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Abstract

We experimentally demonstrate a two-dimensional Luneburg lens for the THz region
using a waveguide-based artificial-dielectric medium. The substrate material of the lens is
Teflon with the top and bottom surfaces coated with silver to form a quasi-parallel-plate
waveguide. The top surface of the device has a curved conical profile and the bottom
surface is flat. The lens can focus an approximately 2-cm diameter input beam at a
frequency of 0.162 THz to a spot size of 3.4 mm (less than 2)\) at the diametrically
opposite edge of the device.
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A gradient-index (GRIN) lens is an example of an optical device whose focusing effect is realized
by a spatial variation of the refractive index of the constituent material [1]. The design and
fabrication of devices like GRIN lenses using naturally occurring dielectrics is an ongoing
challenge [2]. In particular, it is difficult to realize a continuously varying refractive index, and
in some cases, the required high index gradients. Some of the fabrication methods which have
been used to approximate a gradient index are the onion-shell technique [3], the tapered-hole
approach [4], the slice technique [5], the sub-wavelength microstructuring method [6], and 3D
printing methods [7, 8]. Although these approaches can be effective, each suffers from optical
aberrations due to the non-ideal, discontinuous index profile. An alternative strategy based on
metamaterials [9-12] and artificial dielectrics [13—15] has opened up many possibilities to realize
devices with spatially varying dielectric parameters. Of particular interest in the THz range is a
waveguide-based artificial-dielectric medium [13]. When a parallel-plate waveguide (PPWG) is
excited to operate in its lowest-order transverse-electric (TE;) mode, it mimics a dielectric
medium. By smoothly varying the plate separation, one can achieve a continuously varying
index distribution without introducing multi-mode propagation [14, 15]. Here, we exploit this
approach to implement one particular GRIN device, a Luneburg lens.
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The Luneburg lens, originally proposed in 1944 [16], has been employed as a wide-angle
antenna for communications [17, 18] and radar [19, 20] applications. The lens is a spherically
symmetric GRIN device that focuses a collimated beam to the diametrically opposite point on
the surface, as shown in Fig. 1a. The index distribution of the device is given by [16].

n(r) =\/2=("/x)", (1)

where R is the radius of the lens and r is the radial distance from the center. Thus, the index
varies from a value of 1.414 at the center to a value of 1 at the surface. The unity index at the
surface is an added advantage of this type of device, as it eliminates input/output reflection
losses due to the impedance matching to free space.

In order to realize an index distribution with values ranging above unity, as is required
for a Luneburg lens, the PPWG cannot be filled simply with air, since the effective
refractive index of an air-filled PPWG is less than unity [15]. We note that there have
been previous attempts [21] to use an air-filled PPWG structure that operated around
30 GHz, using a modified Luneburg lens equation which requires a less-than-unity index
in the interior of the device. As a result, the performance of this device was not as an
ideal Luneburg lens. In particular, the focusing effect was weak and the focus was
displaced from the edge. For higher THz frequencies, these effects would be magnified
even further. In addition, the resulting index mismatch at the input and output faces
causes energy loss upon input and output coupling. We can overcome all these problems
by using a substrate-filled (rather than air-filled) PPWG. In that case, the effective
refractive index of the artificial-dielectric medium is given by [13]

n=ng 1_(0/2"sbf)2 (2)
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Fig. 1 a Ray tracing simulation for a Luneburg lens. b FEM simulation showing the electric field distribution for
the designed device. ¢ The plate separation and the refractive-index profiles of the device. The black solid curve
gives the design profile, while the dashed curve gives the measured profile of the fabricated device. d
Photographs of the machined Teflon substrate before and after the application of silver paint. The after picture
also shows the aluminum shields that were used to block any radiation leakage along the top and bottom surfaces
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where ng is the refractive index of the substrate material, b is the plate separation, f'is the
operating frequency, and c is the vacuum velocity of light. At a chosen frequency (which
must be greater than the TE; mode cutoff frequency given by c¢/(2nib)), we can achieve
any value between 0 and ng for the index simply by adjusting the plate separation b.
Therefore, by tailoring the plate separation to vary in two dimensions, in the plane of the
PPWG, we can realize an inhomogeneous dielectric medium with a continuously varying
effective index. Of course, the variation must be gradual enough so as not to significantly
perturb the single-mode propagation in the waveguide. As long as this constraint is
satisfied, we can combine Egs. (1) and (2) to derive an expression for the plate separation
which realizes a 2D version of the Luneburg lens:

