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ABSTRACT We report a class of all-dielectric, additively-manufactured polarization converters with
tailored temporal frequency responses within the Ku and Ka microwave bands (15 — 40 GHz). These
multi-layer devices consist of cascaded, subwavelength, high-contrast gratings with different fill fractions
and orientations, providing control over the effective anisotropic properties of each layer. In design,
the subwavelength gratings are modeled as homogeneous anisotropic layers. This allows the overall
metastructure to be treated as a stratified dielectric medium. Therefore, it can be analyzed and optimized
using plane-wave transfer matrix techniques that fully account for multiple reflections between layers.
Using this cascaded grating geometry, a variety of high-efficiency microwave polarization converters can
be realized with broadband, multiband, or multifunctional behavior. The transmissive metastructures do not
require anti-reflection layers since impedance matching is incorporated into their design. Three example
devices based on alumina/air gratings have been monolithically fabricated using ceramic stereolithography:
a broadband reflective half-wave plate, a broadband isotropic polarization rotator, and a dual-band linear-
to-circular polarization converter.

INDEX TERMS Antennas, birefringence, ceramics, dielectric devices, gratings, metamaterials, meta-
surfaces, microwave devices, nonhomogeneous media, polarization, stereolithography, three-dimensional

printing.

. INTRODUCTION

T HAS long been known that cascaded, rotated, bire-

fringent slabs can provide polarization conversion with
tailored spectral responses [1], which has been used to design
a variety of optical devices [2] including broadband wave-
plates for Terahertz [3] and submillimeter wave [4] applica-
tions. Conventionally, such devices have comprised naturally
occurring birefringent materials. However, this principle can
be extended by cascading subwavelength dielectric grat-
ings exhibiting structural birefringence [5], [6], [7] to enable
increased control over the effective anisotropic properties of
each layer.

In particular, a one-dimensional dielectric grating with
period A much smaller than the free space wavelength

Ao, as illustrated in Fig. 1, can be treated as a uniaxial
homogeneous slab [5], [7], [8] with permittivities
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where €| and ¢ are the effective permittivity along the
grating’s extraordinary and ordinary optic axes, and f is the
filling ratio of medium 1.

Numerous examples of simple polarization devices using
subwavelength gratings have been demonstrated including
achromatic quarter-wave plates [9], [10], [11], half-wave
plates [12], and anti-reflection coatings [13]. More exotic
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FIGURE 1. (a) A subwavelength grating layer and its equivalent anisotropic slab
with permittivities ¢, and ¢,. (b) Representative values of effective permittivities ¢,
and ¢, as a function of filling fraction, for a subwavelength grating of materials ¢; and
€. The gray shaded region indicates a typical realizable range of filling fractions.

broadband, multiband, and multifunctional polarization con-
verters have also been proposed using more complex
structures with cascaded and rotated dielectric elements [14],
[15], [16].

However, devices based on cascaded subwavelength grat-
ings pose significant fabrication challenges, especially if the
grating layers are rotated with respect to each other. One
approach is to individually manufacture each grating layer
using a lithographic process, then precisely assemble the
layers in the correct orientation as done in [16] with etched
silicon/air grating layers. Another example is the broadband
linear-to-circular polarizer in [17], which used cascaded arti-
ficial dielectrics assembled from printed circuit boards rather
than subwavelength gratings.

In this work, we explore the design and fabrication of
cascaded subwavelength grating structures using an addi-
tive manufacturing process (ceramic stereolithography) to
enable monolithic fabrication without a separate assembly
step. In ceramic stereolithography [18], [19], [20], [21],
[22], [23], [24], [25], [26], [27], an ultraviolet light source
is used to selectively cure a photoreactive ceramic parti-
cle suspension layer-by-layer, resulting in a “green” part
that is subsequently pyrolyzed and sintered to remove poly-
mer components and leave a pure, dense ceramic structure.
The process can produce high accuracy parts with small,
high-contrast features that are well-suited to subwavelength
patterning at microwave frequencies. It has been used to
fabricate isotropic effective media in graded-index Ka-band
devices [28].

In this article, we describe the design, fabrication,
and measurement of all-dielectric polarization converters
using ceramic stereolithography. Full wave simulations of
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FIGURE 2. Plane wave obliquely incident on a stratified slab consisting of N uniform
layers, each characterized by thickness d; and 3 x 3 permittivity tensor ¢,.

these structures, which consist of multiple cascaded and
rotated subwavelength gratings, can be prohibitively com-
plex. However, suitable homogenization assumptions allow
for a fast, semi-analytic analysis method based on trans-
fer matrix techniques, which in turn enables rapid numeric
optimization for a given desired polarization conversion.
The ceramic stereolithography fabrication procedure and
measurement techniques will be discussed. Finally, three fab-
ricated example devices will be presented with a comparison
of their analytic and measured performance.

