
 
Fig. 1 Illustration of a wideband switched lens-based phased array system 

for V- through W- band applications. 
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Abstract—Antenna array integrated with a flat Luneburg 
lens to form directive beam-steering system in a wideband 
millimeter-wave frequency range is investigated. The study 
and design of a perforated gradient index dielectric flat lens 
antenna for RF repeater application in V- and W- band (45 ‒ 
110 GHz) is presented. The flat Luneburg lens is designed to 
have a focal point away from its surface to enhance the 
radiation in a particular direction via a beam-switching 
system. Scanning capability of ±30° in both azimuth and 
elevation planes over the entire frequency range is 
demonstrated. Wider scan-beam angles at expense of higher 
scan losses are achievable by using the same type of lens 
configuration with different dimensions. Furthermore, these 
lenses are easy and cost-effective to prototype while 
maintaining the straightforward integration with antenna feed 
manifolds.   

Index Terms—antenna array, beam switching, flat 

luneburg lens, perforation, wideband millimeter-wave. 

I.  INTRODUCTION  

Emerging commercial and military applications such as 

collision avoidance and tracking at millimeter-wave 

frequencies typically require beam-steering antenna system. 

Due to the higher attenuation at millimeter-wave frequencies 

highly directive antenna systems are also demanded. Lens 

antennas increase the effective aperture and consequently 

enhance antenna directivity; hence they are good candidates 

for high-gain microwave and millimeter-wave applications 

[1]. Also, they can achieve wide angle scanning with simple 

beamforming [2]. In phased array systems, phase shifters 

introduce some restrictions such as complexity, cost, and 

excess loss. As an alternative, antenna array can be 

integrated with a lens with beam-steering capability through 

RF or baseband switching between the channels of the feed 

manifold [3]. Also, unlike the conventional phased arrays the 

lenses can be used for wideband applications. 

Spherical Luneburg lenses are often considered for beam 

scanning since they can produce nearly identical beams in 

various directions over a wideband operational range [4]. 

However, these lenses are sometimes overlooked due to their 

spherical shape and difficulties for their fabrication. A flat 

lens is a low-profile alternative to a spherical lens. In 

literature, various flat lens studies based on ray optics [5], 

transformation optics [6], field transformation [7], and 

transmit array approaches [8] have been reported. Herein we 

used field transformation theory to design a flat lens to 

operate from 45 to 110 GHz. 

 In the case of a flat Luneburg lens which has a similar 

concept like spherical counterpart, the array of feed elements 

needs to be aligned on the focal (F) surface of the lens [9]. 

These flat lenses, despite their planar configuration, provide 

beam scanning with high directivity beams in both, azimuth, 

and elevation planes. In this configuration, the number and 

the pointing of the beams are the function of number and 

position of the feed elements, which necessitates the use of 

RF switches. So, the phases of the phased array elements are 

defined by the position of each feed source located at F (see 

Fig. 1). 

 Planar implementation of the gradient index dielectric 

lens is preferred due to the simplicity in prototyping and 

integrating the antenna array with a final lens. The geometry 

of the flat lens-based phased array system is illustrated in 

Fig. 1. As seen, the array of feed elements (feed manifold) 

and the flat Luneburg lens are parallel and both 

perpendicular to the boresight axis. The scan field of view of 

the flat lens is determined by the lens dimensions. In this 

paper, we discuss the design of a flat Luneburg lens antenna 

followed by simulation results and fabrication.  
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Fig. 2 Illustration of the 5 layer flat Luneburg lens with the computed 

radial permittivity distribution. 
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(a) (b) 

Fig. 3 Illustration of the 5 layer perforated flat Luneburg lens: (a) 

simulated model, (b) 3D-printed prototype with fixed d = 1 mm. 

The selected profile of the 25 mm diameter Luneburg 

lens consists of 5 layers with permittivity values varying 

from 2 to 1.2. One of the methods to control the radial 

permittivity value relays on adding air void volumes into the 

dielectric [10]. Our approach is to apply the perforation with 

determined dimensions and periodicity to each concentric 

layer. Accordingly, equivalent 5 layer Luneburg lens with 

desired permittivity values is achieved. Afterwards, a full-

wave analysis is conducted to obtain the far field pattern of 

the lens throughout the operating bandwidth.  

In order to prototype such a lens, we used an in-house 

Stereolithography (SLA) 3D-printer. The 3D-printing 

material is a composite of Methacrylated oligomers, 

Methacrylated monomer, and Photoinitiator with measured 

dielectric constant of 2.5 [11]. Therefore, this permittivity 

value is utilized in our design. 