N P S— (3)
”372 + (r/R)Z

where A is the vacuum wavelength corresponding to the design frequency.

In comparison, a geodesic lens also uses the height variation of a parallel-plate structure
along the radial direction to achieve focusing [22-24]. However, in this case, the mode of
interest is the TEM mode of the PPWG. Although the TEM mode is appealing in terms of
potential broadband operation, the complicated curvature of the axial profile makes the
fabrication quite challenging. In another approach [25], a Luneburg lens was designed using
a metallic metasurface in which suitably positioned glide-symmetric holes mimicked the
required index profile. In this case, the spatial resolution of the index profile is the size of
the unit cell, and again, fabricating these devices for THz frequencies with a smaller cell size
would be quite challenging.

The first step in designing the device is to choose the proper substrate material. In order to
achieve an index of 1.414 at the center of the lens, we needed a material which has a bulk index
greater than this value in the THz regime. At the same time, this material should be transparent to
THz radiation, and easily machined, since the device geometry has a non-linear surface profile.
We chose ultra-pure Teflon [26] as the substrate material, as it has a relatively frequency-
independent index of 1.434 in the vicinity of 0.15 THz, the selected design frequency. In our
radially-symmetric prototype device, the radius is chosen to be 2.5 cm. For these design
parameters, we can derive the refractive index profile (Eq. (2)) and hence the cross-sectional
profile of the device (Eq. (3)). These desired profiles are shown in Fig. 1¢ (the black and red solid
curves). Here, we also plot the measured cross-sectional profile of the fabricated device (blue
dashed curve), showing an excellent match to the target design. The height of the device is
0.97 mm at the outer edge and 4.27 mm at the center. Initially, we evaluate the operation of our
design using 3D full-wave numerical simulations based on the finite-element method (FEM). A
typical result is illustrated in Fig. 1b, showing the electric field distribution of the propagating
beam in a plane located 0.5 mm from the bottom (flat) surface of the device. In the simulation, the
device is excited by a Gaussian beam with the electric field polarized parallel to the bottom
surface, in order to excite the TE; mode. We observe a focus at the diametrically opposite edge
along the optic axis, as expected. The simulation also shows that there is some irregular
propagation in the central region, within 1.5 cm from the center. This is because the plate
separation within this region is large enough to support higher-order modes, while the surface
curvature is not sufficiently gradual to preserve the single-mode nature of propagation. Despite
this issue, the focusing properties of the device are preserved in the simulation, since the device
supports only a single mode at the edges, outside of this central region.
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We use computer numerical control (CNC) lathe machining to form the Teflon substrate to
the required shape with a surface roughness of 25 pm. A photograph of the machined device is
shown in Fig. 1d, illustrating the curved conical shape of the top surface. The bottom surface is
flat. To complete the fabrication of the device, high-conductivity silver paint is applied to both
the top and bottom surfaces, leaving the circular (cylindrical) edge bare. These silver coatings
act as the metal plates for the dielectric-filled quasi-PPWG.

