

operating regime of the polarizer described in previous works 

is not attainable for electrically thicker substrates. As elaborated 

in [2], the operating principle of the dipole polarizer relies on a 

270° phase difference between the TE and TM reflection 

phases. This, in turn, can only be achieved if the TE and TM 

reflection characteristics are inductive and capacitive, 

respectively, around the design frequency. Fig. 3 indicates that 

for electrically thick substrates both TE and TM reflection 

characteristics are capacitive. Consequently, the operation of a 

polarizer on such a substrate is only achievable with a 90° phase 

difference between the two field components. Given that the 

frequency dispersion for the TE component is higher for 

electrically thick substrates (as shown in Fig. 3(b)), a first 

conclusion from this equivalent circuit study is that the 

operation of a dipole polarizer with a thicker substrate is likely 

to be less stable over frequency. 

Next, we investigate the angular stability for the case of 
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Fig. 4.  Parametric study of the polarizing reflector unit-cell phase response 

versus angle of incidence, with 휀𝑟 =  1.5, ℎ =  4.5 mm, 𝐷𝑦 = 8 mm, 𝑙 = 7 mm, 

and 𝐷𝑥 ≪  𝐷𝑦 (CST results are overlaid in transparency on top of ECM results). 

electrically thick substrates. Equivalent circuit model results at 

oblique incidence are presented in Fig. 4. As shown, the angular 

variation of the TM component in the region away from the 

resonance is relatively stable with the angle of incidence. 

Instead, the reflection of the TE component presents a stronger 

angular dependence. Accordingly, these results indicate that the 

angular stability of dipole array reflection polarizers 

implemented on electrically thicker substrates is compromised 

when compared to previous reported results [2]. Overlaid CST 

results also show a good agreement in this case, validating the 

angular dependence in the equivalent circuit models. 

B. Connected Dipoles

Overall, the study above indicates that the favorable

characteristics of dipole array polarizers reported in the 

literature strongly rely on the capacitive admittance of the 

dipole array for the TM wave in conjunction with the inductive 

admittance for the TE wave resulting from the electrically thin 

substrate. Electrically thick substrates shift the TE 

characteristics towards the capacitive region, with unfavorable 

impact on the frequency bandwidth and angular stability. 

Exploiting this observation, it is proposed to replace the open-

circuit admittance of the FSS experienced by the TE wave in 

the yz-plane, 𝑌𝐹𝑆𝑆
𝑇𝐸 ≈ 0, by an inductive one. In practice, an

inductive admittance is achieved with a metallic grid aligned 

with the tangential component of the electric field, leading the 

transition from the dipole element to the connected dipole 

element, Fig. 1. Significantly, and as will also be confirmed 

below, the introduction of the connecting grid has, to a first 

approximation, marginal impact on the TM response associated 

with the unconnected dipole array. 

Similarly to the TM incidence, the response of the FSS in 

the case of the connected dipole may be approximated under TE 

incidence by zero thickness periodic inductive strips in a 

dielectric medium of effective permittivity 휀𝑒𝑓𝑓, with period 𝐷𝑦

and metallic width 𝑤2. The admittance of the FSS under TE

oblique incidence in the yz-plane may be analytically 

approximated by [13, p. 284]  

Fig. 5.  Parametric study of the connected dipole unit-cell phase response versus 

angle of incidence, with 휀𝑟 =  1.5, ℎ =  4.5 mm, 𝐷𝑦 = 8 mm, 𝑙 = 7 mm, 𝑤2 =

 1 mm, and 𝐷𝑥 ≪  𝐷𝑦 (CST results are overlaid in transparency on top of ECM 

results). 

𝑌𝐹𝑆𝑆
𝑇𝐸 ≈ −𝑗𝑌𝑒𝑓𝑓

𝑇𝐸
𝐷𝑦 cos 𝜃

𝜆𝑒𝑓𝑓

{ln csc
𝜋𝑤2

2𝐷𝑦

⁄

+
1

2

(1 − 𝛽2)2 [(1 −
𝛽2

4
) (𝐴+ + 𝐴−) + 4𝛽2𝐴+𝐴−]

(1 −
𝛽2

4
) + 𝛽2 (1 +

𝛽2

2
−

𝛽4

8
) (𝐴+ + 𝐴−) + 2𝛽6𝐴+𝐴−

}

(4) 

where 𝐴± =
1

√1±
2𝐷𝑦

𝜆𝑒𝑓𝑓
sin 𝜃−(

𝐷𝑦 cos 𝜃

𝜆𝑒𝑓𝑓
)

2
− 1 and 𝛽 = sin

𝜋𝑤2

2𝐷𝑦
. 

