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Abstract  —  In this paper, we present characterization of a 

compact flat microwave lens operating between 6 GHz and 

14 GHz using a near field scanning system. An X-band horn 
antenna and open-end rectangular waveguide were used as an 
illumination source and probe, respectively. |S21| is measured as 

the probe antenna moves on a plane orthogonal to the optical axis 
vertically and horizontally. The lens is made of a metasurface layer 
that is sandwiched by two layers of cross-oriented gratings. The 

overall dimension of the lens is 10 cm in diameter and 0.57 cm in 
thickness. The measurement results show that the lens’s focal 
length is 8 cm, and the beamwidth (full width at half maximum 

(FWHM)) is 3.5 cm. A transmission efficiency of over 90% and a 
cross-polarization gain of 25 dB were achieved over the entire 
bandwidth. The measurement results at room temperature are in 

good agreement with numerical simulations. The proposed lens 
will be used in a cryogenic environment e.g. dilution refrigerators 
for quantum computing systems. More results at cryogenic 

temperature e.g. below 30 K will be shown at the conference. 
Index Terms — Lens, Metasurface, X-band, Broadband. 

I.  INTRODUCTION 

Microwave lenses (MWLs) are used to collimate, focus and 

redirect microwave beams for applications such as wireless 

communication, imaging, and instrumentation. At millimeter-

wave and terahertz frequencies, where high attenuation in free 

space propagation is expected, microwave lenses are used to 

boost the signals [1,2]. Recently, we have secured a research 

grant, EPIQC [3], to investigate the replacement of bulky 

coaxial cables in quantum computing systems by wireless 

technology. MWLs will be implemented to guide the 

control/readout signals for superconductor qubits, usually 6 

GHz - 10 GHz, between cryogenic stages and chambers. Due 

to the restricted space within the dilution refrigerator, a 

microwave lens operating between 6 GHz and 10 GHz must 

have a diameter smaller than 10 cm. Several types of MWLs 

have been developed in the past, such as metal zone plates [4], 

dielectric Fresnel lenses [5,6], or patch antennas [7,8]. 

However, they either cause feedback interference, positioning 

sensitivity, zone edge blockage, narrow operational bandwidth 

or have low efficiencies [5,9]. MWLs based on metamaterials 

such as gradient index lenses and Luneburg lenses have 

recently been demonstrated for their compactness, wide 

operational bandwidth, and high efficiency [10-12]. However 

due to complex fabrication process of such MWLs, metasurface 

based lenses constructed using standard photolithography 

manufacturing processes are a more attractive option [13]. 

Although three separate layers, i.e. polarizer, a metasurface 

lens, and cross-polarizer, are required, each layer can be easily 

fabricated using a standard PCB process and final assembly is 

also straightforward. A very high transmission efficiency, i.e., 

more than 90% across a wide bandwidth is achievable. 

However, the lens reported in [13] is far too large for this 

application. The lens was redesigned based on the same 

principle, achieving similar performance as [13], but with a 

diameter of 10 cm. In this summary, we present design, 

fabrication and room-temperature characterization results of 

the lens. We will reveal detailed cryogenic results at the 

conference. 

II. UNIT CELLS AND LENS DESIGN 

The proposed lens has three layers: cross-polarized polarizer 

(top), a metasurface lens (middle), and co-polarized polarizer 

(bottom). The working principle of the lens can be found in 

[13]. We briefly describe the design of the lens for 

completeness. The operational frequency of the metasurface-

based MWL is governed by its unit cell having a sub-

wavelength period. The period of the lens is determined by the 

lowest operating frequency and an upper frequency limit at 

which that period will result in the onset of grating lobes. To 

reduce both the operational frequency and lens size, a material 

with higher permittivity must be used. i.e., it allows constricting 

small unit cells for the same operational frequency or below. 

