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 

Abstract— In this contribution, a broadband G-band leaky-

wave fed lens antenna with an integrated dielectric grid polarizer 

is presented. The proposed wideband polarizer unit cell geometry 

enables its fabrication at frequencies higher than 100GHz, 

presenting high transmission properties and low axial ratio (AR). 

A quasi-analytical technique based on Spectral Green’s 

Functions combined with a numerical Floquet mode solver is 

used to optimize the lens aperture efficiency and axial ratio. The 

proposed technique is validated via full wave simulations. A 

design is proposed in low dielectric permittivity material, 

achieving full-wave simulated aperture efficiency higher than 

75% over 44% relative bandwidth, and an AR lower than 3dB 

over 35% relative bandwidth. The antenna is able to achieve 

multiple directive circularly-polarized beams, when fed by a focal 

plane array, preserving the AR bandwidth. A prototype has been 

fabricated and measured, exhibiting an excellent match with 

quasi-analytic and full-wave simulations. 

 
Index Terms—Polarizer, circular polarization, dielectric 

gratings, leaky-wave, lens antenna, wideband communications. 

 

I. INTRODUCTION 

HE booming demand for high-speed wireless 

communications calls for a revolution in the way the 

networks and systems are conceived. The saturation in the use 

of lower frequency bands and the limited radiofrequency (RF) 

bandwidth that they provide have led to the 5G technology 

emergence. This new generation relays on the use of higher 

frequency bands (K-, Ka-, Q-bands), with larger RF 

bandwidth availability and therefore higher link capacities. 

The way towards the use of higher frequencies (D-, G- or H-
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bands) will continue in the next years, requiring the 

development of system architectures, active and passive 

devices to enable the efficient use of the mm-wave spectrum. 

The higher path-loss in these frequency bands needs to be 

compensated with the use of high-gain antennas. On top of 

that, due to the limited output power in the mm-wave and 

terahertz transmitters, it is crucial to maximize the efficiency 

in the last system stages, and especially in the antennas. 

 

Fig. 1. a) CP antenna prototype. From bottom to top: split-block waveguide, 
integrated polarizer in Topas material and lens fabricated with HDPE. b) 

Bottom polarizer layer and side view of the polarizer pyramidal gratings. 

In [1] an efficient, wide-band linear-polarized (LP) lens 

antenna with a leaky-wave feeder was proposed in G-band 

(140‒220GHz) to be used in a Fly’s Eye architecture, suitable 

for point-to-multipoint and dense small cells scenarios [2]. In 

order to enhance the wireless link efficiency, especially in 

scenarios with moving terminals, circularly polarized lens 

antennas are even better candidates to be used as single 

elements in the Fly’s Eye lens arrays, as they minimize the 

loss due to polarization misalignment. However, wideband, 

low loss and cost-effective concepts are needed to generate 

circular polarization (CP), in order not to compromise the 

performance reached with the LP lenses. The challenge to 

achieve these goals in the mm-wave and sub-mm-wave bands 

is addressed in this contribution. 
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Many linear to circular polarization conversion concepts 

can be found in the literature up to 60GHz ([3]‒[13]). 

However, this is not the case for mm-wave frequencies higher 

than 100GHz, where only few examples have been published 

to our knowledge ([16]‒[24]). Waveguide polarizers are 

widely used as horn feeders, achieving large 3dB AR relative 

bandwidths (>20%) by means of grooves [3], dielectric [4], [5] 

or metallic septa [6]. However, the tolerances in the 

fabrication of such structures as well as in the mounting of the 

septum inside the waveguide are critical in frequencies higher 

than 100GHz. CP horn antennas have been as well proposed, 

based on Antipodal Tapered Slot Antennas (ATSA) [7], [16] 

or hexagonal waveguides [17], reaching excellent 3dB AR 

relative bandwidths (>35%) but gains lower than 18dB. 

Higher gain could be reached when using them as reflector 

feeds, resulting however in a more bulky solution, not suitable 

for a planar configuration [1]. Horn arrays have as well been 

proposed in [8] at 30GHz or [18] at 140GHz, reaching gains 

higher than 30 dB but compromising the 3dB AR bandwidth 

(<16%). 

Several approaches in the literature make use of LP feeders 

illuminating linear-to-circular add-on polarization converters. 

Many of those are based on single- or multi-layer designs with 

metallic sub-wavelength structures, which present different 

susceptances for orthogonal linear polarizations [9]‒[11], [19]. 

When the LP field from the source impinges the polarizer with 

a polarization rotated 45deg with respect to the polarizer axis, 

the two incident orthogonal in-phase field components 

propagate along the polarizer experimenting ideally negligible 

modifications in the amplitude, but different phase shifts, 

reaching 90deg and so originating circular polarization in the 

transmitted wave. Although they achieve large 3dB AR 

relative bandwidths (>25%), the use of very thin metal printed 

structures makes their fabrication impossible in standard PCB 

technology for frequency bands higher than 100GHz. The 

design presented in [19] at 325GHz is fabricated with complex 

wafer based silicon micromachining techniques, not suitable 

for low-cost mass-production. The mentioned fabrication 

issues are as well present in circularly polarized transmitarrays 

[12] and reflectarrays [13].  

Polarization converters based on dielectric gratings present 

higher potential to become a cost-effective and, at the same 

time, high-performing solution at mm- and sub-mm wave 

frequencies. We have therefore taken this concept as starting 

point in our work. Their working principle is based on the 

effective dielectric permittivity anisotropy originated by the 

asymmetric dielectric gratings, which results in different 

propagations constants for orthogonal LP field components. 

The examples proposed in the literature are mostly based on 

rectangular gratings, either in low relative permittivity for 

mm-wave applications [14], [15] or in high relative 

permittivity in optics [20], [21]. Whereas high relative 

permittivity gratings present lower profile and smaller 

bandwidth, the opposite properties appear for low relative 

permittivity polarizers, leading to high aspect ratios which 

encumber their manufacturing at frequencies higher than 100 

GHz. Metal grating polarizers, based on the reflection of 

orthogonal polarizations with 90deg of phase shift, are as well 

used in terahertz bands [22]. However, they present a narrow 

bandwidth and cannot be integrated into a lens antenna, 

resulting in a more bulky solution. In [23] a 130GHz tunable 

liquid crystal polarizer concept working in reflection was 

presented, with high insertion loss due to the lossy material 

(>4dB), and with narrowband AR (<3%). 

