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Design of Wideband Flat Artificial Dielectric
Lenses at mmWave Frequencies

Caspar M. Coco Martin™, Graduate Student Member, IEEE, Weiya Hu,

and Daniele Cavallo™,

Abstract— This work aims to provide guidelines on the design
of wideband flat lenses based on artificial dielectric layers (ADLs).
Planar lenses based on metasurfaces are typically narrowband,
due to the phase wrapping over the period of 2z that is strongly
frequency-dependent. On the contrary, true-time-delay (TTD)
planar lenses, which do not resort to phase discontinuities,
can achieve large bandwidths. One convenient way to design
wideband TTD lenses is by means of ADLs, which are stacks of
subwavelength-period patch arrays embedded in a host medium
to increase its effective permittivity. Tradeoffs including band-
width, focal ratio, lens diameter, and thickness are discussed and
related to the manufacturing constraints of artificial dielectrics,
such as the smallest features realizable in printed circuit board
(PCB) technology, which define the maximum achievable effective
permittivity. An example of design is also presented, operating
from 30 to 60 GHz and experimentally validated.

Index Terms— Artificial dielectrics, flat lenses, ray tracing,
true-time-delay (TTD) lens, wideband lenses.

I. INTRODUCTION

IELECTRIC lenses are commonly used quasioptical

components in imaging and antenna systems. They
have been used for decades in applications such as radio
astronomy [1], [2], radar, and satellite communications. Lens
antennas provide high-gain-radiation characteristics and can
support beam scanning capability by lateral displacement of
the feed. Multiple beams can also be generated simultaneously
with a lens antenna system by placing multiple feeds in the
focal plane. Recent advances in millimeter-wave (mmWave)
and terahertz (THz) technology for high-speed wireless com-
munication and high-resolution radars have increased the
popularity of dielectric lenses for multibeam high-gain anten-
nas [3].

Conventional homogeneous dielectric lenses have excel-
lent properties but are typically bulky and electrically thick.
Flat lenses are low profile and can be fabricated more eas-
ily compared to curved lenses, making them desirable at
mmWave frequencies. Planar multibeam thin-lens antennas
can be realized as Fresnel lenses [4], transmitarrays [5],
or metasurfaces [6]. However, one of the limitations of these
solutions is the narrow frequency bandwidth, due to the
phase wrapping along the aperture, which results in sudden

Manuscript received 30 August 2023; revised 13 November 2023;
accepted 14 January 2024. Date of publication 26 January 2024; date of
current version 15 February 2024. (Corresponding author: Daniele Cavallo.)

The authors are with the Terahertz Sensing Group, Delft University of Tech-
nology, 2628 CD Delft, The Netherlands (e-mail: c.m.cocomartin @ tudelft.nl;
w.hu-11@student.tudelft.nl; d.cavallo@tudelft.nl).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TAP.2024.3357992.

Digital Object Identifier 10.1109/TAP.2024.3357992

Senior Member, IEEE

discontinuous jumps in the phase distribution. In some designs
based on periodic structures, the band is also limited by the
resonant nature of the unit cell.

To overcome the bandwidth limitations, one can employ
true-time-delay (TTD) lenses that provide wideband behavior.
One example is a gradient index (GRIN) lens consisting of
a dielectric cylinder with a radial gradient of the refractive
index. The large bandwidth is obtained at the cost of increased
thickness [7]. One possibility to reduce the thickness of
wideband TTD lenses is to use high-permittivity materials [8].
With such an approach, to reduce the reflection losses that
would be caused by the high permittivity, matching layers
must be employed to improve the transmission at the air-lens
interface [9].

The varying refractive index in the lens can be artifi-
cially realized with a single material in which voids are
included [10], [11], [12], [13]. By locally changing the volume
fraction of air with respect to the dielectric, the desired
refractive index profile can be synthesized. However, this
type of artificial dielectrics is characterized by an effective
permittivity equal to or lower than the one of the host medium.
Thus, it is not suitable for high permittivity lens designs with
reduced thickness. To realize high permittivity materials, with
refractive indices that can be much larger than the ones of
commercially available dielectrics, artificial dielectric layers
(ADLs) can be employed [14]. These are a cascade of peri-
odic arrays composed of subwavelength patches (capacitive
gratings) to boost the effective refractive index by providing
increased phase shift for a plane wave propagating within the
artificial medium. TTD lens designs based on such periodic
structures with subwavelength elements were presented in [15]
and [16].

Recent advances in the analysis of ADLs have resulted in
closed-form expressions to represent the equivalent capaci-
tance of each layer [17], [18], [19], for general nonperiodic
layer stacks. These expressions include higher-order Floquet
wave interaction between layers and remain accurate even for
very small interlayer distances. The availability of analytical
models allows for estimating the phase shift and the scatter-
ing parameters of a unit cell with negligible computational
resources.