This formulation shows an obvious duality with the one 

reported for the capacitive strips in eq. (3). As shown in Fig. 5, 

the introduction of the inductive admittance shifts the AIS TE 

characteristics from the capacitive behavior seen in Fig. 4 to an 

inductive region. The design parameter 𝑤2 enables to fine tune

the admittance 𝑌𝐹𝑆𝑆
𝑇𝐸 , while the admittance 𝑌𝐹𝑆𝑆

𝑇𝑀 is primarily

driven by the design parameter 𝑙 for a given period 𝐷𝑦 . Thus, to

a first approximation, the TE and TM wave resonances may be 

tuned separately, such that the operating regime becomes 

similar to the one associated with a thin dielectric substrate. In 

particular, it is now possible to achieve a polarizing function 

based on a phase difference of 270° between the two field 

components and operation in a frequency range away from both 

TM and TE resonances. This is clearly illustrated in Fig. 5 for a 

design centered around 13 GHz. The desired phase shift of 270° 

between the two orthogonal field components is highlighted, 

with the phase curves showing a good stability both versus 

frequency and versus the angle of incidence. Overlaid CST 

results in Fig. 5, obtained with the unit-cell illustrated in Fig. 

1(b), confirm that the equivalent model with essentially 

independent capacitive and inductive responses is valid, to a 

good degree of approximation.   

The description of the operation mode of the proposed 

polarizing reflector resorting to circuit models with dominant 

capacitive and inductive contributions provides good physical 

insight, helping in fine-tuning the various design parameters for 

a given application. The following section compares the 

unconnected and connected dipole unit-cells, accounting for 

real practical implementation constraints. 
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III. APPLICATION TO MULTIPLE BEAM ANTENNAS 

In this section we elaborate on the application of the 

proposed concept for polarizers in multiple beam antennas, with 

an emphasis on satellite applications. Section III.A presents 

design and performance of the polarizer at unit- cell level. 

Sections III.B and III.C show numerical and experimental 

results of a practical antenna example, which is compatible with 

fully space qualified materials and processes and exploits the 

proposed polarizer. 

A. Polarizing Unit-Cell Designs

As highlighted in the introduction, reflector antennas for

space applications are commonly manufactured using a 

honeycomb sandwich structure, with a honeycomb core 

assembled between two laminate skins, providing favorable 

mechanical properties. Depending on the desired functionality, 

RF transparent materials may be integrated in the multi-layer 

stack-up. The honeycomb sandwich provides the mechanical 

flexibility required to mold the part. This is particularly of 

interest to produce curved polarizing reflectors. However, the 

honeycomb core imposes a minimum thickness. The multi-

layer stack-up of the reflector considered in this work is 

presented in Fig. 6 and comprises a Quartz honeycomb spacer 

sandwiched between two layers of Astroquartz metalized layers 

for the ground plane and the FSS printed on the outer sides of 

the Astroquartz layers. A layer of Pyralux sits on top of the FSS. 

The thickness of each layer in the stack is shown in Fig. 6, 

combining Astroquarz (휀𝑟 = 3.3, tan 𝛿 = 0.01155), Quartz

Astroquartz

Astroquartz

Quartz 
Honeycomb

Elements

Ground

h1 (127 um)

h2 (4 mm)

Pyralux h0 (25 um)

h1 (127 um)

Fig. 6: Cross-section of the polarizing surface comprising a ground plane, two 

layers of Astroquartz with 𝜖𝑟 = 3.3, tan 𝛿 = 0.01155 and 127 μm of 

thickness, one layer of Quartz honeycomb with 𝜖𝑟 = 1.05, tan 𝛿 = 0.00087 

and 4 mm of thickness, the printed elements and one layer of Pyralux with 𝜖𝑟 =
3.7, tan 𝛿 = 0.037 and 25 μm of thickness. 

honeycomb (휀𝑟 = 1.05, tan 𝛿 = 0.00087) as spacer and

Pyralux (휀𝑟 = 3.7, tan 𝛿 = 0.037) as outer layer. The polarizer

is designed for operation in Ku-band and optimized at oblique 

incidence 𝜃 = 15° along the yz-plane. In particular, the design 

target has been an axial ratio (AR) below 1 dB for a frequency 

band of 10.7-14.5 GHz. With reference to Fig. 1, the unit-cell 

dimensions are 𝐷𝑥 = 1 mm and 𝐷𝑦 = 8 mm, while the dipole

dimensions are 𝑙 = 5.17 mm and 𝑤 = 0.70 mm. 