The structures in this work will be treated as having
transversely-homogeneous, but longitudinally-variable mate-
rial properties. They can be contrasted with the related class
of transversely-inhomogeneous and longitudinally-uniform
effective medium slabs, which can be used to implement
blazed gratings [29] and phase plates [30], for example.

Il. ANALYSIS AND DESIGN METHOD

A structure with three or more rotated, cascaded, gratings
of the sort shown in Fig. 1, whose principle axes do not
align, cannot in general be rigorously simulated using a
single unit cell of a periodic lattice. However, a simple
and exact solution is possible provided each grating can
be represented by an equivalent homogeneous medium. We
assume that the field at the boundary between two gratings
is well-represented by the fundamental Floquet modes, and
that evanescent coupling does not significantly affect the
polarization converter’s response. For deeply subwavelength
gratings with A/Ayp < 0.1, we apply the effective medium
relations (1) and (2) to obtain the piecewise-uniform stratified
structure shown in Fig. 2. Each grating layer is treated as a
nonmagnetic, uniaxial, homogeneous medium with principal
axes rotated by an angle 6; in the xy—plane. The constitutive
relation in each layer is then:

G E-6 o

where I is the 3 x 3 identity matrix, and € is given by:
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Within this homogenization assumption, in which higher-
order Floquet harmonics are neglected, 4 x 4 matrix tech-
niques [31], [32], [33], [34] are sufficient to exactly and
rapidly compute plane-wave reflection and transmission
through the structure, including polarization conversion and
reflections between layers. A wide range of desired responses
can then be achieved by numerically optimizing three param-
eters per layer: filling fraction f;, layer thickness dj, and optic
axis rotation angle 6; [16].

A. TRANSFER MATRIX ANALYSIS
The 4 x 4 matrix technique [31], [32], [33], [34] pro-
vides an exact solution for plane wave transmission
through piecewise-homogeneous, stratified media. This sec-
tion describes a special case of the 4 x 4 matrix technique
for nonmagnetic anisotropic media that is well-suited for
rapidly analyzing cascaded subwavelength gratings.
Considering monochromatic fields with exp (iwf) time
evolution, in Cartesian coordinates, Faraday’s and Ampere’s
Laws in source-free media can be written in a matrix form:

B

Since the material properties depend only on z, plane wave
fields have the form A (z)e~**¢~%*Y¢i®! and the curl operator
has the form:

0 —-Z —ik
Vx=(ZL 0 ik (6)
iky —iky 0

Combining (3), (5), and (6) yields a system of six equa-

tions, of which the third and sixth are linear algebraic

equations relating the six components of E and H. These

can be solved for E, and H; in terms of the other four com-

ponents, yielding the following 4 x 4 wave equation for the
transverse fields:

Ey Ex
d|E, E,
— | 7| = —ikoA]| [} 7
0z Hy 0 Hy ( )
H, H,
In the previous equation, kg = w/c is the free space

wavenumber and A is a 4 x 4 matrix with the following
block diagonal form:
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where 1o = +/o/€o is the free-space wave impedance.
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Noting that the structure is piecewise uniform and the
material properties do not depend on z within each layer, (7)
has four solutions for the total transverse field vector ¥; =
(Ex, Ey, Hy, Hy) of the form

Yin(z0 4 82) = e kb 20y, n=1,2,3,4 (10)

which when substituted in eq. (7) yields the eigenvalue
equation:

QIn'wln = Allkln

Equation (11) can be solved numerically for each layer
to find the four characteristic propagation constants g;, and
associated eigenmodes ¥y,. In general, the total transverse
field y¥; at a given position z within the structure can be
decomposed into a weighted superposition of the eigenmodes
with weights ¢; = (¢1, @2, ¢3, ¢4)T. The total field and mode
amplitudes are related by:

(1)

Y1(2) = Aii(z) (12)

where A; = (Y, ¥, ¥i3, ¥14) is a weighting matrix
whose columns are the eigenmodes of A;. The eigenmodes
propagate within each layer according to:

&1(z) =K ¢z +d) (13)
with a diagonal propagation matrix K; :
elankod 0 0
_ 0  elakd 0
k=1 o 0  easkd g (14)
0 0 0  elaukod

Finally, by combining (12) and (13) and enforcing that the
transverse fields must match across each layer boundary, a
wave matrix W can be constructed relating the mode ampli-
tudes on the incident (z = zo) and exit (z = zy) edges of the
cascaded structure. Ordering the modes in the incident and
exit media according to their polarization and propagation
direction as depicted in Fig. 2,

b b,
o0, u o,
0b | — -1 - -1 eb
b | =0 E(AIK’ @A) o
¢0b ¢eh
b
(Wi Wi\ | &)
- (WZI sz) Dou (1)
b

where the operator IT represents an ordered product with
largest / values to the right.