Regarding CP antenna designs with multi-beam capability, 

not many examples are present in the literature. The 

mentioned transmitarrays and reflectarrays, apart from the 

named fabrication issues, present very low aperture 

efficiencies, hindering a compact solution. In [24], a concept 

based on CP patches feeding an integrated elliptical Rexolite 

lens, exhibits a very small 3dB AR bandwidth (2.6%). In [5], a 

homogeneous spherical Teflon lens fed with CP horns is 

presented, with good AR properties but low aperture 

efficiency (<37%). In [15], the rectangular dielectric gratings 

are integrated in an extended hemispherical lens, achieving 

29% 3dB AR bandwidth and 21 dB of gain at 60 GHz. The 

side-lobe level is however high (-12dB) due to the poor 

illumination of the lens. Besides, despite the low directivity 

achieved, high dielectric losses are present (>3dB) due to the 

material used in the 3D printing fabrication. 

In this contribution, an add-on polarizer based on the 

dielectric-grating concept is proposed to be integrated inside 

an elliptical plastic lens (Fig. 1a) and fed by the resonant 

LWA presented in [1]. A new polarizer unit cell geometry is 

proposed, enabling the fabrication of wideband low dielectric 

permittivity polarizer gratings at G-band, with low-cost, low-

loss plastic materials and standard milling techniques. In 

addition, this geometry improves the bandwidth and 

transmission with respect to the standard rectangular-grating 

used in [15]. Thanks to the LWA feeder, which radiates most 

of the energy below the dielectric-air critical angle, total 

reflections in the lens dielectric-polarizer interface are 

avoided. The elliptical lens provides the antenna with high 

gain (>30 dB) and steering capability, making it suitable for 

high-speed communication systems.  

The combination of a high-directivity lens (diameter bigger 

than 15λ0) and a polarizer (containing sub-wave length 

structures) in a single full-wave (FW) simulation, results in an 

extremely time-consuming model. In this contribution, in 

order to provide a fast optimization of the feed-polarizer-lens 

system, a quasi-analytical model based on Spectral Green´s 

Functions (SGFs) and an analysis of the lens in reception [1], 

combined with a single unit-cell Floquet mode solver has been 

developed and used. The quasi-analytic approach for the lens 

analysis allows extracting the CP aperture efficiency and axial 

ratio after the lens. The fabricated antenna, optimized with this 

quasi-analytical method, achieves full-wave simulated 

aperture efficiency higher than 75% over a 44% relative 

bandwidth and an axial ratio lower than 3 dB over a 35% 

relative bandwidth, with dielectric losses lower than 0.65dB. 

The paper is organized as follows: Section II describes the 

overall antenna concept, the new polarizer grating geometry, 

and the analysis and optimization methodology applied; 

Section III shows the antenna prototype design and simulation 
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results; Section IV describes the measurement procedure used 

to characterize the antenna CP radiation patterns, AR, and 

gain.  

II. CIRCULARLY POLARIZED LENS ANTENNA CONCEPT 

In this section, the concept of the dielectric lens with 

embedded polarizer, CP lens, is explained. Circular 

polarization is achieved inside the dielectric lens by placing a 

dielectric-grating polarizer on top of a resonant Leaky-Wave 

feeder, as shown in Fig. 1a. A novel wideband polarizer unit 

cell geometry, suitable to be fabricated at sub-mm 

wavelengths, is introduced here. In transmission, the lens is 

illuminated by a CP primary field, collimating it to achieve 

high-gain. 

The fast quasi-analytical methodology applied to optimize 

the full feed-polarizer-lens system performance is as well 

presented in this section. The CP primary patterns are 

calculated inside the lens by evaluating the multi-layer 

anisotropic structure with SGF. The optimization of the CP 

lens aperture efficiency and AR calculation are performed by 

means of an analysis of the antenna in reception. 

 

Fig. 2. a) Polarizer unit cell. The blue color represents the dielectric, 

whereas the white color the air. The dashed lines mark the separation of the 

polarizer in three pieces for its fabrication. ℎ = 4.26𝜆0, ℎ𝑖 = 0.76𝜆0, ℎ𝑠 =
1.2𝜆0 and 𝑤 = 0.5𝜆𝑑, being 𝜆0 the free-space wavelength at 𝑓0=180GHz and 

𝜆𝑑 = 𝜆0/√𝜀𝑟. b) Wave-guide cross-section and double-slot with polarizer grid 

on top, oriented with an angle 𝛼 = 45deg with respect to the double slot 

linear polarization 𝑒̂∥. 

A. In-Lens Polarizer: Unit Cell 

An add-on polarizer using dielectric gratings has been 

chosen to be embedded in the lens, due to its large bandwidth 

properties and its suitability for a cost-effective manufacturing 

at such small wave-lengths. The dielectric gratings are 

fabricated in the same low relative dielectric permittivity 𝜀𝑟 

material as the lens (𝜀𝑟 = 2.3). The choice of this low 𝜀𝑟 

improves the bandwidth of the polarizer transmission 

coefficients, enhancing as well the AR bandwidth. However, 

in terms of birefringence, lower 𝜀𝑟 values provide a lower 

contrast between the effective permittivity for the 

perpendicular and parallel field components (𝑢̂∥ and 𝑢̂⊥ in Fig. 

1b and Fig. 2b). This leads to higher grating heights, h in Fig. 

2a, required to achieve the aimed 90deg phase shift between 

the orthogonal LP components. On the other hand, the unit 

cell width or period, 𝑤, should be small enough to avoid 

grating lobes (~𝜆𝑑/2). When choosing a standard rectangular 

grating geometry, these conditions result in a unit cell aspect 

ratio, ℎ/𝑤, higher than 14. The fabrication of such high ℎ/𝑤 

represents a big challenge at frequencies above 100GHz. In 

order to facilitate the fabrication of the polarizer with standard 

milling techniques, a polarizer geometry with N separate 

layers, each with a thickness of ℎ𝑖 = ℎ/𝑁, is proposed. These 

layers are composed by identical extruded pyramids, piled to 

form the complete polarizer unit cell, as show in Fig. 2a. The 

pyramids’ slope, determined by the milling tool tip angle, sets 

the maximum achievable height, and therefore phase shift, per 

layer. For our current implementation, the polarizer is made 

out of N=4 layers to reach the 90deg phase shift. Further 

details regarding the polarizer fabrication have been given in 

[25]. The resulting polarizer unit cell geometry is shown in 

Fig. 2a. It can be fabricated in three parts: the bottom and top 

part, with gratings on one side, and the central part with 

gratings on both sides, as can be recognized as well in Fig. 1a. 

This tapered form provides the gratings with mechanical 

stability and represents as well a smooth transition between 

the air and plastic material characteristic impedances. This 

enhances the polarizer transmission properties w.r.t. a 

rectangular corrugation, making it unnecessary to perform a 

fine lateral alignment between the different polarizer layers. 