The initial feed element for the designed lens is an array 

of WRD45110 double-ridge waveguides custom-designed 

for V- and W- bands [12]. Simulations are performed to 

study various positions of the WRD45110 along the x- and 

y- direction in steps of 3 mm. These positions will 

correspond to the positions of the radiating elements in a 

switched-beam configuration system. Subsequently, an array 

of matched TEM horn antennas is designed and integrated 

with the perforated flat Luneburg lens. In order to scan ±30° 

in both azimuth and elevation planes a feed manifold of 5×9 

TEM horns is designed and simulated. The minimum and 

maximum in-band broadside directivity is 18 and 25 dBi 

with half power beamwidth (HPBW) of 15° and 6.5° at 45 

and 110 GHz, respectively. The design and analysis of the 

flat Luneburg lens antenna system is conducted using a time-

domain solver Computer Simulation Technology (CST) 

Microwave Studio. 

II. LENS DESIGN AND PERFORMANCE 

The design procedure for the proposed lens is carried out 

having in mind a single process 3D-printing prototype. 

Unlike machining (drilling into) a solid material to generate 

air voids, the perforated lens can be easily fabricated by the 

SLA 3D-printer. Therefore, an inhomogeneous gradient 

index lens is studied in order to realize a perforated profile 

out of a 3D-printed single material. 

A. Gradient Index Flat Luneburg Lens Design 

Following the field transformation (FT) theory, a 25 mm 

diameter (3.75 λ45GHz < D < 9.17 λ110GHz) 5 layer flat 

Luneburg lens is designed. The dielectric flat lens operating 

principle alongside the designed permittivity distribution is 

demonstrated in Fig. 2. In this embodiment uniform steps of 

different permittivity values between 2 to 1.2 are used. Note, 

due to its low permittivity and to maintain a self-supportive 

lens structure, the last ring is built from foam. 

The relationship between wavenumber, permittivity, and 

distribution of the layers of the FT lens are discussed in [13]. 

So, due to the desired plane wave front at the exit of the lens, 

the phase delay corresponding to two different paths which 

travel through free space and the lens with radial permittivity 

values must be equal  

 

tklktkFk nn +=+ 010                 (1) 

where, as seen in Fig. 2, ln is the distance from each radial 

ring center to the focal point, t is the thickness of the lens 

which is equal to 10 mm (corresponds to specific prototyping 

limitations), and  

 

        0/2 λεπ rnnk =                              (2) 

Therefore, using (1) and the permittivity profile of the 5 layer 

Luneburg lens (shown in Fig. 2), the focal point can be 

calculated. Based on these analytical solutions F is 17.9 mm, 

which is accurate for point sources (i.e. Hertzian dipole). 

This value is slightly different when other sources like 

waveguides or horns are applied as the radiating elements.  
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Fig. 5 Reflection coefficients of the WRD45110 and small aperture TEM 

horn, alongside their geometries. Inset shows the TEM horn radiation 

patterns at 45, 78, and 110 GHz. 
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Fig. 4 Field distributions of the ideal permittivity-profile lens versus the 

perforated lens at 45, 78, and 110 GHz when incident plane wave is 

applied. 
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Fig. 6 (a) E-, (b) H- plane radiation patterns of 5×9 array of WRD45110 

versus TEM horn elements with and without perforated flat Luneburg lens 

at 78 GHz. 

TABLE I. CHARACTERISTIC PARAMETERS OF THE PERFORATED FLAT 

LUNEBURG LENS  

 Lens 

Layer # 
Diameter (mm) Epsilon Effective d/s 

1 0-5 2 0.58 

2 5-10 1.91 0.62 

3 10-15 1.75 0.7 

4 15-20 1.51 0.81 

5 20-25 1.19 foam 

 

B. Realization of the Gradient Index Flat Luneburg Lens  

A lens realization with radial variation of the permittivity 

is challenging due to the difficulty in providing the 

commercial off-the-shelf (COTS) materials with the desired 

permittivity values. Alternatively, the relative permittivity of 

a dielectric material can be modified by applying square or 

triangular lattice of air holes denoted as perforations [10], as 

shown in Fig. 3. In this topology if the holes’ diameter (d) 

and their separation (s) are small compared to the operational 

wavelength (< λg/2) [3], the material provides a uniform 

effective permittivity in each layer. 

To determine the effective permittivity in each layer the 

waveguide method is used with two wave ports at top and 

bottom part of the unit cell of the perforated dielectric 

material (i.e. with permittivity of 2.5), and with two parallel 

PMC and two parallel PEC boundaries as the side walls.  To 

calculate the effective permittivity of this periodic structure, 

the propagation constant of a unit cell versus the lattice 

dimensions are computed using CST MWS. The relationship 

between propagation constant at the waveguide port and the 

effective permittivity value with corresponding dimensions 

of the triangular lattice is given by 

 

               0/2 λεπβ eff=                         (3) 

In this work, for prototyping the lens via 3D-printing the 

diameter of the holes (d) is fixed as 1 mm, and, the minimum 

holes separation is restrained to form a self-supportive lens 

structure. So, by doing a parametric study on d/s ratio the 

appropriate β corresponding to the desired permittivity 

values (using (3)) of the Luneburg lens profile can be 
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Fig. 7 Demonstration of beam scanning by moving a single WRD45110 

element along the E- and H- planes in steps of 3 mm, located at F of the 

lens. Three different frequencies 45, 78, and 110 GHz are shown in red, 

green, and blue lines, respectively. 