The transmission and reflection coefficients for the cas-
caded structure are most conveniently represented by the
scattering matrix S, which relates scattered to incident mode
amplitudes. The scattering matrix can be obtained from the
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wave matrix as follows [34]:

Pou Do
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The preceding analysis is valid for plane waves of arbi-
trary polarization and incidence angle. In the special case
of normal incidence, with ky, k, = 0, the wave equation (7)
takes a simple form with A given by:

0 0 0 mo

0 0  —n 0
Alky, ky =0) = 17
(x Y ) —ny/ﬂo _eyy/no 0 0 an

6xy/’]O 0 0

The eigenmodes at normal incidence are linearly polarized
along the grating’s principal axes, with g1 = /€|, g2 = /€1,
g3 = — /€|, and g4 = — /€, . The associated eigenmode
matrix A; is then given by:

€xx/N0

Aj(ky, ky = 0)
cos 6; — sin 6y — cos 6y — sin 6y
sin 6; cos 6; —sin@; cos 6;
—sinf;/n; —cosé/nL —sinf/n; cosb/nL
cosO;/ny  —sin6/nL  cosO/n  sin6/nL
(18)
where 1 = no/. /€| and n1 = no/ /€L are the wave

impedances along the principal grating axes.

B. DESIGN SYNTHESIS AND OPTIMIZATION

Given the grating parameters for each layer (grating mate-
rials, filling fraction fj, layer thickness d; and optic axis
rotation angle 6;), the transfer matrix analysis method in
the previous section allows computing the scattering matrix
extremely quickly by simply multiplying several 4 x 4 matri-
ces. Thus, the computation can be included within the cost
function for a numerical optimization to obtain a wide range
of polarization and spectral responses, including broadband,
multiband, and multifunctional devices. Section V describes
three fabricated design examples.

lll. FABRICATION
To maximize the range of achievable anisotropic effective
permittivities, the subwavelength gratings should be con-
structed from materials with a large permittivity contrast. In
this work, we demonstrate additively manufactured devices
consisting of alumina (Al,O3, €] = 9.7) and air (e; = 1)
which are well-suited for microwave frequencies due to their
high dielectric contrast and low loss [35], [36].

The stacked grating structures are fabricated using a
ceramic stereolithography additive manufacturing process.
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A resin is prepared consisting of sinterable alumina powder
and a mixture of photopolymerizable monomers, dispersants,
photoinitiators and photoabsorbers. The resin is photocured
layer-by-layer as in conventional stereolithography to pro-
duce a green state part, which is then thermally processed
to remove the binder, and sintered. During sintering the part
shrinks volumetrically in a predictable manner by approx-
imately 19%, which is compensated by scaling the design
appropriately. After processing, the remaining alumina has a
purity of 98% and density greater than 97%, with €1 = 9.7
and estimated loss tangent tan§; = 1074,

Numerous prototypes of all-dielectric polarization convert-
ers designed for operation in the Ku to Ka microwave bands
were additively manufactured by Technology Assessment &
Transfer, Inc. (TA&T, Millersville, MD) using an alumina-
filled resin formulation on an industrial scale DLP 3D printer.
The vat-based printing process utilizes a 365 nm LED-based
light source to polymerize the filled resin layer-by-layer. The
system is capable of printing at a cured resin resolution of
42 pum x 42 pm in the x-y build plane and as small as 10 um
in the z-plane (layer thickness). Layer thicknesses less than
50 um often increase build times without adding practical
structural or geometric benefits to parts. Therefore, a layer
thickness of 50 wm was chosen for these builds resulting in
an 8.8 x 107* mL cured or 4.1 x 10~* mL sintered voxel
resolution. The printer is fitted with vat and build platform
with a 250 mm x 250 mm x 150 mm build volume, which
translates into dense alumina parts up to 190 mm x 190 mm
x 115 mm in overall dimension. The system is capable of
producing parts within a much larger volume (7-10 times
more) when appropriate machine accessories are installed.

The vat-based printer builds a single layer of the part by
exposing a 50 um thick layer of resin on the build platform to
a projected UV light source. Once a layer is cured the build
platform lowers by a layer thickness of 50 pwm into the resin
vat and a sweeping or suction blade moves across the build
platform and deposits the next layer to be cured. The printer
repeats this process until the parts are fully formed.

Due to the geometrical complexity of the polarization con-
verters, careful consideration was made to determine optimal
printing orientation. The ideal orientation would minimize
the sweeping blade shear forces applied to the thinnest and
tallest metastructure struts by having those as close to per-
pendicular to the blade as possible or parallel to the sweep
direction (see Fig. 3).