The polarizer transmission properties have been analyzed by 

means of Floquet simulations for a single unit cell, with 

periodic boundary conditions. A 4-port S-parameters matrix 

can be extracted for each plane-wave angle of incidence, 

describing the coupling between TE and TM modes. 

B. LWA Feeder with Add-on Polarizer 

The CP feeder, shown in Fig. 3a, consists of a linearly-

polarized (LP) LWA feeder with the proposed add-on 

polarizer on top, as displayed in Fig. 2b. The LWA contains a 

resonant air cavity, which can be seen in Fig. 1a, between a 

ground plane and a denser dielectric (𝜀𝑟 = 2.3). As explained 

in [1], along this air gap three leaky-wave modes, TM0, TM1, 

and TE1, propagate radially, radiating energy into the lens 

dielectric. This effect increases the antenna effective area, and 

therefore its directivity. The LW modes radiate with a 

propagation constant 𝛽 = 𝑘0√𝜀𝑟 sin 𝜃𝐿𝑊 < 𝑘0, being 𝜃𝐿𝑊 the 

LW mode radiation angle [26]. This results in 𝜃𝐿𝑊 <

sin−1 1/√𝜀𝑟 = 𝜃𝑐
𝑓
, where 𝜃𝑐

𝑓
 is the air-dielectric critical angle 

(Fig. 3a). For 𝜀𝑟 = 2.3, 𝜃𝑐
𝑓
 appears at 41deg, and as a 

consequence the patterns radiated by this feed inside the lens 

(primary patterns), present a taper higher than −12dB at this 

angle. The polarizer presents effective 𝜀𝑟 > 1 for both 

orthogonal field components, and therefore the critical angle 

in the interface between the polarizer and the dielectric 

medium, 𝜃𝑐
𝑝
 in Fig. 3a, is always higher than 𝜃𝑐

𝑓
. Thanks to 

the LWA properties, the polarizer is only illuminated with 

incident angles lower than 𝜃𝑐
𝑓
 (𝜃𝐿𝑊 < 𝜃𝑐

𝑓
). This avoids 

significant total reflections in the interface between the lens 

material and the polarizer gratings. The cavity is excited by a 

standard wave-guide tapered to a squared wave-guide, on top 

 
                        (a)                                                                (b) 
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of which a double-slot is placed. The double-slot shapes the 

pattern to optimize the illumination efficiency, and achieves 

the impedance matching to the waveguide [1]. 

The add-on polarizer based on dielectric gratings is placed 

on top of the LP LWA at a coordinate 𝑧 = 𝑧𝑏𝑜𝑡 (Fig. 3a), 

which is high enough to preserve the LW propagation 

properties. The polarizer gratings are oriented with an angle of 

45deg w.r.t. the LP LWA polarization (Fig. 2b).  

 

Fig. 3. Left: Main parameters of the elliptical lens geometry with integrated 

polarizer, and LW feeder. Optimized values: ℎ𝑐 = 0.56𝜆0, 𝑧𝑏𝑜𝑡 = 2.27𝜆0, 

𝑧𝑡𝑜𝑝 = 6.53𝜆0 𝜃𝑒𝑑𝑔𝑒 = 40deg, Δ𝑧 = −2.8mm. The fields used for the lens 

aperture efficiency and axial ratio calculation are as well represented here 

(𝐸⃗ 𝑎 , 𝐸⃗ 𝐺𝑂
𝑆𝑖   and  𝐸⃗ 𝑐𝑝

𝑃𝑊). Right: Equivalent transmission line model applied for the 

CP primary pattern calculation. 

The resulting anisotropic multilayer structure shown in Fig. 

3a has been analyzed with the SGF approach discussed in the 

Appendix, including the polarizer unit cell S-parameters 

estimated with FW Floquet-mode simulations. In this way, the 

CP radiation patterns of the LWA feeder after propagating 

through the polarizer (CP primary patterns) can be calculated 

inside the semi-infinite dielectric medium on top of the 

polarizer (Fig. 3). 

C. Optimization of Lens with Integrated Polarizer 

In order to obtain the high gain required for a wide-band 

communications scenario, a truncated elliptical lens [1] is 

placed on top of the CP feeder (LWA feeder + polarizer). 

Once the CP primary patterns have been calculated, the 

elliptical lens and feeder parameters can be optimized by 

applying an analysis of the antenna in reception, based on the 

same methodology described in [27] and applied in [1]. This 

enables a fast optimization for the feed-polarizer-lens system, 

avoiding time-consuming FW simulations. The LW cavity 

height, ℎ𝑐, the double slot geometry, the feed 𝑧 position with 

respect to the focal plane, Δ𝑧, and lens truncation angle, 𝜃𝑒𝑑𝑔𝑒  

(Fig. 3), are the variables to maximize the CP lens aperture 

efficiency, 𝜂𝑎𝑝. The lens 𝜃𝑒𝑑𝑔𝑒  determines its focal length 𝐹 

for a given lens diameter 𝐷, as the lens eccentricity is given by 

its 𝜀𝑟 as 𝑒 = 1/√𝜀𝑟 [1]. 

The geometry and fields used in this evaluation are shown in 

Fig. 3. In this analysis, the voltage generated by an ideal CP 

plane wave at the open circuited antenna terminals AA’, 𝑉𝑜𝑐 , in 

the antenna evaluated in reception, is derived to calculate the 

antenna efficiency 𝜂𝑎𝑝. 𝑉𝑜𝑐  is determined by performing a 

reaction integral over the surface 𝑆𝑖, inside the lens, between 

the CP primary patterns evaluated in transmission,  𝐸⃗ 𝑎, and the 

incoming field 𝐸⃗ 𝐺𝑂
𝑆𝑖  from the CP plane wave as 

𝑉𝑜𝑐𝐼𝑡𝑥 =
2

𝜁𝑑
∫ ∫ 𝐸⃗ 𝐺𝑂

𝑆𝑖 (𝜃, 𝜙) ⋅ 𝐸⃗ 𝑎
𝐺𝑃(𝜃, 𝜙)𝑒𝑗𝑘𝑑𝛥𝑧𝑐𝑜𝑠𝜃𝜃𝑒𝑑𝑔𝑒

0
𝑑𝑆

2𝜋

0
  (1) 

