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ABSTRACT: Advances in terahertz technology rely on the combina-
tion of novel materials and designs. As new devices are demonstrated to
address the terahertz gap, the ability to perform high-efficiency beam
control will be integral to making terahertz radiation a practical
technology. Here, we use a metasurface composed of nonuniform
dielectric resonator antennas on a ground plane to achieve efficient
beam focusing at 1 THz. The dielectric resonators are made of high-
resistivity silicon, which is a low-loss, nondispersive material for

terahertz waves. The resonators operate around the resonance of the

displacement current in the silicon, which is crucial to attaining high efficiency. The reflectarray’s capacity to focus terahertz
radiation is experimentally verified, and hence by the principle of antenna reciprocity, it can also be employed as a terahertz
collimator. The demonstrated device can therefore be deployed for high-gain terahertz antennas. Further measurements show
that the loss of the reflectarray is negligible, which confirms the high efficiency of the dielectric resonators. This finding will
enable the design of efficient flat-profile terahertz reflectarrays and metasurfaces to serve arbitrary beam control requirements in

the near and far fields.
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he terahertz spectral range has significant potential for

applications including communications,”” noninvasive
medical imaging,?”4 security screening,5 and pharmaceutical
quality control.”” However, absorption of terahertz radiation is
strong in typical atmospheric conditions, and hence directional
or high-gain antennas are required in order to maintain
adequate signal strength over a realistic propagation dis-
tance.">*”"" Passive devices that shape the wavefront of
electromagnetic radiation offer a way of achieving high-gain
antennas that can be coupled to arbitrary field sources. This has
traditionally been achieved with either bulky lenses made of
terahertz-transparent materials,">~"> or physically shaped
mirrors. Thinner and flat-profile devices are preferable for
compact systems. Such devices are typically implemented with
nonuniform arrays of subwavelength elements that each impart
some local alteration on reflected or transmitted fields.
Importantly, these devices also offer greater control and
freedom over the resultant beam profile, while being highly
suited to large-scale fabrication. One example of such a device is
a reflectarray, which can be considered a flat-profile beam-
shaping reflector antenna.'® In general, reflectarray antennas
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have moderate loss, low cross-polarization, and the potential for
reconfigurability and dynamic control.'”"®

In the terahertz range, reflectarray antennas are most
commonly implemented using metallic resonators.”™>* Reso-
nators of this type typically exhibit magnetic dipole modes of
resonance, and the resonance frequency can be tuned by
adjusting physical resonator dimensions. On-resonance, both
incident and reflected electric fields are in-phase, and hence the
resonator exhibits a 0° reflection phase. When operated off-
resonance, the reflection phase gradually deviates from 0°.
Therefore, the reflection phase can be controlled with careful
selection of resonator dimensions. Thus, a series of resonators
with different sizes can cover a range of phase discontinuities of
close to 360°, which is sufficient to construct a 2D phase profile
for an arbitrary beam control application. In addition to
supporting applications requiring phase control, metallic
resonators are important devices in the terahertz range and
have made significant contributions to the development of
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Figure 1. Design and simulated elecromagnetic response of the dielectric resonator antenna unit cell. (a) Resonator structure, where h = S0 ym and
a = 150 um, and incident TE excitation is at a 45° angle of incidence, (b) HEM,;5 mode of resonance at 1 THz, when r = 35 ym, with magnetic field
strength shown as a heat map and electric field shown as a quiver plot, viewed from the side, (c) TE;,; mode of resonance at 1 THz, when r = 51 um,
viewed from above, at a distance of 34 ym away from the ground plane, (d, e) broadband amplitude and phase responses when r = 35 ym, showing
fundamental resonance at 1 THz, and (f, g) amplitude and phase responses for parametric sweep of cylinder radius, at an operating frequency of 1

THz.

terahertz technology. As such, metallic resonators have been
employed for numerous terahertz devices including wave-
plates,zs’24 active devices,”*® and sensing devices.””*® How-
ever, terahertz devices based on metallic resonators typically
suffer from significant conductor and dielectric losses.””*’