With the aid of the closed-form modeling tools, in this
work, we present an investigation of artificial dielectric flat
lenses, based on a tradeoff analysis between lens performance
and manufacturing complexity. The study links the maximum
phase variation required for a given lens design to the param-
eters of the artificial dielectric. Although similar lenses as the
one described in this article have been proposed in the past,

0018-926X © 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: TU Delft Library. Downloaded on March 04,2024 at 14:20:02 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0009-0009-0759-9347
https://orcid.org/0000-0003-1514-3656

COCO MARTIN et al.: DESIGN OF WIDEBAND FLAT ARTIFICIAL DIELECTRIC LENSES AT mmWAVE FREQUENCIES

Planar
wavefront

Variable phase shift

[1iteisssszsgezzzaiiiil]

Small
delay

Spherical

wavefront Large

Feed point delay

Fig. 1. Focusing flat lens, converting a spherical wavefront into a planar
wavefront by a varying phase shift, implemented using subwavelength metallic
inclusions.

the present study provides a systematic approach to design
ADL-based flat lenses with a desired bandwidth and gain
performance, while keeping a compact thickness.

We also introduce a modeling procedure for estimating
the performance of the artificial dielectric lens with minimal
computational load. On the contrary, simulations based on
commercial software are lengthy due to the large number of
electrically small metal structures to be meshed. The proposed
method is based on the following steps: 1) geometrical optics
to describe the feed illuminations; 2) ray tracing that includes
the anisotropy of the ADLs to estimate the propagation within
the lens; 3) equivalent circuit of ADL under generic plane
wave incidence to find the transmitted field; and 4) physical
optics to estimate the radiation pattern from the aperture field.
The combination of steps 2) and 3) allows to improve the
accuracy of the method with respect to the assumption of local
periodicity of the ADLs. The core of the modeling part was
developed as the first author’s master thesis [20].

With the aid of the analysis tool, an example flat lens design
is also presented, operating from 30 to 60 GHz, with a focal
ratio of 0.67 and a diameter of six wavelengths at the highest
frequency of operation. Based on this design, a prototype has
been manufactured and tested with an open-ended waveguide
feed.

The article is structured as follows: in Section II, a tradeoff
analysis of flat lenses is presented, where the link between
geometrical parameters, performance indicators, and manu-
facturing constraints is highlighted. Section III describes the
steps of the modeling approach, based on a hybrid method
that combines geometrical optics, physical optics, ray tracing,
and analytical description of ADLs. The design steps for
a specific lens are presented in Section IV, together with
simulation results. In Section V, the experimental results from
the prototype demonstrator are shown, to validate the design.
Concluding remarks are given in Section VI.

II. TRADEOFF ANALYSIS

The flat lens under analysis generates a collimated beam
by converting a spherical wavefront into a planar wavefront,
as depicted in Fig. 1. The lens provides a phase shift that
is larger in the center and smaller toward the lens edges,
to compensate for the different path lengths of the rays
emanating from the feed point and impinging at different
locations on the lens. In this work, the phase shift is achieved
by means of ADLs with spatially varying effective refractive
indices.

A. Phase Variation

The key parameter for a TTD lens design is the maximum
phase variation needed across the aperture, that is, the phase
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Fig. 2. (a) Geometry of the lens with diameter D and focal distance F and
(b) map of maximum phase variation in degrees for different values of the
diameter D and the focal ratio F/D.

difference between the center and the edge of the lens. For
a lens characterized by focal length F and diameter D, the
maximum phase variation depends on the lens diameter in
terms of the wavelength ()\) and on the focal distance to lens
diameter (F/D) ratio. For a point on the lens at distance
p from the center, the phase variation can be expressed as
k[(F? 4+ p?)%° — F], where k is the wavenumber.

For a given electrical size of the lens, the maximum phase
variation increases for smaller F/D, because the smaller
radius of curvature of the spherical wavefront causes larger
differences in the path length of the impinging rays. Similarly,
for a fixed F/D, the phase range increases as a function of
the lens diameter. For designing a lens, one could generate
a map of the maximum phase variation for different values
of lens diameter D and focal ratio F/D, as shown in Fig. 2.
These values can then be related to the design parameters of
the artificial dielectric unit cell.

B. Unit Cell Concept

For the design, the lens is divided into unit cells with period
D, as shown in Fig. 3, and the continuously varying refractive
index is discretized. The center unit cell is assumed to be
composed of a core layer with maximum effective refractive
index np.,x and two matching sections above and below to
reduce reflections. All the other unit cells have a similar
configuration but with a lower refractive index in the core
section. The refractive index decreases gradually toward the
periphery of the lens and is equal to ny;, in the edge unit cell.

The idealized unit cell can be practically implemented by
ADLSs, where the geometry of the metallic patches is chosen
such that the phase shift through the unit cell is equal to the
desired one. The ADL can be designed using a synthesis pro-
cedure based on the closed-form equivalent layer susceptance
derived in [17], [18], and [19]. This yields an equivalent circuit
for both transverse electric (TE) and transverse magnetic (TM)
modes for each of the unit cells forming the lens.

C. Lens Thickness

The thickness of the lens depends mainly on the maximum
required phase shift, the maximum refractive index in the
core, and the target frequency bandwidth over which reflection
losses are below a desired level.