Furthermore, design alterations were made to the CAD
model to enable the final printed part to accurately scale to
the desired dimensions. These alterations included shrinking
the strut wall widths on the varying levels to account for
light scattering, a phenomenon inherently present in ceramic
suspension photopolymerization. Light scattering causes the
light source to be projected laterally as it hits the ceramic
suspension, thereby slightly increasing the final dimensions
of the walls in the x-y plane. The degree to which this effect
occurs depends on the refractive index of the resin and the
energy dosage emitted from the light source.
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r Sweeping Blade ,\

FIGURE 3. Optimized antenna orientation relative to sweeping blade. Tallest and
thinnest layer of struts (top layer) oriented perpendicular to blade to minimize stress
and breakages.

Upon completion of the print, the 3D printed structure was
carefully removed from the platform and cleaned of excess
resin. It is worth noting that because of the extremely narrow
passageways, tight channels, and microscopic voids inherent
in the cascaded grating structures, a low viscosity shear-
thinning resin was used to facilitate effective cleaning. Once
fully cleaned, the metastructure was inspected for dimen-
sional accuracy and build quality and subsequently processed
through binder burnout and sintering in air atmosphere. The
binder burnout was a two-step process and went through an
initial low-temperature burnout in a lab oven followed by
a bisque firing in a silicon-controlled rectifier (SCR) kiln.
The metastructure was supported on porous setting furniture
to allow for proper removal of organics. The binder burnout
protocol utilized ramp rates of 5-60 °C/h and numerous
dwells to volatize the cured resin without damaging the
part. Upon completion of the binder burnout, the bisque
fired metastructure was transferred to a high temperature
furnace where it reached a maximum sintering temperature
of 1550 °C which consequently fully densified the metas-
tructure, achieving between 97% — 99.9% total densification
as measured by Archimedes’ method.

Grating periods of approximately 1 mm, with filling
fractions ranging between 0.3 < f < 0.65 were readily
achievable while maintaining structural integrity during pro-
cessing and allowing uncured resin to be cleaned from the
structures. Given these design rules, operating frequencies
in the Ka band (26 — 40 GHz) are expected to be possible
while maintaining subwavelength feature sizes at the highest
frequencies, A/1g < 0.13.

IV. MEASUREMENT METHODS

The plane wave reflection and transmission coefficients
for the fabricated devices were measured using free-space
quasi-optical techniques [17], [37], [38]. Linearly-polarized
horn antennas were combined with focusing optics to pro-
duce a collimated source focused at the device surface.
Measurements in the Ka microwave band (26.5-40 GHz)
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FIGURE 4. Quasi-optical measurement methods for microwave polarization
conversion devices (a) Reflection measurement with dual-polarized Gaussian optic
horn antenna. (b) Transmission measurement with two dual-polarized Gaussian optic
horn antennas. (c) Trar ission ement with probe-compensated near-field
scanning and Gaussian optic source.

used dual-polarized antennas with integrated Gaussian optic
focusing lenses (Millitech GOA-28), producing a 3 cm
beamwaist diameter at a 22 cm distance from the lens. The
lower frequency Ku band measurements (17-26.5 GHz) used
a standard gain horn antenna with a pair of bi-hyberbolic
Rexolite (n = 1.45) lenses forming a telescope with 45 cm
input and output focal distances [38]. To avoid diffraction
effects, the polarization converting devices were fabricated
with lateral extent at least three times the beamwaist diameter
at the lowest measurement frequency.

The transmitting and receiving horn antennas for each
polarization were connected to the four ports of a Keysight
E8361A network analyzer with N4421B test set, which
collected the transmission and reflection data. Three mea-
surement configurations were used, as illustrated in Fig. 4.
For reflective devices, only a single dual-polarized antenna
was needed. For transmissive devices, two identical sets of
antennas and focusing optics were used to collect the full
polarimetric S-parameter data. Finally, probe-compensated
near-field scanning [39], [40], [41] was used as an alter-
native measurement method for transmissive devices. As in
the other quasi-optical configurations, one side of the device
was illuminated with a focused collimated source. A waveg-
uide probe was then scanned in a grid on the other side of
the device using a 3-axis motion stage with 5 um accuracy,
from which the device’s far-field transmitted pattern could
be reconstructed.
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FIGURE 5. (a) Half-wave plate design and measurement configuration. Excitation is
at normal incidence with linear polarization along x and y. The waveplate’s fast optic
axis is rotated by an angle ¢ to the y axis. (b) Fabricated waveplate (copper backing
not shown). (c) Measured (solid) and analytically calculated (dotted) reflection
coefficients with ¢ = 0°. (d) Measured (solid) and d (dotted) refl:

coefficients with ¢ = 45°. (e) Measured (solid) and calculated (dotted) phase
performance with ¢ = 0°. Optimal is ZR,, — ZR,, = 180°. (f) Polarization rotation at
33 GHz as a function of waveplate angle ¢.