Fig. 7 presents the reflection phase over frequency for TE 

and TM wave incidence along the two principal planes for 

different values of the incidence angle, θ. The simulations were 

carried out on CST using periodic boundary conditions and 

plane wave incidence. Following the discussion in Section II, 

the dipole array was tuned to provide a 90° phase difference 

between the TE and TM wave incidence. Consequently, both 

the resonance of the TE and TM waves rest close to the 

operating frequency. As expected, the phase response is  

(a)   (c) 

(b)                                                                                                (d) 
Fig. 7: Absolute and differential values of the polarizing reflector unit-cell phase response versus angle of incidence obtained with CST for the unconnected dipole 

(a) in the xz-plane (𝜙 = 0°) and (b) in the yz-plane (𝜙 = 90°), and for the connected dipole (c) in the xz-plane (𝜙 = 0°) and (d) in the yz-plane (𝜙 = 90°).
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(a) 

(b) 
Fig. 8: Axial ratio of the unconnected (dashed lines) and connected (solid lines) 

dipoles under plane wave incidence at different angles in the two principal 

planes: (a) xz-plane (𝜙 = 0°) and (b) yz-plane (𝜙 = 90°). 

sensitive to the incidence angle and significant variations are 

visible already for 𝜃 = 30°. In the xz-plane, the impact of the 

thick substrate is clearly visible for the TM wave, which has an 

electric field component perpendicular to the dipoles in that 

plane, while the impact of the substrate on the TE wave is 

marginal. This is in line with expectations as the response to the 

TM wave is primarily defined by the substrate characteristics, 

while the response to the TE wave is dependent on the FSS and 

its projection, seen as capacitive strips, remains fairly the same 

(a)                                         (b) 

Fig. 9: Cylindrical offset reflector antenna with radius 1 m, projected aperture 

with dimensions 𝑑𝑥 = 0.5 m, 𝑑𝑦 = 0.6 m, distance between reflector and feed 

𝑓 = 0.48 m, clearance ℎ = 0.025 m and offset angle 𝜃𝑓 = 30∘. 

at oblique incidence in that plane. In the yz-plane, both field 

components are affected, which improves the phase difference 

to some extent. The effect on the TM wave, which has an 

electric field component aligned with the dipoles, is more 

significant, as the geometry of the projected capacitive strips 

varies with the angle of incidence in that plane. These results 

are expressed in terms of axial ratio in Fig. 8, with dashed lines 

corresponding to the unconnected dipole. It confirms the 

sensitivity of the design to incidence angle, with a worst case of 

about 4 dB within the operating frequency bandwidth at 𝜃 =
30° in the xz-plane. 

Using the same stack, a connected dipole array is also 

designed (Fig. 1(b)). For comparison purposes, the unit-cell 

dimensions are unchanged, 𝐷𝑥 = 1 mm and 𝐷𝑦 = 8 mm. The

remaining dimensions are optimized for the requirements 

leading to 𝑙 = 6.94 mm, 𝑤 = 0.65 mm, and 𝑤2 = 1 mm. As

detailed in Section II.A, the modified unit-cell is tuned to 

provide a 270° phase difference between TE and TM incidence. 

The reflection phase results obtained with CST are also reported 

in Fig. 7. The improvement is clearly visible, particularly in the 

xz-plane. In the yz-plane, there is a slight variation for TM wave 

incidence, with the electric field component along the dipoles. 

This is because of the resonance of the capacitive strips, which 

would require to increase the period 𝐷𝑦  so as to bring the

resonance further down and increase both the frequency and 

angular stability. However, this parameter is constrained by the 

 (a)   (c)   (e) 

 (b)                                                                                 (d)                                                                                  (f) 

Fig. 10: Far-field axial ratio within the 4 dB beamwidth for the polarizing surface with unconnected and connected dipoles at (a), (b) 10.7 GHz; (c), (d) 12.6 GHz; 

(e), (f) 14.5 GHz, with (a), (c), (e) corresponding to the original unconnected dipoles design while (b), (d), (f) refer to the proposed connected dipoles design. 
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TABLE I 
RMS VALUES OF AXIAL RATIO FOR EACH FAR-FIELD BEAM IN FIG. 10 

10.7 GHz 12.6 GHz 14.5 GHz 

Beam uncon. conn. uncon. con. uncon. con. 