The schematic unit cell allows estimating the total phase
shift that can be obtained for a given value of the core
refractive index n.oe and a certain total height A. Different
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Fig. 3. Lens discretization, idealized unit cell concept, and equivalent ADL

implementation.

types of matching layers can be realized, based on standard
impedance transformer theory [21]. For the sake of simplic-
ity, we assume that the matching layers are realized as an
exponentially tapered impedance transformer between free
space and the core material, with intrinsic impedance Zgg and
Zeore = Zps/Ncores respectively. For example, for the lower
matching layer, we can write

Z(z) = Zpse™ for 0 < z < hm ey
where a is
1 Zecor
a=-— 1n(ﬂ). )
hmML ZFs
Writing (1) in terms of refractive index, we have
z
Z() = =5 = Zise™ = n() = (3)
n(z)

so that the phase shift of the matching layer with height Zyy
can be found in closed form

hmL hme k(1 — —ahy
¢ = ko/ n(z)dz = ko/ e dz = u_
0 0

a
“)

The same phase shift is obtained for the top matching layer.
We assume that the amplitude of the reflection coefficient for
an exponential taper can be approximated as [21]
1
IT'l==1In
2
The height /) can be chosen such that the total reflection
coefficient of the unit cell is better than a desired value over
a target bandwidth. For example, we can choose I' < —13 dB
over a relative frequency band >40% (from 0.66 f to f, where
f is the maximum frequency of operation), which corresponds
to a total reflection I' < —10 dB for the two matching layers
combined. These conditions define the matching section height
hye. In turn, the height of the core section can be defined as
heore = h — 2hy. In Fig. 4, the results of this analysis are
shown by plotting the maximum phase variation as a function
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(—)smc(kohML). (@)
Zgs

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 72, NO. 2, FEBRUARY 2024

T
6 \/ﬂ/
z G, O
7. .‘/0( © u
ol g
% (4
i’:‘ 4 % i
60
3 - -
1//,/
2 ] | I
1.2 1.4 1.6 1.8 2
h [A]

Fig. 4. Maximum phase variation as a function of the maximum effective
permittivity and total lens thickness, for a flat lens with a 40% bandwidth
(refection coefficient < —10 dB), assuming an exponentially tapered trans-
former above and below the core.

of npax and h, assuming np;, = 1 for the edge unit cell.
If, for example, a certain lens design requires 800° of phase
range, one can use a material with a refractive index of 6 for
the core of the center unit cell and obtain a lens thickness of
1.2\, Alternatively, if the maximum refractive index that can
be achieved is 3, a lens of 1.8\ height would be required
to achieve the same phase shift. It can be seen that, with
the considered high values of core refractive index, several
multiples of 360° can be achieved even with moderate lens
thicknesses between one and two wavelengths.

D. Technology Constraints

The value of np, is dependent on the manufacturing
technology under consideration. The refractive index is pro-
portional to the spatial density of the metal patches. The
constraints taken into account are the following.

1) Minimum gap width between patches.

2) Dielectric host material for the patches.

3) Minimum vertical distance between patch layers, that is,

the minimum thickness of dielectric spacers.

4) ADL period.

The period of the ADL has to be small compared to
the wavelength at the maximum frequency. This condition
is essential for keeping low current intensity on the patches
and, in turn, low Ohmic losses. Moreover, the assumption
of small patches is needed for the validity of the analytical
descriptions of the ADL [17], [18], [19]. The analytical
expressions are typically valid for ADL periods lower than
a quarter wavelength.

From these constraints, a hypothetical unit cell is designed
with the minimum gap width between the patches, minimum
vertical spacing d, maximal lateral shifts s between the metal
layers, a period p < A/4, and using the selected dielectric
as the host material. This unit cell provides the maximum
effective refractive index and is used as the core in the center
of the lens, to achieve the maximum possible phase shift.

III. MODELING OF THE LENS

In this section, we describe the steps used to analyze the
lens performance. The method starts with modeling the feed
in terms of its radiated pattern. We assume here that the lens is
located at a far-field distance from the feed. By interpreting the
far-field pattern as an angular spectrum of plane waves, one
can consider a plane wave impinging locally on the lens with
a certain amplitude, phase, polarization, and incident angle.

Authorized licensed use limited to: TU Delft Library. Downloaded on March 04,2024 at 14:20:02 UTC from IEEE Xplore. Restrictions apply.
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Fig. 5. Rays computed through a lens with varying refractive index, designed
using the method described in [22].
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Fig. 6. Ray tracing for the same lens in Fig. 5, with exponentially tapered
matching layers added (a) without compensation of the core thickness and
(b) with the core thickness reduced to 55% of its original thickness.

Typically, for transmitarrays and metalenses, it is assumed
that the unit cell upon which a plane wave impinges is locally
periodic. This approximation is valid for gradual variations of
the geometry and for thin structures. The scattering parameters
of this unit cell under Floquet boundary conditions are then
utilized to estimate the transmitted field by the lens. However,
for large incident angles or electrically thick lenses, the
incident wave can traverse multiple unit cells, reducing the
accuracy of the local periodicity approximation. This problem
is more evident for small F/D ratios, which result in large
incident angles on the lens.

To overcome these challenges, we propose a hybrid method
that combines ray tracing with the analytical description of
ADLs, enabling efficient analysis of such lenses without the
need for full-wave simulations.

A. Ray Tracing

To model the propagation through the lens, the Eikonal
equation governing ray propagation in inhomogeneous media
is solved numerically as an ordinary differential equations
(ODEs) system, following the steps described in Appendix A.
Given the initial conditions, that is, a starting point and a
direction, the ray path in the inhomogeneous medium can be
computed. The MATLAB built-in ode45 solver is used to
compute the ray paths. At any discontinuity of the refractive
index distribution, Snell’s law is applied. This happens at the
lower and upper interfaces of the lens and at the transition
between the core and the matching layers.