where 𝐼𝑡𝑥 is the amplitude of the electric current feeding the 

antenna in transmission, 𝜃𝑒𝑑𝑔𝑒  is the lens rim angle from the 

focus, 𝜁𝑑 =
𝜁0

√𝜀𝑟
 and 𝜁0 the wave impedance in vacuum. 𝐸⃗ 𝑎

𝐺𝑃 is 

calculated with the phase reference in the LW ground plane, 

and the term 𝑒𝑗𝑘𝑑𝛥𝑧𝑐𝑜𝑠𝜃  represents the z-displacement of the 

ground plane w.r.t. the lens focal plane, applied to place the 

actual feeder phase centre on the lens focus (𝐸⃗ 𝑎 =

𝐸⃗ 𝑎
𝐺𝑃𝑒𝑗𝑘𝑑𝛥𝑧𝑐𝑜𝑠𝜃). As explained in [1], 𝐼𝑡𝑥 can be arbitrary 

chosen (e.g. 𝐼𝑡𝑥 = 1𝐴, becoming 𝑉𝑜𝑐𝐼𝑡𝑥 = 𝑉𝑜𝑐). The steps to 

derive the equation (1) are explained with detail in [1]. As we 

are aiming for a CP field, the ideal incident plane-wave,  𝐸⃗ 𝑐𝑝
𝑃𝑊 

(Fig. 3), is in this case circularly polarized. In this way, two 

orthogonally CP plane waves are defined as 

𝐸⃗ 𝑅𝐻
𝑃𝑊 =

1

√2
(𝑥̂ + 𝑗𝑦̂)                            (2a) 

𝐸⃗ 𝐿𝐻
𝑃𝑊 =

1

√2
(𝑥̂ − 𝑗𝑦̂)                             (2b) 

being 𝐸⃗ 𝑅𝐻
𝑃𝑊 right-handed circularly polarized and 𝐸⃗ 𝐿𝐻

𝑃𝑊 left-

handed circularly polarized, with propagation vector −𝑧̂. The 

corresponding 𝐸⃗ 𝐺𝑂
𝑆𝑖  can be evaluated analytically as derived in 

[28].  

𝜂𝑎𝑝 is estimated relating the power captured by the lens from 

the co-polarized CP plane-wave impinging the lens from 

broadside, 𝑃𝑖𝑛 , to the power which is actually delivered to the 

load at the feed, 𝑃𝐿  as 

𝜂𝑎𝑝 =
𝑃𝐿

𝑃𝑖𝑛
=

|𝑉𝑜𝑐|
2

16𝑃𝑟𝑎𝑑𝑃𝑖𝑛
                            (3) 

where 𝑃𝑖𝑛 = 1/(2𝜁0)|𝐸0
𝑃𝑊|2𝐴𝑙𝑒𝑛𝑠, being 𝐴𝑙𝑒𝑛𝑠 = 𝜋𝐷2/4 the 

projected area for a lens with diameter 𝐷 (Fig. 3), and 𝑃𝑟𝑎𝑑  is 

the power radiated by the antenna in transmission. The 

resulting 𝜂𝑎𝑝 includes the taper, phase, reflection and spill-

over efficiencies, being equivalent to the difference between 

the achieved directivity and the maximum directivity for this 

circular aperture. 

In order to derive the lens axial ratio, 𝑉𝑜𝑐  is calculated for 

both orthogonal CP plane waves. The far-field at broadside for 

each CP component is proportional to its corresponding 𝑉𝑜𝑐  

(reciprocity theorem), and therefore the lens axial ratio at 

broadside can be approximated e.g. for a right-handed 

circularly polarized antenna similarly as defined in [29] 

AR =
|𝑉𝑜𝑐

𝑅𝐻|+|𝑉𝑜𝑐
𝐿𝐻|

|𝑉𝑜𝑐
𝑅𝐻|−|𝑉𝑜𝑐

𝐿𝐻|
                                   (4) 
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III. PROTOTYPE DESIGN AND FABRICATION 

Applying the described analysis methodology based on SGF 

and an analysis of the antenna in reception, a CP lens antenna 

has been designed in G-band, centered in 180GHz, with a 

diameter 𝐷 = 18𝜆0 (Fig. 3). In this section, the final geometry 

and simulation results are shown for the polarizer unit cell, the 

CP feeder radiating in a semi-infinite dielectric medium and, 

finally, for the complete CP lens antenna. 

A. Unit Cell Performance 

The unit cell dimensions for the polarizer are reported in Fig. 

2a. The unit cell period 𝑤 avoids the grating lobes for incident 

angles up to 52deg, until 200GHz. The resulting pyramid 

ℎ𝑖/𝑤 is 2.3. The polarizer S-parameters are estimated from 

Floquet-mode simulations performed with CST Studio Suite 

[30] for the unit cell, using the first two Floquet modes (𝑇𝐸1 

and 𝑇𝑀1). As shown in Fig. 4a, the polarizer unit cell is 

almost “transparent” to the incident wave amplitude up to 

𝜃𝑐
𝑓

= 41deg, after which the LWA is radiating very low 

power. The AR is lower than 3dB in both principal planes for 

incident angles lower than 25deg. Fig. 4b shows the unit cell 

AR over the whole frequency band, for different incident 

angles. In this figure, the AR is displayed for unit cells with 

aligned and fully misaligned pyramid layers, showing the 

robustness of the concept against misalignment. 

B. LWA Feeder with Polarizer: Radiation Patterns and AR 

Fig. 5 shows the far-field patterns of the LWA with the 

polarizer radiating in a semi-infinite dielectric medium (Fig. 

3a), calculated applying the SGF model discussed in the 

Appendix. The validation with FW simulations with EMPIRE 

XPU [31] shows an excellent agreement with the SGF results, 

in both phase and amplitude, over the whole frequency band. 

The radiation patterns for the CP LW feeder are very close to 

the LP ones [1], thanks to the polarizer good transmission 

properties and low axial ratio. This can be seen as well in the 

directivity comparison for the feeder with (CP) and without 

polarizer (LP), which differ in maximum 1dB, as shown in 

Fig. 6. The simulated feeder maximum directivity over 

frequency has a variation lower than 2dB in the whole band, 

being the AR at broadside lower than 3dB from 150GHz to 

220GHz (Fig. 6). 

C. Lens with Integrated Polarizer: Radiation Patterns and 

AR 

Using the analysis in reception described in Section II.C, the 

CP lens geometry has been optimized to maximize 𝜂𝑎𝑝. As the 

polarizer does not significantly modify the primary patterns 

with respect to the LP ones (Fig. 5), the double-slot geometry 

and lens truncation angle 𝜃𝑒𝑑𝑔𝑒 have not been modified w.r.t. 

the LP design in [1]. However, the CP feeder phase center 

changes with respect to the LP feeder, due to the polarizer 

lower effective 𝜀𝑟, being the optimum feeder phase center 

position with respect to the lens focal plane Δ𝑧 = −2.8mm. 