However, small unit cells become problematic, from the 

fabrication perspective, because their feature sizes are beyond 

the capability of conventional printed circuit board (PCB) 

technology. After careful consideration, Roger’s TMM 10i that 

has a dielectric constant of 9.8 and loss tangent of 0.002 at 

10 GHz was selected for this work.  

Fig. 1 (a) shows a schematic of the square unit, where L is the 

arm length of the cell, w is the width of the metal wire, and d is 

the period of the square unit. The fundamental unit cell, i.e., 

central cell of the lens with relative phase shift of 0º, was first 

designed and optimized for the best performance in terms of 

lowest reflectance, wider operational bandwidth, and higher 

transmittance (over 90%). The phase shift, ∆�(�, �), as a 
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function of radius, r(x,y), for the final lens design has a 

nonlinear distribution and is governed by  

∆�(�, �) � 	

�
��	 � �(�, �)	 � ��              (1) 

where f is the designed focal length of the lens and λ is the 

operating wavelength. 

Fig.1. (a) Illustration of the unit cell and the simulated transmittance 
of unit cells providing phase shift of 0º, 45º, 90º, and 135º with 
transmission efficiency of over 90% over wide bandwidth (b) the unit 
cell arrangement for the final lens design. (c) the final lens and (d) the 
numerical simulation of the lens with plane wave incident from the 
top. 

The constraint of overall size of the lens has put the limit on 

the number of unit cells and the total phase shift for the final 

lens. After several iterations of optimization, the final 

optimized phase shift was from 0º to 160º and the 

corresponding 12-unit cells from the center to the right edge is 

shown in Fig. 1 (b). Fig.1 (c) shows the top view of the 

metasurface layer and (d) shows the side view of the simulated 

lens that has a cross-polarized grating layer on the top and a co-

polarized grating layer on the bottom. CST Studio was used for 

the simulations. In Fig. 1(d), a plane wave was illuminated onto 

the lens from the top and the lens focuses the beam on the other 

side.    

The gratings consist of periodic metal strips and gaps. The 

width of the strip is 0.2 mm and the gap between strips is 

0.6 mm.  

III. FABRICATION 

As stated, material used for the three layers of the MWL was 

Roger’s TMM10i, which was covered by copper on both sides. 

With standard PCB manufacturing processes, the smallest 

feature size is in tens of micrometers which is unfortunately not 

suitable for this work. We have explored several different 

fabrication processes, considering the survivability of Rogers 

TMM10i to the chemical solutions used in semiconductor 

photolithography. The final workable process using 

photolithography is as follows: the material was first dipped 

into a wet solution consisting of copper sulphate pentahydrate 

(CuSO4), Hydrochloric (HCl) acid, and H2O with a 

concentration of 0.3:1:1 respectively to remove the copper 

claddings on both sides. The clean surface was then spun with 

S1818 photoresist at a speed of 3000 rpm which gives roughly 

2 µm of photoresist height. The coated surface was then 

exposed to a MA6 aligner with a chrome photomask where the 

lens or grating pattern was formed. After the exposure, the 

sample was developed in microposit:H2O solution (1:1 by 

volume) for 30 minutes and then cleaned with O2 plasma to 

remove any remaining resist at the exposed areas. Next, the 

required metasurface structure was formed by depositing Al 

followed by Ag with thicknesses of 20 nm and 400 nm, 

respectively, using Plassys PECVD, the sample was then 

dipped in Acetone at 50 °C for 2 hours to lift-off the remaining 

resist and cleaned. Fig.2 show the final fabricated gratings and 

metasurfaces. The lens was finally assembled with two gratings 

oriented in 90º and in-between is the metasurfaces. The three 

layers were separated evenly by 5 mm.      

Fig. 2. Photos of the fabricated (a) gratings, (b) metasurfaces and (c) 
assembled three-layer lens consisting of a metasurface layer 
sandwiched by two cross-polarized gratings.     