An example result from the ray tracing is shown in Fig. 5 for
a simple GRIN lens designed following the procedure in [22].
The lens is characterized by F/D = 0.5, n2,, =6, n2, =1,
and thickness & = 0.14 D. In this example, the reflection
losses at the lens top and bottom interfaces are not addressed.
However, especially when the GRIN lens is designed with a
large maximum refractive index to reduce its thickness, the

1421

n2(0°)

*(0)

N (90°)
<

- 4171 (90°)

0 20 40 60 80
Angle inside ADL @ [deg]

Fig. 7. Effective refractive index of a plane wave propagating through an
ADL as a function of the angle inside the material.

incident field from the source can undergo strong reflections
at the lens-air interfaces. Thus, we also show in Fig. 6(a) the
ray tracing solution for the same lens when matching layers
are included. Exponential transformers are used as matching
layers above and below the GRIN lens design, which is now
referred to as the core. It can be noted that the inclusion
of the matching layers causes an additional bending of the
rays that are converging when exiting the lens, rather than
parallel. This effect can be compensated by reducing the
core thickness. For this example design, the lens regains its
collimating function by reducing the core thickness to 55% of
the original thickness, as can be seen in Fig. 6(b).

B. Anisotropy in ADLs

The ADLs behave as an anisotropic material. Therefore,
the refractive index changes as a function of the incidence
angle. The squared effective refractive index in an ADL as a
function of the angle of propagation 6 inside the ADL follows
the characteristic behavior shown in Fig. 7. This variation can
be approximated with a squared cosine shape, as follows:

n3.(0) ~ (n*(0°) — n%;(90°)) cos? 6 + n2,(90°)  (6)

where ny; corresponds to either the TE or TM mode. There-
fore, to fully characterize the ADL in terms of its effective
refractive index for any angle 6, only the effective refractive
index for normal incidence (6 = 0°) and for grazing incidence
(6 =90°) for TE and TM modes are required.

We can assume that the refractive index for normal inci-
dence is known as n7p(0°) = nye(0°) = n(0°) as it is a
design parameter. The interlayer distance d is also known, as it
is determined by the selected manufacturing technology. With
these assumptions, the expressions for n2.,,(90°) and n2 . (90°)
can be derived, as described in Appendix B, which gives

P2 (90°) = ni, . )

1 kdB
nTE(goo) = nhoqt + (k()d Sil (1 - é‘T)) (8)

where kg is the free-space wavenumber, and k and ¢ are the
wavenumber and the impedance of the host medium with
refractive index npog, respectively. B is the layer susceptance,
which can be expressed as

_ 2 cos(kd) — cos(kodn(0°))
S sin(kd)

It is interesting to note that B only depends on the vertical
spacing between metal layers d, the refractive index of the

(©))
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Fig. 8.  Illustration of the proposed hybrid lens model. (a) Ray path is
computed through a nonhomogeneous dielectric lens. (b) Ray path is overlaid
on the ADL implementation of the flat lens, and the different parts of the unit
cells crossed by the ray are identified (marked in red). (c) Partial unit cells
are combined into a single unit cell.

host medium, and the desired value of the effective refractive
index for normal incidence n(0°). Since these parameters are
known based on technological constraints, the values of ny; (6)
can be determined before designing the specific unit cells.
By using the closed-form expression of ny;(6) when solving
numerically (14), (17), and (18), the anisotropy of the ADLs
can be taken into account when computing the ray paths
through the lens.

C. Combined Unit Cell

With the knowledge of the ray paths through the lens, one
can compute the transmission through the lens by combining
the ray propagation with the analytical ADL model presented
in [19]. The method in [19] provides an equivalent circuit for
the ADLs, where each layer is represented as an equivalent
reactance that can be expressed in closed form. The circuit
allows estimating the reflection and transmission of a generic
plane wave (TE or TM, oblique incidence) through the layer
stack. However, the method in [19] only applies to periodic
unit cells.

On the other hand, when considering GRIN lenses, the
rays can pass through different unit cells, thus the assumption
of periodicity is no longer valid. To overcome this problem,
we propose the approach described in Fig. 8. We first identify
the regions of each unit cell that the ray traverses and then we
create a new unit cell that combines these regions. Finally,
we apply the equivalent model of ADLs to this combined
stratification.

Since in the equivalent transmission line models the bend-
ing of the rays cannot be modeled, when computing the
S-parameters, S, of the transmission line model only accounts
for the phase shift along z. To also account for the phase shift
in the p direction, an adjusted Sz ,qj is defined as

SlZ,adj — Slze*jko sin(6;) | o;—pi (10)

where 6; is the incident angle on the unit cell, and p; and p;
are the radial distances (from the lens center) of the points at
which the ray enters and exits the lens, respectively.