TABLE 1. Physical parameters for the Ka-band half-wave plate.

Symbol | Parameter Value

€1 AlxO3 permittivity 9.7(1 — i10~%)

€9 air permittivity 1

A grating period 1000 pm

N number of layers 4

d overall thickness 4.53 mm

d; layer thickness (1750, 1050, 1000, 725) pm
f1 layer filling fraction (0.50, 0.50, 0.50, 0.50)

0, layer rotation (0°, 90°, 0°, 90°)

V. EXAMPLE DEVICES

A. BROADBAND HALF-WAVE PLATE

The first design example, which has been previously reported
in [42], is a reflective half-wave plate operating in the Ka
band (26.5 — 40 GHz) and fabricated using ceramic stere-
olithography with alumina and air subwavelength gratings
backed by a copper plate. The desired reflection tensor for
a half-wave plate is:

E;) Ef w1 0 \(Ef
(Ey EY 0 —1)\E)
where ¢ is an arbitrary constant phase shift.
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For simplicity, a filling fraction f; = 0.5 was fixed for
each layer, with grating period A = 1000um to give
A/ y < 0.13. The layer thicknesses d; and optic axis rota-
tion angles 6; were numerically optimized to minimize the
difference between the desired (19) and analytically calcu-
lated reflection tensors over the operating band. Using more
layers widens the bandwidth at the cost of more complexity.
In the end, four layers were chosen as a reasonable trade-
off to yield the design shown in Fig. 5(a). The fabricated
waveplate is a disk approximately 9 cm in diameter with
physical parameters summarized in Table 1.

The co- and cross-polarized reflection performance was
measured in the 25 — 45 GHz range using the reflective
configuration shown in Fig. 4(a). The waveplate was placed
at the focal plane and illuminated at normal incidence. A
rotation mount was used to adjust the angle ¢ of the fast
optic axis (Fig. 5(a)), and the reflection tensor was mea-
sured. Fig. 5 shows the measured waveplate performance.
It demonstrates the expected half-wave plate polarization
performance and low loss over the entire 26.5 — 40 GHz
operating band, as well as excellent agreement between the
analytic predictions and measurements.

B. ISOTROPIC ROTATOR
The second design example is a polarization rotator,
proposed in [43]. The isotropic rotator is ideally charac-

terized by the transmission tensor:
EL\ EG\ _ iofcosa —sina)(Eg.

(E;;) =5u (E(J{y) =¥ (sinoz cos o ) (Ea“y) (20)
where ¢ is an arbitrary constant phase shift. That is, linearly-
polarized incident light is transmitted without reflection or
absorption, and the transmitted polarization is rotated coun-
terclockwise by an angle «. In contrast to the half-wave
plate (Section V-A), which can rotate only specific lin-
ear polarizations, the isotropic polarization rotator produces
the same rotation angle regardless of the incident polariza-
tion. Isotropic rotation is an inherently chiral response and
is therefore a more demanding design challenge than the
half-wave plate [44], [45], [46].

Previously reported isotropic rotators, implemented using
chiral or bianisotropic structures [44], [45], [46], have tended
to have narrow operating bandwidths. The goal for this exam-
ple was to achieve a wider bandwidth by exploiting the
greater degrees of freedom in a cascaded grating structure.
The example rotator was designed to provide o = 90° rota-
tion from 30 — 35 GHz within the Ka band, again using
alumina and air subwavelength gratings. The grating period
was fixed at A = 1100 um, while the filling fraction fj,
layer thicknesses d; and optic axis rotation angles 6; for each
layer were numerically optimized to minimize the difference
between the desired (20) and analytically-calculated trans-
mission tensors over the operating band. The optimized and
fabricated device comprises 9 layers with overall thickness
10.0 mm, with physical parameters summarized in Table 2.
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FIGURE 6. (a) Isotropic 90° polarization rotator design and illustration of operating
characteristics. Linearly polarized incident light is tr itted without reflection or
absorption, and the transmitted polarization is rotated counterclockwise by 90°.

(b) Fabricated device. (c) Calculated transmission into the rotated (blue) and incident
(red) polarizations using the analytic 4 x 4 matrix technique. Each curve represents a
different incidence polarization angle between 0° and 180°. (d) Measured transmission
(solid) and reflection (dashed) coefficients for the incident and rotated polarizations.

The polarization rotation performance was measured in
the 26 — 40 GHz range using the transmissive configura-
tion shown in Fig. 4(b). To confirm the device’s isotropic
behavior, a rotation mount was used to adjust the inci-
dent polarization angle in 10° increments from 0° to
180°. Fig. 6 shows the analytically-predicted and measured
performance for each incident polarization. The desired
broadband polarization rotation behavior was achieved, but
several discrepancies between the analytically-predicted and
measured results are apparent. Notably, the analytic model
predicted that the frequency of minimum reflection and the
frequency of maximum polarization conversion efficiency
would coincide at around 33 GHz. However, the fabricated
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TABLE 2. Physical parameters for the Ka-band isotropic rotator.