The experiment is carried out using a fiber-coupled THz time-domain-spectroscopy
system. As shown in Fig. 2a, two confocal polythene lenses were used to form a
frequency-independent input beam on one facet of the device, and a scanning subsystem
that includes two more confocal lenses is used to measure the output beam. The detector
subsystem also includes a 1-mm diameter circular aperture to improve the spatial
resolution. To excite the TE; mode, the polarization of the incident THz beam is aligned
parallel to the flat bottom surface of the device. Since the size of the circular input beam
is larger than the thickness of the device, we mount aluminum shields on the top and
bottom surfaces in close proximity to the input end to block any radiation leakage along
the exterior of the two metal surfaces. To measure the output beam, we scan the detector
subsystem perpendicular to the optic axis (as indicated by the arrows in Fig. 2) with a
step size of 0.5 mm. During this measurement, the minimum gap between the output
edge of the device and the aperture was 0.5 mm. For comparison, we also measure the
input beam without the device in place, by translating the detector subsystem such that
the aperture overlapped with the input plane. For the input beam measurement, we used a
larger 1-mm step size.

Polythene Luneburg Aperture
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Beam Forming Scanning
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Fig. 2 Schematic diagram of the experimental setup for a characterizing the focusing behavior of the lens and b
demonstrating the beam-steering behavior of the lens. The gray areas represent the propagating THz beam
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In analyzing the data, we Fourier transform the detected time-domain signals to extract the
spectral amplitude of the electric field at each scanned position. These are then used to
construct the electric field profiles of the output and input beams. Figure 3a shows the
frequency dependence in the measured 1/e-amplitude spot size of the output beam, derived
using a Gaussian fit to the measured profile. This indicates a minimum spot size of 3.4 mm, at
a frequency of 0.162 THz. This 12-GHz shift from the design frequency is a result of
imperfections in the fabricated device. Figure 3b shows the measured electric field profiles
of the input and output beams at the frequency of 0.162 THz, in comparison with the FEM
simulation results at the same frequency. Both the measurement and simulation results indicate
that an 18.6-mm diameter input beam can be focused to a spot size of 3.4 mm. In order to
investigate the focusing behavior at other (higher) frequencies, we also measured the output
beam profiles at 0.30 THz and 0.45 THz. These have much larger spot sizes of 9.3 mm and
10.8 mm respectively (Fig. 3¢). We also observe two peaks in these profiles, most likely due to
high-order mode excitation in the device at these higher frequencies.

Beam steering will be an important requirement in directional THz wireless communication
systems, in order to enable mobility [27] and to avoid eavesdroppers [28]. A half-Luneburg
lens sitting on a mirror surface can be used to steer a beam through an angle of almost 180° in
the vertical plane, as shown in the ray optics simulation in Fig. 4a. This configuration also
allows beam steering through a full 360° angle in the horizontal plane. This is another unique
advantage of the Luneburg lens over a parabolic dish antenna. Beam steering with the dish
antenna would require the motion of the whole bulky antenna, whereas with the Luneburg
lens, it would require the motion of only the feed point. In order to demonstrate the focusing
behavior of a half-Luneburg lens, we investigated two configurations. In one configuration, we
used a mirror surface, and in the other, we utilized the phenomenon of total internal reflection
(TIR) [4] without using a mirror surface. In the TIR demonstration, we chose an incidence
angle of 62°. This is the critical angle for an index of 1.13, which was the effective index of our
device at a radius of 2.1 cm. For the demonstration with the mirror surface, we coated the flat
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Fig. 3 a Measured spot size as a function of the THz frequency. b Normalized electric field of the input and
output beams at the frequency of 0.162 THz. The closed circles correspond to the measurements and the solid
curves correspond to the simulations. ¢ Measured electric field of the output beam at 0.30 THz and 0.45 THz
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Fig. 4 a Ray tracing simulation for a half-Luneburg lens sitting on a horizontal mirror plane. b FEM simulation
showing the electric field distribution for the designed device, with a mirror plane. ¢ Measured electric field of the
output at the frequency of 0.162 THz, with and without a mirror plane, compared with the simulation with a
mirror plane