D. Transmitted Field and Radiation Patterns

To find the transmitted E-field after the lens E;, the
0- and ¢-components of the incident E-field before the lens
E; are found by expressing the field radiated by the feed as
a spectrum of plane waves, as shown in Fig. 9(a). Each plane
wave is multiplied by the adjusted S;, of the combined unit

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 72, NO. 2, FEBRUARY 2024

Spectrum of plane =

waves from source \!\'\j .]71

Geometrical Optics (GO)

(a)

For each ray, analytical
circuit of ADL

(b) -

™ TE

Transmitted field to find
radiated pattern

Physical Optics (PO)
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Fig. 10. Comparison between the far-field radiation patterns computed using
our proposed analysis method and CST Microwave Studio.

cell for TM and TE modes, respectively, given by the equiva-
lent transmission lines in Fig. 9(b). Furthermore, to satisfy the
conservation of energy, the intensity law of geometric optics
is applied [23], yielding

A; cos 6;
- A; cos b,

where 0; and 6, are the angle of incidence and transmit angle,
respectively, found using raytracing. A; and A, are the ray-tube
cross sections at the bottom and top of the lens.

From the E-field after the lens, Schelkunoff’s formulation
of the equivalence theorem is applied to find the equivalent
currents, which in turn are used to compute the radiation
pattern of the lens by physical optics [see Fig. 9(c)]. In Fig. 10,
a comparison is given between the far-field radiation pattern
computed using the proposed method and the pattern obtained
with CST Microwave studio. The patterns estimated by both
methods are similar, with less than 0.5 dB difference for the
maximum directivity. For this particular example, the F/D is
0.25, the lens diameter is 5.5\, and a short electric dipole is
assumed as feed.

E, (Ei,GSIZ,TM,adjé + Ei,d)SlZ,TE,adjq;) (1m)

IV. LENS DESIGN

To verify the design procedure, a flat lens with
F/D = 0.67 operating in the frequency band from 30
to 60 GHz is designed. The lens diameter is 30 mm, equal
to 6\ at the highest frequency.

Authorized licensed use limited to: TU Delft Library. Downloaded on March 04,2024 at 14:20:02 UTC from IEEE Xplore. Restrictions apply.
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A. Technology Constraints and Maximum Refractive Index

The host material permittivity is chosen as Rogers
RO4003C', with a relative permittivity of 3.55 and loss tangent
of 0.0027 (at 10 GHz). For standard printed circuit board
(PCB) processes, the minimum metal gap and track width are
assumed to be 130 um. The minimum thickness of the material
is 203 um. The period for the ADL is chosen as 1.2 mm so
that the patches are smaller than a quarter wavelength within
the frequency band.

Taking into account these values, the maximum effective
refractive index that can be achieved is approximately 4.7. This
value can be retrieved by applying (22)-(24) in Appendix B,
together with the closed-form expression of the layer suscep-
tance from [19].

B. Refractive Index Distribution

As a starting point, to find the refractive index distribution,
the design formulas for GRIN lenses from [22] are used. These
formulas provide a refractive index profile that varies along x
but is constant in z, as in the example shown in Fig. 5. Such
a lens would yield high reflections at the interface with air,
especially in the central part of the lens that is electrically
dense.

To avoid this problem, a two-section matching layer is added
above and below the lens, which is now referred to as the
core. To ensure high transmission over wide bandwidth, while
easing the manufacturing, some notable design choices for the
matching layers are made.

1) The absolute length of each transformer section is fixed
and kept constant over the aperture. This means that
not everywhere the transformer sections are \/4 at the
central frequency.

2) The outer matching layer permittivity &, ouer is fixed
to a constant value of 2, to be realized by means of
perforations in the dielectric.

3) The inner matching layer permittivity is chosen as
&rinner = (€r.outerér.core) /% and realized using ADLs.

After adding the matching layers above and below the lens,
the thickness of the core hcoe i1s reduced to 73% of the
initial thickness, to reestablish the flat planar wavefront (as
described in Fig. 6). A cross section of the lens, indicating the
refractive index distribution, is shown in Fig. 11(a). To ease
the manufacturing process, the minimum refractive index in
the core and inner matching layer is chosen to be that of the
host material.

C. ADL Implementation

The lens is divided into square unit cells with the same
period of the ADL, resulting in 25 unit cells across the
lens diameter. The continuous refractive index distribution is
sampled in the center of each unit cell and quantized according
to these values.

For each ideal unit cell, made by homogeneous slabs,
a synthesis procedure is used to synthesize the equivalent ADL
structure.

1) The distance between metal layers d and the host

medium is fixed, based on the PCB process.

ITrademarked.
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Cylindrical hole

— ’}Metal patches (dense)

Fig. 11. Cross section of (a) refractive index distribution of the proposed
lens design and (b) implementation of the lens with ADLs, with a 3-D view
of the central unit cell.
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Fig. 12.

2) The width of the gap between patches w is varied
and mapped to the effective permittivity, following the
procedure described in [24].

3) Each ADL slab is synthesized separately.

4) The ADL slabs are combined and the layers are tuned
to match the S-parameters of the original unit cell with
homogeneous slabs.

All the ADL unit cells, designed assuming local periodicity,
are combined to form the entire lens, whose cross section is
shown in Fig. 11(b).

The reflection coefficient of all designed unit cells is eval-
vated under TE and TM plane-wave illumination with the
corresponding incidence angle from the feed, as shown in
Fig. 12. Most curves exhibit values below —10 dB over the
target bandwidth.