IV. MEASUREMENT SETUP AND RESULTS 

Figure 3 (a) shows the measurement setup used for testing 

the MWL. A standard gain horn and an open-ended waveguide 

both operating at X-band (8.2 GHz - 12.4 GHz) were used as a 
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source and a probe detector, respectively. The source antenna 

was fixed on a post and the probe antenna was mounted on a 

motorized two-dimensional linear scanning system that has two 

high-precision translation stages (+/- 5 µm accuracy) for 

vertical and horizontal scanning. The MWL was placed at the 

far-field zone from the source antenna, which is approximately 

40 cm, to approximate plane-wave incidence to the MWL The 

fixture holding the MWL is made of extremely low loss, 

transparent material having a dialectic constant of 1.03. 

Microwave absorbers were attached to the probe antenna to 

avoid reflection from the stages. A Keysight E8361A vector 

network analyzer (VNA) was calibrated to the end of the 

coaxial cables, which were connected to the feeds of the horn 

and waveguide antennas, using a SOLT method with 

Keysight’s 85052D calibration kits for the frequency range 

between 10 MHz and 18 GHz despite the cut-off frequencies of 

the antennas. A LabVIEW programme was developed to 

control the translation stages and the VNA [14].  

We first scanned the horn antenna with lens support fixture 

but without the presence of the lens. Fig.3 (b) shows |S21| in dB 

at 8 GHz for cross-polarization between the horn antenna and 

the probe over a scanning area of 28 steps (the step size is 5 

mm). Fig.3 (c) shows |S21| in dB at 8 GHz when the assembled 

lens was placed at 8 cm in front of the scanning plane. A clear 

focusing spot is visible and if comparing with Fig. 3(b), one can 

see a maximum of 25 dB gain is achieved in the center of the 

spot. Fig.3 (d) shows a cut along the center of vertical axis and 

it is normalized to the maximum value. The two notches at the 

sides of the central peak indicate the edge of the lens and the 

full width half power (- 3 dB) is approximately 3.5 cm. The 

results are in good agreement with numerical simulations.   

To evaluate the lens performance at cryogenic temperatures, 

we employed a cryogenic calibration technique to determine the 

calibrated S-parameters of the antenna-lens-antenna system at 

4 K, using an in-situ microwave calibration unit [15]. The 

obtained frequency-domain S-parameter data was then 

transformed to the time domain using the inverse Fourier 

transform, and time-domain gating was applied to eliminate the 

antenna response. This approach allowed us to estimate losses 

in the lens and comprehend its reflection performance from the 

lens interfaces. 

It is important to note that the overall loss of the lens is a 

result of the dielectric loss in the substrate material and the 

ohmic loss due to the finite conductivity (non-zero resistivity) 

of the conductor material. Since we used gold, which has high 

conductivity, to construct the transmission lines and microwave 

circuits at cryogenic temperatures, the ohmic loss is negligible. 

Consequently, heating is primarily caused by the losses in the 

dielectric substrate material. The substrate material used in this 

study (TMM10i) has been demonstrated to exhibit very low 

loss tangent at cryogenic temperatures down to 4 K and is 

routinely employed as a substrate material for cryogenic 

applications [16]. 

 

Fig. 3. (a) Illustration of the measurement setup with the lens under 
test. A standard gain horn antenna was placed on a post on the left and 
an open-end waveguide probe antenna was mounted on a 2D scanner 
on the right. (b) 2D plot of |S21| for cross-polarization scanning at 
8 GHz i.e. polarization of the horn and the probe is orthogonal (c) 2D 
plot of |S21| with the lens at 8 cm in front of the probe antenna. (d) the 
cut along the center of the vertical scanning. 

V. CONCLUSION 

A near field 2D antenna scanner system with a VNA was 

implemented to characterize a compact metasurface-based 

microwave lens operating between 6 GHz and 14 GHz. Both 

numerical simulations and measurements demonstrate that the 

lens has a focal length of 8 cm and a beamwidth of 3.5 cm. We 

achieved a transmission efficiency of over 90% and a cross-

polarization gain of 25 dB over the entire bandwidth. This lens 

is intended for use in a cryogenic environment, such as dilution 

refrigerators, for wireless quantum computing systems. The 

measurement results for the focal length, beamwidth, and 

transmission efficiency agree well with the numerical 

simulation results.  
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