(side) surface of the half-Luneburg lens with silver paint. A 3D FEM simulation of this
demonstration is shown in Fig. 4b. The measured (normalized) output profiles of these two
demonstrations are shown in Fig. 4c, along with the simulation result. From these results, we
confirm that the focusing behavior of the fabricated half-Luneburg lens is similar to the
behavior of the fabricated full lens, as predicted by ray optics theory (Fig. 4a). In fact, the
resulting 1/e spot size is also 3.4 mm, equal to that of the full lens. We also observe that the
side lobe level is slightly higher in the TIR measurement, most likely caused by the incomplete
reflecting (flat-side) surface due to the decreasing index when moving away from the center.
As mentioned earlier, and according to (Fig. 1¢), the effective index of 1.13 is found at a radius
of 2.1 cm. TIR cannot be supported beyond 2.1 cm as the effective index is lower than 1.13.

In the same manner that a Luneburg lens can focus incoming collimated radiation onto a
point on its surface, radiation originating from a point source located on its surface can be
radiated out of the lens in a collimated beam. As noted above, a unique advantage of this lens
geometry is the ability to steer the output beam simply by moving the point source [29, 30].
‘We demonstrate this steering behavior using our (full) Luneburg lens. In order to simplify the
experiment (and to mimic a practical scenario where the feed point is moved), we illuminate
the device with a stationary input beam and create a movable point source via the use of a 2-
mm slit aperture, as illustrated in Fig. 2b. The 2D FEM simulations shown in Fig. 5a and b
correspond to the slit positions of 0° (on axis) and 10° (off axis), respectively, and numerically
confirm the expected steering behavior.

To improve the SNR of the detected signal, the bare receiver (with a 6 mm aperture) is
located in close proximity to the output edge of the device. Furthermore, in measuring the
output beam profile, the receiver is scanned in a circular arc whose center coincides with the
geometric center of the device, with a step size of 1°. The input 2-mm slit aperture that defines
the point source is scanned along the input edge of the device in 5° steps on both sides of the
input axis. At each of these input slit positions, the receiver is scanned azimuthally to
characterize the output beam. Figure Sc shows three of the measured output profiles corre-
sponding to the slit positions of —10°, 0°, and + 10°. Using these measurements, and fitting
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Fig. 5 Beam-steering behavior of the Luneburg lens. 2D FEM simulations showing the electric field distribution
when the input slit aperture is a on axis and b off axis by 10°. The white solid line indicates the input slit aperture.
¢ Measured output beam profiles (amplitude vs. angular position of the detector) for input aperture positions of
—10°, 0°, and 10°. d Estimated position of the output beam and its radius as a function of the input aperture
position. The black solid curve gives the theoretical position of the output beam, while the red dotted line gives
the experimental position of the output beam

Gaussian profiles, we estimate the output beam position and the beam radius as functions of
the input slit position. They exhibit a reasonably linear variation of the output beam’s position
and a relatively constant beam radius, confirming the expected beam steering of the Luneburg
lens. These results are plotted in Fig. 5d. We note that the input slit position and the output
beam profiles are at diametrically opposite ends of the lens. Additionally, the output beam
profile angle corresponds to 180 ° plus the slit position angle.

In conclusion, we implement a 2D Luneburg lens which has an ideal gradient index
profile using a waveguide-based artificial-dielectric medium. The lens can focus an 18.6-
mm diameter input Gaussian beam at 0.162 THz to a spot size of 3.4 mm at the
diametrically opposite point on its edge. We also demonstrate a similar focusing behavior
for a half-Luneburg lens with the flat (side) surface uncoated and also with it coated with
silver. The silver coating effectively realizes a mirror surface, and the half-lens with the
uncoated surface operates via TIR. Furthermore, we also demonstrate the output beam
steering of the full lens by characterizing the output beam as a function of the location of
a point source at the input side. This prototype device demonstrates the versatility of the
waveguide-based artificial-dielectric technology for the realization of exotic GRIN de-
vices for THz applications.
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