D. Detailed Stackup

To reduce the manufacturing costs, the lens stackup is
divided into different sections, some of which have the same
layer stack, so that they can be manufactured in the same
PCB process: a spacer, consisting of a single layer of Rogers
RO4003C laminate, separating two halves of the lens; two
multi-layer PCBs with four metal layers, which include part
of the core and the inner matching layer; two outer matching
layers, which contain perforations. All the different sections
are assembled together to form the entire lens, using plastic
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Perforations
. . . }Oulermatching layer

Perforated dielectric

Metal layer 8
Metal layer 7
Mctal layer 6

Metal layer 5

| Spacer
4-metal layer PCB -y

= Metal layer 4

. . . Metal layer 3

Material Thickness
Rogers RO4003C 203 ym
Copper 18 um
Rogers RO4450F 101 um

Rogers RO4003C 305 ym
(a) -RugersR04003C 508 um (b)

Fig. 13. (a) Exploded view of the lens layers and (b) detailed stackup
with used materials. The lens is composed of two four-layer PCBs, separated
by a spacer, and perforated dielectrics above and below as outer matching
layers.

Outer matching layer

Metal layer 2

Metal layer 1

Perforated dielectric

TABLE 1
ADL DIMENSIONS [mm]
Unit cell  weore  wymr | Unit cell Weore WML
1 0.23 0.61 8 0.44 0.75
2 0.23 0.61 9 0.51 0.81
3 024 062 10 0.60 0.88
4 026  0.64 11 0.75 0.89
5 0.28 0.67 12 0.90 0.96
6 0.31 0.71 13 No metal  No metal
7 0.37 0.72
8910111213 %
L/ | 2
. L WM, | y
-1 Weore/2
T wcore
—W.COTC 2
chre /
—_MWm/2
WML

Fig. 14. Numbering of unit cells and geometrical parameters of the ADLs.

screws. The complete stackup is given in Fig. 13 and has a
total thickness of 4.8 mm. The geometrical parameters of the
ADLs in each unit cell are defined in Fig. 14 and their values
are reported in Table I.

Since the outer matching layer should have a constant
permittivity of 2 over the complete aperture, all perforations in
this layer have the same size. To determine the size of the holes
in the outer matching layers, a simulation of a 1 x I mm? unit
cell is made, consisting of the host material with a circular
hole of variable radius. The simulation results are plotted in
Fig. 15 and show the effective permittivity as a function of the
hole radius, normalized to the period. To achieve an effective
permittivity of 2 at 45 GHz, perforations with a radius of
0.4 mm are selected.
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Fig. 15. Effective permittivity of 1 x I mm unit cell with a varying hole
radius at 45 GHz.
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Fig. 16. Simulated efficiency of the lens with WR-28 open-ended waveguide
feed in the 30-40-GHz band and WR-15 waveguide feed in the 50-60-GHz
band.
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Fig. 17. Simulated far-field radiation patterns of the lens design in the

E- and H-planes at (a) 30 GHz and (b) 60 GHz. Both our simulation procedure
and CST are shown.

E. Simulated Patterns

To test the lens design, a simple feed is considered in
this work, consisting of an open-ended waveguide. Two
standard waveguides are used for different subbands: a WR-
28 waveguide with cross section 7.11 x 3.56 mm?2, which
operates in the 26.5-40-GHz band, and a WR-15 waveg-
uide with cross section 3.76 x 1.88 mm?, which operates
in the 50-75-GHz band. The simulated efficiency of the
lens with the open-ended waveguide feeds, split in different
contributions [25], is reported in Fig. 16, for the 30—40- and
50-60-GHz bands. It can be noted that the main cause of
losses is the spillover, due to the wide radiation patterns of the
feed. Although the considered feed yields high spillover losses,
it can still be used to demonstrate the intrinsic performance
of the flat ADL lens. The design of a wideband and efficient
feed suitable for the proposed lens is beyond the scope of the
present study.

The radiation patterns of the lens are evaluated using both
our modeling approach and CST Microwave Studio and shown
in Fig. 17, at 30 and 60 GHz. The two methods estimate
similar directivity patterns.
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Fig. 18. Photograph of the lens prototype: (a) outer matching layer with
perforations, (b) metal layer of the core, and (c) entire assembly with a metal
plate.

Alignment
screws

stainless
steel 316

Posmon§ for___
scanning

Fig. 19. Measurement setup with waveguide feed, lens, and 3-D-printed
holder, made of polylactic acid (PLA) thermoplastic.

V. EXPERIMENTAL VALIDATION

A prototype of the lens design was manufactured and tested.
A photograph of the lens is presented in Fig. 18, which shows a
top view of the perforated matching layer [Fig. 18(a)] and
one of the metal layers of the core [Fig. 18(b)]. The entire
assembled lens is shown in Fig. 18(c). The different sections
are held together with screws at the corner and mounted on
a metal plate with a circular window opening with 30-mm
diameter.

The lens was measured from 30 to 40 GHz using the WR-28
open-ended waveguide as feed, and from 50 to 60 GHz using
the WR-15 open-ended waveguide. For both frequency bands,
a 3-D printed holder was used to position the waveguide
feed and the lens, as depicted in Fig. 19. The setup also
allows mounting the feed in different positions along the focal
arc [26], to measure scan patterns.