The final results for the lens 𝜂𝑎𝑝 and AR have been validated 

by means of FW simulations performed with EMPIRE XPU 

(with multiple reflections), showing very good agreement. Fig. 

7a shows that the lens 𝜂𝑎𝑝, is not degraded with the use of the 

polarizer, remaining very close to the 𝜂𝑎𝑝 for the linearly 

polarized lens. In Fig. 7b, the resulting AR is reported, 

compared as well with the AR evaluated with the lens FW 

simulated radiation patterns. Results show a lens 𝜂𝑎𝑝 > 75% 

over 44% bandwidth and AR < 3 dB over 35% bandwidth.  

 

Fig. 4. a) Left axis: unit cell transmission coefficients of the fundamental 
Floquet-mode vs. plane-wave incident angles at 180GHz. Dashed line: TM 

mode; dotted line: TE mode. Right axis: AR calculated from the complex unit 

cell transmission coefficients. b) Unit cell AR over frequency for different 
angles of incidence, evaluated from the Floquet-mode simulations. Solid line: 

𝜙 = 0deg incidence with aligned pyramids; dashed line: 𝜙 = 0deg 

misaligned pyramids; dotted-dashed line: 𝜙 = 90deg aligned pyramids; 

dotted line: 𝜙 = 90deg misaligned pyramids. The unit cell coordinate system 

is taken as in Fig. 2b, aligned with its periodicity. 

Fig. 8 shows the CP FW simulated radiation patterns at 

broadside for the lens with integrated polarizer, with side-lobe 

levels (SLL) lower than -15 dB up to 200 GHz. The feeder has 

been displaced off-focus, as explained in [1], in order to 

perform beam steering with the elliptical lens. By placing the 

polarizer below the lens, the polarizer is illuminated in the 

same manner regardless which is the feed position over the 

lens focal plane. In this way, the feeder AR, and therefore also 

the lens AR bandwidth, do not change when performing beam 

steering, as it can be appreciated in Fig. 7c. Moreover, the 

impact of multiple reflections in the AR is in case of the 

steered beams lower, as the reflected waves do not propagate 

in the main beam direction. Fig. 9 shows the radiation patterns 

for the steered beams, with very similar SLL to the LP 

patterns presented in [1]. Fig. 10 displays the maximum gain 

over frequency for the broadside and steered beams, showing 

        
(a) 

     
(b) 
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as well very similar performance to the LP lens. This fact 

implies that the maximum steering angle achieved with the 

lens, or number of beams suitable to cover a communication 

scenario, as discussed in [1], is not degraded w.r.t. the LP lens.  

 

Fig. 5. Far-field amplitude and phase for LWA feed with polarizer radiating 
in infinite medium. Solid line: SGF model. Dotted line: FW simulations. 

Dashed line (in radiation pattern plots): linear polarized feed (without 

polarizer), SGF model. E-, H- and D-planes are defined here with respect to 

the LP feeder polarization. 

 

Fig. 6. Left axis: Axial ratio at broadside for LWA feeder with polarizer. 

Right axis: LWA feeder directivity with and without polarizer (linearly 
polarized). Solid line: SGF model. Dashed line: FW simulations. Red line: 

linearly polarized feeder directivity (without polarizer). 

In Fig. 11 the CP lens antenna reflection coefficient seen 

from the standard waveguide flange is displayed, being this 

−10dB over the whole frequency band. 

The CP lens antenna prototype makes use of the same split-

block waveguide and double slot manufactured for the LP 

design in [1]. The polarizer has been fabricated in Topas 

material, on top of which a HDPE lens has been placed (Fig. 

1a), both materials presenting 𝜀𝑟 = 2.3. HDPE has been 

chosen for the lens fabrication due to its very low loss 

properties (tan 𝛿 = 3.4 × 10−4); Topas material (tan 𝛿 =
1.2 × 10−3) has been chosen for the polarizer fabrication, as 

its hardness facilitates the milling process [25]. The maximum 

dielectric loss in the lens, evaluated with the FW simulated 

gain, is 0.65dB at 220GHz. 

IV. MEASUREMENTS  

In this section, the measurement campaign carried out to 

characterize the CP lens antenna prototype is described.  

The antenna reflection coefficient has been measured at the 

split-block standard waveguide interface, being the results in 

agreement with simulations (Fig. 11). In order to make a first 

validation of the antenna polarization performance, the lens 

self-coupling (power reflected from a metal plate) has been 

measured, using an approach similar to [32], but placing the 

metal plate directly in the near-field instead of the far-field. In 

order to validate the lens radiation efficiency 𝜂𝑟𝑎𝑑 (to calculate 

the antenna gain) and with the aim of performing a first AR 

measurement, a phase-amplitude method has been applied 

[33], measuring the coupling to the LP lens in [1]. In this 

approach, the LP lens is rotated 90deg to measure both 

orthogonally LP field components. Here, a very accurate 

relative phase characterization and positioning between the 

two LP measurements is needed to characterize the CP fields. 

The strategy to perform the phase calibration between the two 

measurements, which is very challenging in this frequency 

band, is explained in this section. Profiting from this 

calibration and using as well the phase-amplitude method, two 

near-field measurements with a LP near-field probe were 

performed for each beam to obtain the CP radiated fields. The 

lens radiation patterns, maximum gain, and AR validation by 

means of coupling and near-field measurements is presented 

for the broadside and steered beams, with an excellent 

agreement with quasi-analytic and FW simulation results. 

A. Antenna Self-Coupling (Measurement in Reflection) 

A first verification of the antenna polarization purity has 

been performed by measuring the signal reflected on a metal 

plate, coming back to the CP lens (setup in Fig. 12a). This 

measurement is equivalent to the one of the transmission 

between two orthogonally CP polarized lenses. 
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Fig. 7. a) Broadside aperture efficiency for the CP lens. In red, the SGF-FO simulations for the LP lens are reported for reference. b) CP lens axial ratio at 

broadside. c) CP lens AR for the beams steering at 8.4deg (beam 3) and 16deg (beam5) (corresponding respectively to feed displacements, 𝑑 = 0.09D and 

0.19D). Solid line: FW simulations; dashed line: far-field from near-field measurements. 

 

Fig. 8. Lens CP far-field patterns for the broadside beam. Solid line: FW simulations; dashed line: far-field from near-field measurements. E-, H- and D-planes 

are defined here with respect to the double-slot linear polarization. 