𝒖 = 𝟎, #2 1.08 1.02 3.01 1.07 2.76 0.85 

𝒖 = 𝟎, #3 0.78 0.62 1.71 0.77 1.35 0.57 

𝒖 = 𝟎, #4 1.33 0.75 0.83 0.60 0.58 0.38 

𝒖 = 𝟎, #5 2.41 1.47 1.14 0.91 1.18 0.95 

𝒖 = −𝟎. 𝟏𝟐, #2 0.88 1.06 2.49 0.99 2.18 0.71 

𝒖 = −𝟎. 𝟏𝟐, #3 0.70 0.62 1.40 0.73 0.96 0.51 

𝒖 = −𝟎. 𝟏𝟐, #4 1.19 0.70 0.75 0.62 0.49 0.40 

𝒖 = −𝟎. 𝟏𝟐, #5 2.09 1.27 1.24 0.92 1.20 0.91 

𝒖 = 𝟎. 𝟏𝟐, #2 1.39 1.01 3.61 1.18 3.47 1.00 

𝒖 = 𝟎. 𝟏𝟐, #3 0.97 0.63 2.16 0.83 1.86 0.67 

𝒖 = 𝟎. 𝟏𝟐, #4 1.53 0.85 0.95 0.55 0.76 0.35 

𝒖 = 𝟎. 𝟏𝟐, #5 2.77 1.74 1.09 0.90 1.08 0.95 

Beam numbering is with reference to the 𝒖 coordinate and Fig. 9(b)  

appearance of higher order Floquet modes (i.e. grating lobes). 

The axial ratio of the connected dipole is reported in solid lines 

in Fig. 8, and remains mostly below 1 dB over the considered 

frequency range and angular range. 

B. Antenna Configuration and Simulated Performance

A curved reflector fed by a line source is considered here

[16], [17]. The reflector geometry is described in Fig. 9(a). The 

feed system is the QOBF described in [11], [12], reported in 

Fig. 9(b), and has 6 beam ports. The dimensions of the QOBF 

and pointing angles associated with each port are detailed in 

[12]. As the QOBF already provides focused beams in the yz-

plane with reference to the coordinate system in Fig. 9, the 

reflector geometry has to operate as a planar mirror in that plane 

(i.e. no magnification effect), while focusing the field in the 

orthogonal plane. A cylindrical reflector is considered here for 

this purpose. Although the selected circular profile in the offset 

(a)   (b) 

(c) 

Fig. 11: Different steps of the manufacturing process: (a) backing structure, (b) 

polarizing surface and (c) final polarizing reflector. 

Fig. 12: Multiple beam antenna under test, combining the proposed connected 
dipole cylindrical polarizing reflector and a QOBF. 

plane introduces aberrations (no focal point), it provides more 

stable scanning performance over a wider angular range when 

compared to a parabolic profile. The dimensions of the reflector 

are 𝑑𝑥 = 500 mm and 𝑑𝑦 = 600 mm. The distance between the

reflector and feed (blue circle in Fig. 9(a)), the reflector 

clearance, the radius of the cylinder and the offset are 𝑓 = 480 

mm, ℎ = 25 mm, 𝑅 = 1 m and 𝜃𝑓 = 30°, respectively.

For this antenna geometry, the incidence angle experienced 

at the center of the reflector as seen from the feed position is 

𝜃 = 15° (Fig. 9(a)). The two designs presented in Section II.B 

have been optimized for this incidence angle, in connection 

with this antenna architecture, to provide good polarization 

conversion within the angular range corresponding to the field 

of view of the reflector. We proceed to computing the far-field 

characteristics of the reflector antenna considering the different 

incidences from the different output ports of the QOBF and 

assuming the polarizer unit-cell is laid on the reflector. Since 

the QOBF is vertically polarized (along the x-axis in Fig. 9(b)), 

the unit-cells have to be laid at slant 45°. 

The far-field of the polarizing reflector is computed as 

follows. First, a spherical wave expansion (SWE) [18] is used 

to obtain the approximate near-field incident on the reflector 

surface from the far-field of the QOBF. The Poynting vector is 

used to compute the angle of incidence at each unit-cell. Then 

a database of S-parameters produced by the unit-cell under full 

periodic conditions and plane wave incidence for each angle of 

incidence is created using CST. Since these S-parameters and 

the angles of incidence refer to the fundamental modes of the 

Floquet expansion (i.e. no grating lobes), the fundamental 

modes are extracted from the total incident field [7]. Then they 

are combined with the S-parameters to obtain the reflected field 

at each unit-cell. The reflected field is used to obtain the 

equivalent surface currents, and the latter are integrated over the 

reflector surface to obtain the far-field [19], [20]. The in-house 

modelling tool has earlier been used in [7] demonstrating good 

agreement with experimental results. 