Symbol | Parameter Value

€1 Al203 permittivity 9.7(1 —i10~%)

€2 air permittivity 1

A grating period 1100 pum

N number of layers 9

d overall thickness 10.0 mm

d; layer thickness (1160, 1120, 1200, 920, 1240, 920,
1200, 1120, 1160) pm

f1 layer filling fraction (0.30, 0.65, 0.36, 0.38, 0.65, 0.38,
0.36, 0.65, 0.30)

0, layer rotation (0°, 30°, 60°, 30°, 62°, 93°, 64°,
93°, 124°)

device has the best measured conversion efficiency at around
38 GHz.

C. DUAL-BAND LINEAR-TO-CIRCULAR POLARIZER
In high speed K/Ka-band satellite communications, sepa-
rate uplink and downlink frequency bands use circularly-
polarized waves with opposite handedness for each band.
Consequently, there has been considerable interest in dual-
band, dual-function linear-to-circular polarization convert-
ers [47], [48], [49], [50], [51], [52], [53], which would
allow using linearly-polarized antennas or antenna arrays
for both transmit and receive in a shared aperture. Numerous
such polarization converters have been proposed based on
multi-layer patterned metallic claddings [47], [48], [49], [50],
[51], [52]. However, achieving high fractional bandwidth
for both transmission efficiency and axial ratio seems to
be elusive for these metasurface-based devices. A cascaded
dielectric grating structure with a large number of layers (and
thus many degrees of freedom) may provide one approach
to increasing the operating bandwidth. Here, we attempt
to design a dual band linear-to-circular polarizer with high
transmissivity and polarization purity over the entire uplink
(17.3 — 21.2 GHz) and downlink (27.5 — 31 GHz) satellite
communication bands.

In the linear polarization basis, the relevant transmission
parameters are given by:
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where ¢ is an arbitrary constant phase shift. An ideal linear-
to-circular polarizer that converts an incident x-polarization
into transmitted left-handed circular polarization would have
fwe = 1/+/2 and Ly = i/ V2. Alternatively, it is convenient
to work directly in the circular polarized basis for the trans-
mitted fields, using a linear-to-circular transmission matrix
defined as follows:
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FIGURE 7. (a) Dual-band linear-to-circular polarizer design and illustration of
operating characteristics. The polarizer converts linearly polarized incident waves
upon transmission to left-hand circular polarization in the lower band and right-hand
circular polarization in the upper band. (b) Fabricated device. (c) Calculated
transmission coefficients and axial ratio using the analytic 4 x 4 matrix technique. The
lower (17.3-21.2 GHz) and upper (27.5-31 GHz) operating bands are indicated in gray.
Dotted lines show the optimization targets for the axial ratio (3 dB) and transmission
coefficient (-0.3 dB). (d) Measured (solid) and calculated (dotted) transmission
coefficients. The measurements were performed using different antennas and probes
for the upper and lower frequency bands.

The ideal left-handed polarizer would then have 77, = 1
and tgy = O (or vice-versa for a right-handed polarizer).
The transmitted wave’s polarization purity can be expressed
in terms of the axial ratio (AR), which is related to the
linear-to-circular transmission matrix by [54]:

Jtre/te] + 1

 Jtre/tre] — 1 (@)

Our goal was to achieve an axial ratio less than 3 dB and
transmissivity greater than —0.3 dB over the entirety of both
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TABLE 3. Physical parameters for the dual-band linear-to-circular polarizer.

Symbol | Parameter Value

€1 AlxO3 permittivity 9.7(1 — i10~%)

€2 air permittivity 1

A grating period 1100 pm

N number of layers 16

d overall thickness 17.1 mm

d; layer thickness (960, 920, 1520, 1280, 1360, 560,
520, 1520, 1480, 1240, 520, 1520,
600, 1200, 1360, 520) pm

fi layer filling fraction (0.30, 0.65, 0.36, 0.54, 0.30, 0.65,
0.65, 0.41, 0.42, 0.65, 0.30, 0.30,
0.46, 0.65, 0.30, 0.30)

0, layer rotation (126°, 96°, 138°, 104°, 74°, 104°,
134°, 83°, 53°, 83°, 113°, 80°,
50°, 83°, 53°, 18°)

operating bands. The cost function to be minimized was

cost= Y (1 —|Tp)? + [Trel® + 02R [
band 1
+ > (= TreD)> + T + 021R > (24)
band 2

where Trx = |trx|* Tre = Itrel®, and Ry = [rel® + |ryl®
are the power transmissivity and reflectivity, respectively.
Using alumina and air subwavelength gratings with the grat-
ing period fixed at A = 1100 um, the filling fraction f;,
layer thicknesses dj, and optic axis rotation angles 6; for
each layer were numerically optimized to minimize this cost
function for the analytically-predicted scattering parameters.
The assumed number of layers was gradually increased until
the performance goals were met for the entire uplink and
downlink bands. The smallest optimized structure found that
achieved the goals comprised 16 layers with a 17.1 mm
total thickness. Table 3 summarizes the optimized physical
parameters, while Fig. 7(a)-(c) show the fabricated device
design and analytically-predicted performance.