 

Fig. 9. Lens CP far-field patterns for the beams steering at 8.4deg (beam 3) and 16deg (beam5), normalized to their maximum co-polar amplitude. The steering 

is performed within the LP double-slot H-plane. The beams correspond to feed displacements, 𝑑 = 0.09D and 0.19D. Solid line: FW simulations; dashed line: 

far-field from near-field measurements. 

A similar approach was proposed in [32], where reflection 

measurements were performed in the antenna far-field using a 

metal plate and a corner reflector, extracting the CP antenna 

AR. Here instead we propose to place the metal reflector in 

the lens near-field region, at 1cm distance from the aperture, 

where the radiated fields are well-collimated with nearly 

planar phase front, thanks to the high aperture efficiency of the 

proposed lens antenna [1]. In that case, the field can be well 

predicted by performing a GO propagation. This assumption 

was validated in [1] by measuring the coupling between two 

LP lenses, and comparing with full wave simulations. The CP 

lens self-coupling for the first order rays can be calculated 

quasi-analytically using a GO approach combined with the 

analysis of the antenna in reception.  

In order to perform the analysis in reception in this case, 

instead of an ideal plane-wave as previously explained, the 

incident field on the lens evaluated in reception is the field 

radiated by the same lens, reflected back at the metallic plate. 

The reaction integral to estimate 𝑉𝑜𝑐  is here calculated on the 

plane where the reflector is placed, 𝑆𝑟 , as shown in Fig. 12a. 

   
        (a)                  (b)                 (c) 

 
         (a)                  (b)                (c) 

 
         (a)                  (b)                (c) 
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The field radiated by the lens in transmission mode, 𝐸⃗ 𝐺𝑂
𝑆𝑟,𝑇𝑥

, is 

calculated on 𝑆𝑟  using a GO approach, as explained in [1], 

assuming that the rays are propagating out of the lens only in 

z-direction. Under this assumption, only field components 

tangent to the metallic plate are present in 𝐸⃗ 𝐺𝑂
𝑆𝑟 ,𝑇𝑥

, and 

therefore the reflected field, used as incident field in the 

analysis of the antenna in reception, can be approximated as 

𝐸⃗ 𝐺𝑂
𝑆𝑟 ,𝑅𝑥

= −𝐸⃗ 𝐺𝑂
𝑆𝑟,𝑇𝑥

. 𝑉𝑜𝑐  becomes in this case 

  𝑉𝑜𝑐 ≈
2

𝜁0
∫ ∫  𝐸⃗ 𝐺𝑂

𝑆𝑟,𝑇𝑥(𝜌, 𝜙) ∙ 𝐸⃗ 𝐺𝑂
𝑆𝑟 ,𝑅𝑥(𝜌, 𝜙)

𝐷/2

0
𝜌 𝑑𝜌𝑑𝜙

2𝜋

0
    (5) 

being 𝐷 the lens diameter. The coupling efficiency can be 

calculated as in (3), being in this case 𝑃𝑖𝑛 = 𝑃𝑟𝑎𝑑 . Both 

reflected and transmitted fields can be formulated in terms of 

CP components, as proposed in [32]. In this way, the dot 

product 𝐸⃗ 𝐺𝑂
𝑆𝑟,𝑇𝑥

∙ 𝐸⃗ 𝐺𝑂
𝑆𝑟 ,𝑅𝑥

= 4𝐸𝑅𝐻𝐸𝐿𝐻, being 𝐸𝑅𝐻  and 𝐸𝐿𝐻 the 

magnitudes of respectively the right and left handed polarized 

field components. Although the AR cannot be calculated from 

this single measurement [32], the AR and measured coupling 

minima are coincident when the AR equals 0dB. 

The results of this analysis are shown in Fig. 12b, with a 

minimum reflection at 170GHz, where the calculated lens AR 

optimum appears (Fig. 7a). The estimated waveguide loss [1] 

and dielectric loss in the lens, obtained from FW simulations, 

have been added to the quasi-analytical calculation, in order to 

perform a fair comparison with the measured results. Time 

gating has been applied to the measured signal, in order to 

cancel the effect of multiple reflections and account only for 

the first reflected wave in the metal plate, as in the quasi-

analytical evaluation. The time-gated measurement results are 

reported in Fig. 12b, showing a very good agreement with the 

quasi-analytical calculation. 

B. Coupling CP-LP Lenses 

The near-field coupling between a LP lens [1] and the 

fabricated CP lens has been measured with two purposes: 

derive the lens AR and validate the simulated lens 𝜂𝑟𝑎𝑑, in 

order to estimate the lens maximum gain. This coupling can be 

as well calculated semi-analytically with an analysis of the 

antenna in reception.  

The field radiated by the LP lens, 𝐸⃗ 𝐺𝑂−𝐿𝑃
𝑆𝑐 , is calculated in 

the plane between both lenses, 𝑆𝑐 in Fig. 13a, with a GO 

approach, and taken as incident field impinging on the CP 

lens. In the same way, the field transmitted by the CP lens, 

𝐸⃗ 𝐺𝑂−𝐶𝑃
𝑆𝑐 , is calculated at 𝑆𝑐, where the reaction integral is 

performed to calculate 𝑉𝑜𝑐  as  

𝑉𝑜𝑐 =
2

𝜁0
∫ ∫  𝐸⃗ 𝐺𝑂−𝐿𝑃

𝑆𝑐 (𝜌, 𝜙) ∙  𝐸⃗ 𝐺𝑂−𝐶𝑃
𝑆𝑐 (𝜌, 𝜙)

𝐷/2

0
𝜌 𝑑𝜌𝑑𝜙

2𝜋

0
   (6) 

and the coupling efficiency can be calculated as in (3), being 

in this case 𝑃𝑖𝑛  the power radiated by the LP lens feeder. 𝑉𝑜𝑐  is 

calculated with the LP lens in two polarization orientations, 

parallel and orthogonal to the CP lens feeder (𝑉𝑜𝑐
∥  and 𝑉𝑜𝑐

⊥), as 

shown in Fig. 13a. Fig. 14a shows the magnitude of the 
calculated coupling efficiency for both LP orientations, 𝑐∥ and 

𝑐⊥, where the estimated waveguide and dielectric loss have 

been as well added to perform a fair comparison with the 

measurement results. Fig. 14a shows as well the phase 

difference between 𝑉𝑜𝑐
∥  and 𝑉𝑜𝑐

⊥. 

 

Fig. 10. Maximum gain for the lens CP co-polar components. Solid line: FW 

simulations; dashed line: measurements. 

 

Fig. 11. Reflection coefficient for the CP lens. 