With reference to Fig. 9(b), next we study the performance 

assuming excitation of ports #2 to #5 of the QOBF. In order to 

check the multiple beam capabilities also in the vertical plane, 

two more QOBFs are simulated on top and at the bottom of the 

central one, as shown by the red and black circles in Fig. 9(a), 

corresponding to an antenna architecture fed by a stack of 

QOBFs. Fig. 10 shows the far-field axial ratio within the 4 dB 

beamwidth across the operating frequency range, at 10.7 GHz, 
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12.6 GHz and 14.5 GHz. Due to the angular variation of the 

axial ratio response associated with the unconnected dipoles 

(Fig. 8), the associated far-field axial ratio deteriorates (up to 4 

dB) for beams far from the center. A significant improvement 

is observed when the connected dipole design is used. In order 

to quantify this improvement, Table I shows the root mean 

square (RMS) values for the axial ratio in every beam at three 

frequencies and for both designs. The feed numbering in Table 

I refers to Fig. 9(b). As reported in Table I, the improvement of 

the axial ratio RMS by virtue of the connected dipole is up to 

1.02 dB at 10.7 GHz. Similarly, the axial ratio RMS 

improvement is up to 2.43 dB and 2.45 dB at 12.6 GHz and 14.5 

GHz, respectively. 

C. Manufacturing and Measurements

In order to validate the results of the connected version, a 

polarizing reflector with the connecting line using the geometry 

of Fig. 9 was manufactured and tested. The manufacturing 

process is divided in three steps. The first step involves the 

manufacturing of the backing structure on a cylindrical reflector 

consisting of a composite panel of Quartz honeycomb that 

spaces apart rear and front Astroquartz skins, as seen in Fig. 

11(a). The second step involves the manufacturing of the 

polarizing surface on a single mold consisting on the Quartz 

honeycomb core with two plies of Astroquartz on each side, the 

elements, printed with  their nominal dimensions on a flat 

surface, and the Pylarux ply as seen in Fig. 11(b). Finally, the 

last step involves the assembly of the polarizing surface and the 

backing structure as seen in Fig. 11(c). Fig. 11(c) also includes 

a zoom on the polarizing reflector where it is possible to see the 

dipoles at slant 45° and the connecting line. 

The measurements of the polarizing surface with the 

connected dipole were carried out at the outdoor test range of 

Thales Alenia Space facilities in Toulouse. The complete 

antenna under test, comprising the polarizing reflector and the 

QOBF, is shown in Fig. 12. A selective comparison of the 

simulated and measured patterns along the two principle planes 

can be found in Fig. 13. It is noted that numerical simulations 

have confirmed that the polarizer does not noticeably affect the 

co-polarization patterns when compared with a fully metallized 

reflector. The QOBF was placed at the original position (blue 

circle in Fig. 9(a)). The ports used in this comparison are ports 

#2 at 10.6 GHz, #4 at 12.6 GHz and #2 at 14.5 GHz. Even 

though there are some minor differences, attributed to 

manufacturing and modelling imperfections, overall a very 

good agreement in both co- and cross-polarization components 

is observed. This serves as validation of the proposed solution 

the analysis method. 

IV. CONCLUSION

In this paper, we propose a concept to improve the angular 

stability of reflection polarizers based on doubly periodic 

metallo-dielectric arrays printed on grounded dielectric 

substrate. The concept exploits a wire grid geometry on the 

polarizer, which reduces the dependence of the reflection 

characteristics on the substrate for a linearly polarized incident 

field aligned in the same plane. Consequently, the associated 

dependence on the incidence angle is reduced and the angular 

stability of the polarizing surface can be improved. The benefits 

of the proposed design are relevant to multiple beam antennas, 

such as those deployed in satellite communication systems. 

This has been demonstrated by means of an innovative multiple 

beam antenna architecture. A test campaign on a manufactured 

 (a)  (c)  (e) 

    (b)                                                                               (d)                                                                                (f) 
Fig. 13: Comparison of simulated and measured directivity patterns for the QOBF fed cylindrical reflector (a), (b) at 10.7 GHz for port #2; (c), (d) at 12.6 GHz 

for port #4; (e), (f) at 14.5 GHz for port #2, with (a), (c), (e) corresponding to cuts in the vertical plane (𝑣 = 0), while (b), (d), (f) refer to the horizontal plane 

(𝑢 = 0). 
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prototype reveals very good agreement between simulations 

and measurements, thereby providing experimental validation. 
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