To demonstrate the potential bandwidth improvement pos-
sible with a cascaded grating structure, Table 4 compares the
example device’s calculated performance to several recent
patterned metallic designs reported in the literature. The
simulated performance was used for each device, since exper-
imental measurements were not always available. In Table 4,
the bandwidth is defined as the frequency range over which
the axial ratio is less than 3 dB and the transmission is
greater than —1 dB. Thickness is expressed in free-space
wavelengths at the center frequency of the lower band.

The fabricated device performance was measured using the
probe-compensated near-field scanning technique, Fig. 4(c).
Separate source antennas and waveguide probes were used
for the Ku (18 — 26.5 GHz) and Ka (25.6 — 40 GHz) ranges.
In particular, the lower band used a Ku-band standard gain
horn with dual-lens focusing telescope along with a WR-42
rectangular waveguide probe; the upper band used a Gaussian
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TABLE 4. Simulated performance comparison among K-band dual-band linear-to-circular polarizers.

Lower Band (GHz) Upper Band (GHz) Relative Polarization Thickness Construction
[47] 19.2 - 20.3 (5.6%) 29.0 — 31.0 (6.7%) L/R 0.07A 3 metal layers, dielectric spacers
[48] 18.8 -— 20.3 (7.7%) 28.9 — 30.3 (4.7%) same 0.31\ 5 metal layers, dielectric spacers
[49] 18.5 — 20.8 (12%) 27.0 — 29.3 (8.2%) L/R 0.10\ 2 metal layers, dielectric spacers
[51] 17.4 — 18.0 (3.4%) 26.5 -— 28.1 (5.9%) L/R 0.06\ 3 metal layers, dielectric spacers
[52] 18.0 — 21.6 (18.2%) 28.8 — 30.6 (6.1%) L/R 0.21X 3 metal layers, dielectric spacers
This work 17.0 — 20.7 (19.6%) 274 — 31.8 (14.9%) L/R 1.07A 16 dielectric grating layers
optic horn antenna with integrated focusing lens (Millitech REFERENCES
GOA-28) along with a WR-28 rectangular waveguide probe. [1] S. Pancharatnam, “Achromatic combinations of birefringent plates,”
F]g 7(d) shows the measured polarizer performance com- Proc. Indian Acad. Sci. Sect. A, vol. 41, no. 4, pp. 137-144, Apr. 1955.
pared to the analytic predictions. While the dual-band [2] P. Yeh, Optical Waves in Layered Media. New York, NY, USA: Wiley,
. . .. . . .. . 1988.
hnear't'o'c'lrcmar po'lar}zatlon behavior is 'quahta'tlv'ely evi- [3] J.-B. Masson and G. Gallot, “Terahertz achromatic quarter-wave plate,”
dent, significant deviations from the analytic predictions can Opt. Lett., vol. 31, no. 2, pp. 265267, Jan. 2006.
be seen, including a large degradation of the transmitted  [4] G. Pisano, G. Savini, P. A. R. Ade, V. Haynes, and W. K. Gear,
axial ratio in the er band “Achromatic half-wave plate for submillimeter instruments in cosmic
X1 1 upp ) microwave background astronomy: Experimental characterization,”
Appl. Opt., vol. 45, no. 27, pp. 69826989, Sep. 2006.
VI. CONCLUSION [5]1 M. Born and E. Wolf, Principles of Optics: Electromagnetic Theory of
.. . . . Propagation, Interference and Diffraction of Light, 7Tth ed. Cambridge,
Addlt.nfely—manu.factured, cascaded, dlellectrllc gratings are a U.K.: Cambridge Univ. Press, 1999, ch. 15.5.2, pp. 837-840.
promising and viable platform for polarization converters at  [6] D. C. Flanders, “Submicrometer periodicity gratings as artificial
microwave frequencies up to at least 40 GHz. In particular, i;lliSOt{ggi; dielectrics,” Appl. Phys. Lett., vol. 42, no. 6, pp. 492-494,
. . . . . ar. .
ce.ramlc Stqutures Sth as alumina/air gratings fabrlcated [7]1 P. Lalanne and D. Lemercier-Lalanne, “On the effective medium the-
using ceramic stereolithography have many appealing mate- ory of subwavelength periodic structures,” J. Modern Opt., vol. 43,
rial properties including high dielectric contrast, low loss, no. 10, pp. 2063-2085, Oct. 1996.
chemical and weather resistance, and structural robustness.  [8] H. Kikuta, Y. Ohira, H. Kubo, and K. Iwata, “Effective medium
.. . . theory of two-dimensional subwavelength gratings in the non-quasi-