 

Fig. 12. a) Measurement setup for CP lens self-coupling. The fields and 

propagation constants are reported for the central ray.  𝑒̂∥ and  𝑒̂⊥ are defined 

as in Fig. 2b. b) CP lens self-coupling results. Quasi-analytic: reaction integral 

between PO fields. Measurements: reflection coefficient time gated to 
consider only first order reflected rays, and to eliminate reflections at WG 

taper and double-slot.  

The CP lens AR at broadside can be calculated using 𝑉𝑜𝑐
𝑅𝐻 =

𝑉𝑜𝑐
∥ − 𝑗𝑉𝑜𝑐

⊥ and 𝑉𝑜𝑐
𝐿𝐻 = 𝑉𝑜𝑐

∥ + 𝑗𝑉𝑜𝑐
⊥ in equation (4). The field 

generated by the LP lens, impinging on the CP lens, is very 

close to the one of an ideal LP plane wave. Therefore, the AR 

derived from this measurement is almost overlapping with the 

AR calculated from the coupling to an ideal plane-wave 

(Section III.C), as shown in Fig. 14c. The small difference 

between both AR calculations is related to the different field 

amplitude taper and phase with respect to the ideal plane-wave 

case, taken as incident field in the analysis of the antenna in 

reception. 

 

 

 
                       (a)                                                           (b) 



SUBMITTED MANUSCRIPT, IEEE TRANS. ON ANTENNAS AND PROPAGATION, VOL. XX, NO. X, OCT. 2019 9 

 

Fig. 13. Measurement setup for a) coupling between LP lens (on top) and CP 

lens (bottom) and b) phase calibration between parallel and orthogonal 
coupling measurements. The top view of the LW feeder double-slot and e-

field unit vector is shown for each lens. Calibration planes are marked with 

dashed lines. 

 

Fig. 14. a) Left axis: 𝑐∥ and 𝑐⊥ magnitude. Full line: measurements. Dashed 

line: quasi-analytic calculation. All include dielectric and waveguide loss. The 

ratio between 𝑐∥ and 𝑐⊥ is displayed as well. Dotted line: for comparison, 

radiated power ratio between parallel and orthogonal near-field measurements 

is also shown. Right axis: phase difference between 𝑐∥ and 𝑐⊥; solid line: time-

gated measurements, dotted line: quasi-analytic model. b) Left axis: AR 

estimated from coupling to a LP lens field (black) and to a plane wave with 
uniform amplitude (red). Right axis: CP lens antenna radiation efficiency, 

excluding waveguide ohmic losses. 

The coupling measurements have been performed placing 

the lenses at 2cm distance. From these measurements, 

complex coupling coefficients between both lenses, 𝑐∥ and 𝑐⊥, 

are evaluated. In order to rotate the LP lens polarization 

direction, a waveguide twist has been introduced between the 

Vector Network Analyzer (VNA) and the lens antenna. In this 

way, the VNA does not need to be rotated, which could 

degrade the VNA phase calibration. The twist has been 

characterized with one-port Short-Open-Load (SOL) 

measurements, and the results used to calibrate 𝑐⊥.  

Phase calibration: To obtain a good relative phase 

measurement between 𝑐∥ and 𝑐⊥, not only the twist S-

parameters should be known, but also its exact length, so that 

both measurements are performed with the LP and CP lenses 

at the exact same distance. A fine correction of the twist 

estimated length was done by measuring the phase of the 

reflected wave from a metal plate, as shown in Fig. 13b. In 

order to consider only the first order waves reflected at the 

metal plate, time gating has been applied to both 

measurements. After correcting the twist estimated length in 

+50μm, the phase error decreases from 15 deg to 2deg in the 

whole frequency band. The reproducibility of this length 

correction has been verified by mounting the setup and 

performing the coupling measurements several times, and later 

on with near-field measurements. 

Power coupling measurements: In the quasi-analytical 

model, only the first order transmitted rays are considered. 

Therefore, time gating has been applied to the measurements, 

performed with the setup reported in Fig. 13a, in order to 

cancel the effect of multiple reflections. Fig. 14a shows the 

time-gated measurement for 𝑐∥ and 𝑐⊥ and the phase 

difference between both, in good agreement with quasi-

analytical results. The AR has been calculated from the 

coupling measurements using 𝑉𝑜𝑐
∥ = 𝑐∥ and 𝑉𝑜𝑐

⊥ = 𝑐⊥, showing 

good agreement with the quasi-analytic results (Fig. 14b). 

Being 𝑐∥ and 𝑐⊥ the couplings related to respectively 

orthogonal field components, the power coupled from both 

measurements can be used to validate the antenna 𝜂𝑟𝑎𝑑. The 

estimated 𝜂𝑟𝑎𝑑 and the one obtained from the coupling 

measurements are shown in Fig. 14b, excluding waveguide 

loss. The maximum difference between both is 0.5dB, which 

includes measurement tolerances (coupling and twist 

characterization), tolerances in both LP and CP prototypes 

fabrication, and errors in the estimation of waveguide and 

dielectric losses.  

C. Near-Field Measurements 

In order to obtain the far-field patterns for the broadside and 

steered beams, the lens near-fields have been measured with a 

linear polarized open-ended waveguide probe. Several 

positioning holes in the split-block allow placing the lens with 

integrated polarizer in different lateral positions w.r.t. the 

feeder, in order to generate the broadside and steered beams, 

as shown in [1]. Two measurements have been performed for 

each beam, rotating the LP probe polarization to characterize 

both orthogonal components. The twist S-parameters and 

length have been considered and compensated likewise. The 

near-fields have been measured on a 50x50mm2 plane with 

680μm distance between samples, 50mm above the lens 

 
                          (a)                                                       (b) 

 
(a)    

   
(b) 
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aperture. For the beams steering at 8.4deg and 16deg, the near-

field measurement plane has been displaced laterally 

respectively 8mm and 17mm w.r.t. the lens center, in order to 

properly measure the field associated to the tilted rays.  