A. Measured Radiation Patterns

The patterns are measured with a planar near-field scan,
to which a near-field to far-field transformation is applied.
The measured normalized patterns are shown in Fig. 20, com-
pared with simulations. The co-polar (Co) component of the
radiation patterns is shown in the E- and H-planes, while the
cross-polar (Cx) is shown only in the diagonal plane (D-plane)
since it represents the worst case. The measured patterns agree
well with the simulated ones. A slightly larger discrepancy
for the mainlobe beamwidth is observed at 40 GHz, which
corresponds to the upper limit of operation of the WR-28
waveguide.

1425
0 =E-plane Co 0 =E-plane Co
=—H-plane Co =—H-plane Co
D-plane Cx ‘D-plane Cx

"‘.-'
4

Normalized Pattern [dB]
)
o
Normalized Pattern [dB]
1
(=)

-40 -4(0 B &
-50 0 50 -50 0 50
0 [deg.] 0 [deg.]
(a) =— Meas. ==+ CST (b)
0 = E-plane Co 0 = E-plane Co
=—H-plane Co =—H-plane Co

D-plane Cx D-plane Cx

Normalized Pattern [dB]
)
[=}
Normalized Pattern [dB]
)
[=}

-40 > -40
-50 0 50 -50 0 50
0 [deg.] 0 [deg.]
(©) (d)

Fig. 20. Simulated and measured far-field radiation patterns at (a) 30 GHz,
(b) 40 GHz, (c) 50 GHz, and (d) 60 GHz.
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Fig. 21. Measured far-field radiation patterns for scanning in the E-plane at
(a) 30 GHz, (b) 40 GHz, (c) 50 GHz, and (d) 60 GHz.
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0 . . |
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Frequency [GHz]

Fig. 22. Measured and simulated directivity and gain.

The directivity patterns are measured also for scanning
configurations and they are presented in Fig. 21. The scan
loss is close to the ideal cosf profile. An error of a few
degrees is observed for the pointing angles with respect to
the nominal directions, at the higher frequencies. This is due
to a misalignment of the feed with respect to the lens due to
the deformation of the plastic holder when attaching the cable
on one side of the waveguide.
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TABLE I
COMPARISON OF SIMILAR DESIGNS FOUND IN THE LITERATURE

Max Frequency Aperture

Ref. gain range [GHz] D Thickness efficiency F/D
O] 34dBi 1440 YRS S31%  0.625
221  236dBi 1240 16X 174X S40%* 125
271 163 dBi 911 360 0.52) S46% 03
28] 22dBi  82-124 45\ 033\ S50%  0.57
[29] 189dBi 60-77 64\ 1.8) S19%% 025
[30] 207 dBi 7595 63\ 49) S45% 055
3]  21dBi 810 671 0.87A S24% 02
This =19 4i  30-60 6A 095\ >2% 067
work

*calculated from reported results
A is free-space wavelength at the highest frequency

The measured broadside gain and directivity versus fre-
quency are reported in Fig. 22 and compared with simulations.
The maximum theoretical directivity from the lens aperture
Diax = (mD/))? is also reported for comparison. The largest
contribution to the losses is the spillover, as expected from
the use of open-ended waveguides as feeds. To emphasize this
aspect, the gain compensated for the spillover (estimated from
simulations) is also included in the figure. This gain is about
1 dB lower than the measured directivity across the frequency
band, confirming the low Ohmic and reflection losses of the
design.

The achieved results are compared with similar existing flat
lens designs in Table II. Our design gives a good compromise
in terms of bandwidth and compact thickness. Regarding the
aperture efficiency, the minimum value of 32% is mainly
determined by the use of open-ended waveguide feeds. Simu-
lations performed with more realistic feeds (circular horn and
3 x 3 wideband slot array) gave an estimation of aperture
efficiency greater than 55% and 60%, respectively.

VI. CONCLUSION

We presented a procedure to design wideband flat lenses
based on ADLs. General considerations were given that relate
different geometrical and performance parameters, including
the lens diameter and F/D ratio, the lens thickness, reflection
losses, bandwidth, and maximum realizable refractive index.

The lens was modeled by combining a ray-tracing method
with the equivalent circuit of ADLs. A closed-form expression
for the refractive index of ADLs as a function of the angle
of propagation was derived and allows to account for the
anisotropy of ADLs in the ray tracing. Finally, the geometrical
optics/physical optics method was used to find the radiation
patterns.

To verify the design procedure, a wideband (30-60 GHz)
collimating lens based on ADLs was designed, with a diameter
of 6\ at the highest frequency and F/D equal to 0.67. A proto-
type based on this design was realized in PCB technology and
tested. Measured results confirmed the expected performance.

The ADL flat lenses are a good compromise between
bandwidth and thickness, allowing for wide bandwidth behav-
ior, while reducing the overall profile of the lens. These
characteristics are beneficial for manufacturing and integration
at mmWave and THz frequencies.

It has to be pointed out that the proposed approach yields
wideband and electrically thin lens designs, but it is suitable
for moderate gain/directivity levels. Larger directivities can be
achieved at the cost of increased manufacturing complexity

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 72, NO. 2, FEBRUARY 2024

(large number of metal layers) or reduced bandwidth by
resorting to Fresnel zones (phase wrapping).