Additive manufacturing allows the structures to be precisely static limit)” J. Opt. Soc. Amer. A, Opt. Image Sci., vol. 15, no. 6,
and monolithically fabricated without additional assembly pp. 1577-1585, Jun. 1998.
steps. Finally, the high number of degrees of freedom in [9] H.. Klkuta,_Y. Ohlra, and K. I_watg, “Achromatic quarter-wave plates
h 1til ded . ffords sienifi using the dispersion of form birefringence,” Appl. Opt., vol. 36, no. 7,
the r[l}l.tl ayer .casca (& gratlng structures a. ords signt lcal'.lt pp. 1566-1572, Mar. 1997.
flexibility to implement broadband, multiband, or multi- [10] Y. Wu, P. S. Grant, and D. Tsakov, “3D-printed A/4 phase plate
functional polarization conversion devices with no need for for broadband microwave applications,” Opt. Exp., vol. 26, no. 22,
additional impedance matching layers. pp- 29068_2907.3’ Oct. 2018, . e .
L. [11] N. Castro, F. Pizarro, and E. Rajo-Iglesias, “High gain low profile
However, analysis improvements are needed to enable horn array with circular polarization using a 3D printed anisotropic
effective device designs based on cascaded gratings. Full dielectric composite material at 38 GHz,” Sci. Rep., vol. 12, no. 1,
wave simulations for these structures can be prohibitively Nov. 2022, Art. no. 18944. )
| . imulati .- : [12] H. Shi and Y. Hao, “Wide-angle optical half-wave plate from the
complex (and rlgo?ous Slmu ations based on periodic unit field transformation approach and form-birefringence theory,” Opt.
cells are generally impossible for three or more rotated cas- Exp., vol. 26, no. 16, pp. 2013220144, Aug. 2018.
Caded gratings Whose principle axes do not align). Wlth [13] Y. OHO, Y. Kimura, Y. Ohta, and N. Nishida, “Antireflection effect
iate h izati ti Ivtic techni in ultrahigh spatial-frequency holographic relief gratings,” Appl. Opt.,
appropriate Omogenlza 10N assump .IOIIS, analytc techniques vol. 26, no. 6, pp. 1142-1146, Mar. 1987.
based on matrix methods can significantly speed up anal-  [14] M. Kim and G. V. Eleftheriades, “Highly efficient all-dielectric optical
ysis and enable optimization. Unfortunately, as seen here tensor impedance metasurfaces for chiral polarization control,” Opt.
with the isotropic rotator and linear-to-circular converter Lett,, vol. 41, no. 20, pp. 4831-4834, Oct. 2016. .
. .. K [15] A. Ranjbar and A. Grbic, “Multifunctional all-dielectric metasurfaces,
example devices, notable deviations between analytlc and in Proc. IEEE Int. Symp. Antennas Propag. USNC/URSI Nat. Radio
measured performance can arise for complicated devices with Sci. Meeting, Boston, MA, USA, Jul. 2018, pp. 1485-1486.
many layers_ The most likely cause for these deviations is [16] A. Ranjbar and A. Grbic, “Broadband, multiband, and multifunctional
hieher-order evanescent coupling between adiacent rotated all-dielectric metasurfaces,” Phys. Rev. Appl., vol. 11, no. 5, May 2019,
g. . . pling : ] ! Art. no. 54066.
grating layers, which was ignored in the homogenized ana- [17] C. Pfeiffer and B. Tomasic, “Linear-to-circular polarizers for multi-
lytlc approach. Such Coupling could introduce very small oc.tave bandwidths anq wide scan angles at mm-wave frequencies
errors in the reflection and transmission phase between lay- using rotated anisotropic layers,” Progr. Electromagn. Res., vol. 79,
: [l : : : pp. 49-64, Oct. 2017.
ers, which could become significant in complicated devices (18] M. L. Griffith and J. W. Halloran, “Freeform fabrication of ceram-
with many internal reflections. This suggests that one path ics via stereolithography,” J. Amer. Cerem. Soc., vol. 79, no. 10,
forward could be to design devices with homogeneous spac- pp. 2601-2608, Oct. 1996. N ) )
[19] G. A. Brady and J. W. Halloran, “Differential photo-calorimetry

ers between adjacent grating layers, such as in [16], [55],
which would reduce evanescent coupling.
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of photopolymerizable ceramic suspensions,” J. Mater. Sci., vol. 33,
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