The power ratio between both orthogonal LP near-field 

measurements for the broadside beam is coincident with the 

one estimated from the coupling measurements, as shown in 

Fig. 14a, confirming the consistency between both results. The 

normalized CP far-field patterns obtained from each pair of LP 

near-field measurements are shown in Fig. 8 and Fig. 9, with 

good agreement with the FW simulation results. Fig. 10 

displays the measured maximum gain for the broadside and 

steered beams, including dielectric loss in the polarizer and 

lens. The gain has been estimated with the maximum 

directivity from the far-field measurements and the FW 𝜂𝑟𝑎𝑑 

(Fig. 14b), validated with the coupling measurements. The 

gain for the steered beams has been normalized to the 

measured power radiated by the broadside beam, in order to 

account for the power scattered outside of the measurement 

plane. The differences between FW simulated and measured 

results are related to the measurement tolerances in the two 

near-field measurements, their relative position and phase, and 

fabrication tolerances. Fig. 7 shows the measured 𝜂𝑎𝑝 for the 

broadside beam, higher than 75% in the whole frequency 

band. In Fig. 7, the AR obtained from the measured CP far-

field at broadside and steered beams is displayed, reaching a 

3dB AR relative bandwidth of 35%. The measured far-field 

AR includes the effect of multiple reflections, as no time-

gating has been applied. All results present good agreement 

with FW simulation results, validating the prototype 

performance, as well the phase calibration method applied 

(Fig. 13b). Table I presents a summary of the performance 

reached in our design, compared to the most relevant designs 

of CP antennas found in the literature. 

 

 

(*) References in bolt present multi-beam capability. Values in italic have 

been extracted from the articles. 

(**) 𝐿𝜎 comprises ohmic and dielectric loss. 

V. CONCLUSION 

In this work, a G-band lens with an integrated dielectric grid 

polarizer has been presented, achieving full-wave simulated 

aperture efficiency higher than 75% and axial ratio lower than 

3dB over 35% relative bandwidth. The CP lens reaches more 

than 30 dB of gain with only 0.65 dB dielectric loss. The 

proposed new polarizer unit cell presents excellent 

transmission properties over the whole bandwidth, and can be 

easily fabricated for these high frequency bands through 

standard milling techniques. 

A semi-analytical model has been used to analyze the full 

system feeder-polarizer-lens, based on SGF and an analysis in 

reception of the lens. This approach allows us to make a very 

time-efficient optimization of the feeder-polarizer-lens system 

and presents very good agreement with the measurements. 

Thanks to this analysis, state-of-the-art performances have 

been reached with this CP lens antenna. 

APPENDIX: TRANSMISSION LINE MODEL 

In order to calculate the circularly-polarized feeder radiation 

patterns inside the lens, the transmission line model in Fig. 3 

has been applied. The LW air cavity and lens dielectric 

medium in which the polarizer is inserted are modelled as 

isotropic media, with different transmission lines for the TE 

and TM mode propagation. The polarizer is treated as a 

homogeneous anisotropic slab inserted in the isotropic lens 

medium, with a certain height (𝑧𝑡𝑜𝑝 − 𝑧𝑏𝑜𝑡). The polarizer S-

parameters correspond to a 4x4 matrix coupling the TM and 

TE modes for each 𝜃𝑖 and 𝜙𝑖 incident angle. The S-parameters 

are calculated with FW Floquet-mode based simulations for a 

single unit cell, for the different 𝜃𝑖, 𝜙𝑖 . Finally, the lens is 

modelled as a semi-infinite dielectric medium, neglecting the 

effect of multiple reflections in the lens-air interface. 

The discontinuity in the tangent electric field at the source 

(double-slot in the ground plane) is represented by two 

equivalent tangent magnetic sources, 𝑉𝑔
𝑇𝑀 and 𝑉𝑔

𝑇𝐸 

𝑉𝑔
𝑇𝐸 = −

𝑀⃗⃗̃ 𝑠⋅𝑘̂𝜌

𝑗𝑘𝜌
                               (7a) 

𝑉𝑔
𝑇𝑀 = −

𝑀⃗⃗̃ 𝑠⋅α̂

𝑗𝑘𝜌
                                (7b) 

being 𝑀⃗⃗̃ 𝑠 the Fourier transform of the double-slot equivalent 

magnetic currents, 𝑘𝜌 = √𝑘𝑥
2 + 𝑘𝑦

2, 𝑘̂𝜌 =
1

𝑘𝜌
(𝑘𝑥𝑥̂ + 𝑘𝑦𝑦̂) and 

𝛼̂ =
1

𝑘𝜌
(𝑘𝑥𝑦̂ − 𝑘𝑦𝑥̂). The analytical expression for the double-

slot currents is given and validated in [1]. After finding the 

solutions for the voltages and currents at every 𝑧-quote, the 

spectral fields can be calculated as 

𝐸⃗̃ 𝑇𝑀(𝑘⃗ 𝜌, 𝑧) = −
𝑗𝜁𝑘𝜌

2

𝑘
𝐼𝑇𝑀(𝑘⃗ 𝜌, 𝑧)𝑧̂ + 𝑗𝑘𝜌𝑉𝑇𝑀(𝑘⃗ 𝜌, 𝑧)𝑘̂𝜌     (8a) 

𝐸⃗̃ 𝑇𝐸(𝑘⃗ 𝜌, 𝑧) = −𝑗𝑘𝜌𝑉𝑇𝐸(𝑘⃗ 𝜌, 𝑧)𝛼̂                     (8b) 

where 𝜁 is the medium characteristic impedance. The far-field 

of the LWA feeder illuminating the semi-infinite dielectric 

medium through the polarizer can be calculated using the 

asymptotic expression as 

𝐸⃗ 𝑎
𝐺𝑃(𝑟 ) ≈ 2𝑗𝑘𝑧𝑠𝐸⃗̃

 (𝑘⃗ 𝜌𝑠, 𝑧)𝑒
𝑗𝑘𝑧𝑠𝑧

𝑒−𝑗𝑘𝑑𝑟

4𝜋𝑟
              (9) 

where 𝐸⃗̃ = 𝐸⃗̃ 𝑇𝑀 + 𝐸⃗̃ 𝑇𝐸, 𝑘𝑑 = 𝑘0√𝜀𝑟, 𝑘𝜌𝑠 = 𝑘𝑑 sin 𝜃 and 

𝑘𝑧𝑠 = 𝑘𝑑 cos 𝜃. The origin of the coordinate system is here 

placed on the ground plane. 

TABLE I 
MEASURED PERFORMANCES OF CP ANTENNAS

* 

Ref. 
𝑓0 
(GHz) 

Gain 

𝑓0 
(dB) 

–3dB 

AR BW 
(%) 

Min. 𝜂𝑎𝑝 

(%) 

Max. 𝐿𝜎 

(dB) 

Max. SLL  

(dB) 

[12] 29 20.8 >14.6 17 2.3 –15 

[15] 58.5 21.4 29 87.5 3 –12 

[16] 34/500 11.2 >35 - - –15 

[17] 115 18 37 - - –10 

[18] 140 31.7 >28 55 1.9 –13 

[24] 30 23.4 2.6 65 2 –10 

This 

work 

180 34 35 75 0.6 –15 
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