 

  

  

Fig. 8 Illustration of a 5×9 TEM horn manifold and the array lens beam-

steering capability in (θ,�) plane. This polar plot is presented in terms of θ 

and �, in such a way that θ indicates the r and varies between -180:180, 

and � indicates the angle and varies between 0:360. 

obtained.  Then, the achieved unit cell with corresponding 

ratios of d/s is projected in circular/ring geometry. All the 

required dimensions for this lens configuration are 

summarized in Table I. To compare the performance of the 

perforated lens in Fig. 3 and the lens with ideal permittivity 

values in Fig. 2, the field distributions are plotted at 45, 78, 

and 110 GHz in Fig. 4. These plots are generated when the 

plane wave is applied as the source for these two lenses. The 

close agreement between these results confirms a 

comparable functionality of the perforated lens to its ideal 

counterpart. 

C. Feed Manifold Design 

After determining the dimensions of the lens, an antenna 

feed manifold with proper lens illumination in both V- and 

W- bands needs to be designed. Initially, WRD45110 [12] is 

tested as the only candidate for the entire frequency range. 

Then, a small aperture TEM horn is designed to be properly 

matched (in the entire range) and to have a good radiation 

pattern.  Due to the finite surface area of the lens and since 

the radiating elements are not point sources, the lens 

illumination by feed spherical wave fronts is not ideal. That 

saying, smaller apertures increase the effective illumination. 

Hence the design of the antenna elements is based upon 

providing a small aperture size while maintaining a good 

impedance match. Fig. 5 shows the reflection coefficients of 

the WRD45110 and the TEM horn single elements alongside 

their geometries and the radiation pattern of the TEM horn in 

the inset. Note that, the phase center of the designed TEM 

horn is very close to its aperture, so both WRD45110 and 

TEM horn arrays are kept at the same distance from the lens. 

The E- and H- plane radiation patterns of both central 

WRD45110 and TEM horn elements in the 5×9 manifold 

configuration with and without lens are plotted at the middle 

frequency, 78 GHz, in Fig.  6. As seen, with this lens the 
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directivity increases significantly. Moreover, as will be next 

discussed, the beam scanning capability is enabled.  

D. Beam-Steering Lens 

The flat Luneburg lens is axially excited by the spherical 

wave front of the array elements located at F, and the lens 

collimates these wave fronts into a narrow beam in a distinct 

angle. In the proposed lens antenna configuration, for each 

operational mode to form a desired beam position only one 

element is active at the time. The beam angle is a function of 

the position of the fed element in the array structure. When 

the fed elements are interchanged along x- or y- axis (see 

Fig. 1), the various permittivity values of the radial layers of 

the flat Luneburg lens generate a linear phase slope which 

directs the beam in a specific angle. 

Fig. 7 shows eight different positions of the WRD45110 

element along the E- and H- planes in steps of 3 mm. This 

setup resembles a quarter of the WRD45110 array with 

switched beams along two orthogonal x- and y- planes. As 

seen, every 3 mm step corresponds to an incremental angle 

of 7.5° in both E- and H- planes.  Also, the TEM horn array 

structure is shown in Fig. 8, with the geometry of a single 

element. The number of elements in the array assures the 

±30° beam scan coverage. The beam-steering capability of 

this structure is illustrated in (θ,�) plane with the polar plot 

scheme in order to easily observe the position of the main 

beam. This polar plot is presented in terms of θ and �, in 

such a way that θ indicates the r and varies between -

180:180, and � indicates the angle and varies between 0:360.  

III. CONCLUSION 

The V- through W- band switched-beam phased array 

system using perforated flat Luneburg lens is proposed. The 

required phase variation of the transmitted signal for this 

antenna is controlled by applying perforations in radial layers 

of the lens.  This system integrates the antenna manifold with 

a gradient index flat Luneburg lens to provide compact, 

straightforward, and inexpensive approach for steering 

beams over wideband millimeter-wave frequency range. 

Switched-beam array provides multiple independent fixed 

beams and also a simpler deployment than conventional 

phased-array antennas. Simulations show that with proposed 

compact radiation system consisting of an array of small 

TEM horn apertures and a perforated inhomogeneous 

dielectric lens beam steering in ±30° at 45 ‒ 110 GHz 

frequency range is achievable. 
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