APPENDIX A
DERIVATION OF THE ODE SYSTEM FROM
EIKONAL EQUATION

In [32], from the Eikonal equation, the differential equation
of light rays is derived and can be expressed as

dr(s)
ds

where 7 is the refractive index and S(r) = constant represents
geometrical wavefronts. The light rays r(s) are defined as
orthogonal trajectories to the wavefronts, while s indicates a
position along the ray path. One can derive an ODEs system
to solve for the ray trajectory, using steps similar to [33].
Writing (12) in terms of its different components explicitly
leads to

n =VS

12)

. dyA+ dz, 0S. 8SA+8SA (13)
n— n— n—z=— — —
d as? Tt T Ty Tt
and defining p, = 9S5/dx, p, = 95/dy, and p, = 95/0z
yields three scalar equations
dx (142)
n— — x a
ds P
dy
— =p, 14b
nds Py ( )
dz
=y . 14
nds Pz (14c)

Differentiating (12) with respect to s yields the differential
equation of the light rays

d( dr(s)\ _
%(n ds )_Vn

Similarly, one can explicitly write the different Cartesian
components as follows:

d ( dx £+d dy A+d dz )\ .
ds na’s ds nds Y ds nds z

_ 8n£+8n,\+8n,\
~ \ox Byy 0z°)

Substituting (14) into (16),

15)

(16)

three scalar equations can be

written
dp, 0
px _ o1 (17a)
ds 0x
dp, 0
4py _ on (17b)
ds dy
dp, 0n
—_— = 17
ds oz (17e)

The combination of (14) and (17) yields the full ODE system,
which can be solved with existing numerical solvers, such as
MATLAB ode45, with the initial values given by

X =Xy (18a)
Y=o (18b)
=20 (18¢)
px = n(xop, Yo, 20) Sin 6 cos ¢ (18d)
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Nhost
d ADL
,,,,,,,,,,,,, N,
Fig. 23.  Schematic of the periodic structure under investigation.
py = n(xop, Yo, 20) sinf sin ¢ (18e)
Pz = n(xo, Yo, 20) cOs ¢ . (181)

The angles 6 and ¢ define the direction of the ray in the point
(x0, Y0, zo) Where it enters the lens.

APPENDIX B
CLOSED-FORM EXPRESSIONS FOR EFFECTIVE
REFRACTIVE INDEX IN ADLS

Let us consider an ADL structure composed of an infinite
periodic cascade of metal layers, spaced by d. The periodic
stratification is shown in Fig. 23 and it consists of an array
of metal patches with dielectric spacers above and below. The
dielectric slabs are assumed to be characterized by refractive
index npog, Wavenumber k, and intrinsic impedance ¢.

One can approximate the effective refractive index of such
a structure by equating the ABCD matrix of the structure in
Fig. 23 to the ABCD matrix of a homogeneous equivalent
material. This procedure results in the following expression of
the z-component of the effective wavenumber for TE and TM
waves traveling with an angle 6 inside the ADL [24]:

1 Zr; .
ke efiri(0) = p cos™! (cos(kzd) + jZZ—T sm(kzd))

ADL,Ti

19)

where k, = kcosf is the z-component of the propagation
constant in the host medium, “Zr;” can refer to either TM
or TE wave impedance, given by Zty = ¢k, /k and Ztg =
Ck/k,.

The layer impedances ZapL i are given by [24]

J
ZADLTE = ——F— 5~ (20)
B(l _ 51112 6‘)
ZApLT™M = —é 21

where B is the susceptance of the layer, which is typically
found from the geometrical parameters of the patch array [17].
Substituting (20) and (21) in (19), we can write the explicit
expression of the TE and TM effective propagation constants
along z

kz et TE(0)
1 ckB(1—1sin?0)
= 7 cos™! cos(k.d) — 2—}; sin(k,d)
(22)
1 —1 Csz .
k;erTm(0) = 7 cos™ | cos(k.d) — sin(k,d) ) . (23)

From (22) and (23), one can find the squared effective
refractive index as [24]

k2 . ..(0) + k*sin® 0
nle(Q) — «.,eff,Tz( )2 )
kO

(24)

1427

For TM waves incident at & = 90°, k, = 0 and thus

k; ettt = 0 from (23). Consequently, from (24), one can write
2

n"zl"M(900) =37 = nﬁost'
kg

This result is intuitive since a TM wave incidence from
6 = 90° has the electric field orthogonal to the patches and
thus interacts only with the host medium.

For TE wave incidence, the expression for n%;(90°) is more
complicated since the electric field is parallel to the patches
and is still affected by the metal. To find an expression of
n?rE(90°), we first assume normal incidence, that is, 6 = 0°,
k., = k. Under this assumption, (22) becomes

(25)

k;etT(0°) = %cos_l(cos(kd) — % sin(kd)) . (26)
Substituting (26) in (24) for 6 = 0° gives
o L ¢B
nye(0°) = ko_d cos (cos(kd) -5 sm(kd)) . 27
Solving for B results in
B zcos(kd) — cos(kodnrg(0°))
e sin(kd)
Once the expression for B is known, we can now evalu-
ate (22) and (24) for 8 = 90°, which gives
2
n3(90°) = ni  + (koid cos™! (1 - @)) (29)

where limy__,o[sin(k,d)/k.] =1 is used.

(28)
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