A high-eficiency alternative to metallic resonators is the
dielectric resonator antenna (DRA), which operates based on
the resonance of the displacement current in dielectric
structures of moderate to high refractive index. At a
phenomenological level, this is due to internal reflection at
the dielectric—air boundary, which confines electromagnetic
radiation into standing waves at certain frequencies. Given that
conduction losses in a metallic structure increase with
frequency, the DRA was originally developed as a means of
minimizing on-resonance conduction current for efficient
operation at high frequencies.”’ As a result, DRAs are well
suited to microwave frequencies®>** and millimeter waves®*~*°
and have been demonstrated in the submillimeter’”**
optical ranges.’”*

In the past, DRAs in array configurations have been
employed for beam-forming applications in the microwave®'
and optical ranges.*”** At terahertz frequencies, however, DRA-
based reflectarrays have been relatively unexplored, as the
fabrication of such structures is challenging and requires the
development of unconventional processes. Recently, we have
demonstrated a homogeneous array of highly efficient, single-

and
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crystal silicon DRAs for an artificial magnetic conductor
application.** These DRAs exhibited a full range of reflection
phase response around the fundamental resonance frequency
and had higher order resonances that further extend the phase
tunability range, making them appealing for beam-shaping
applications. In this work, a terahertz reflectarray composed of
DRAs, with the functionality of an off-axis focusing mirror
operating at 1 THz, is realized and experimentally demon-
strated.

B RESULTS AND DISCUSSION

DRA Resonance Modes. Each DRA is made up of a
microscale cylinder of high-resistivity single-crystal float-zone
silicon (HR Si) on a gold ground plane, as shown in Figure la.
Intrinsic silicon of this form is chosen due to its extremely low
loss in the terahertz range (tan § < 4 X 107°) and its moderate
relative permittivity (€, = 11.68), which make it appropriate for
a dielectric resonator intended to couple to free-space fields.”'
Excitation is provided by a TE-polarized plane wave with a 45°
angle of incidence. The lattice constant of the array is a = 150
um, which corresponds to half a wavelength at the operating
frequency of 1 THz. This is chosen to be subwavelength in
order to suppress grating lobes, including when oblique
incidence is accounted for. The response and modes of
resonance of the DRA are investigated with full-wave
simulations, for 45° incidence and TE polarization. In
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simulation, the array is treated as homogeneous and of infinite
extent in both in-plane dimensions.

When set to have a radius of » = 35 ym and height of h = 50
pum, the DRA exhibits a fundamental resonance at 1 THz. This
takes the form of a horizontal magnetic dipole on a ground
plane, or HEM,,; mode, as shown in Figure 1b. When the
radius is set to r = 51 pum, the DRA exhibits a higher order
resonance at 1 THz, and the field distribution inside the DRA is
a vertically oriented magnetic dipole, or TEy; mode,* as
shown in Figure 1c. The magnetic dipole orientation results in
electric fields that are parallel to the ground plane. Given that
the tangential electric field vanishes at the surface of a good
conductor, the fields are strongest a distance away from the
metal. For this reason, the field plot shown in Figure lc is at a
distance of 34 um from the ground plane.

The r = 35 pm configuration, which exhibits fundamental
resonance at 1 THz, is investigated in more detail, and a
broadband response is given in Figure 1d,e. This shows the
expected 0° reflection phase on the fundamental resonance, as
well as higher order resonances beyond 1.2 THz. The multiple
resonances jointly form a large phase transition, with
dissipation loss that does not exceed 0.25 dB.

The fundamental resonance frequency is tunable by varying
the radius of the microscale cylinder. Thus, parametric analysis
at 1 THz is performed in order to determine the phase
tunability of the DRA structure with respect to the cylinder
radius r. The parametric sweep results given in Figure 1f,g show
resonances at radius values of r = 35, 51, and 67 ym. Given that
the first two resonances form a smooth phase tunability range
of more than 360°, it is not necessary to employ the slightly
lossier resonance of the r = 67 um configuration in the final
design. Therefore, the DRA has a large phase tunability range,
over which it exhibits loss no greater than 0.32 dB, which is
highly beneficial to a reflectarray application.® Note, the TE,5
mode of resonance can be excited only with asymmetry, which
in this case is the result of the obliquely incident excitation.

Array Design. As a proof-of-concept, the DRA-based
reflectarray is designed to function as an off-axis focusing
mirror at 1 THz, as shown in Figure 2. The polar coordinate
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Figure 2. Expanded view of the focused terahertz reflectarray general
architecture. Note the point F is the origin of a secondary coordinate
system, (x',y'z’), which coincides with the focal plane of the
reflectarray, and is defined in order to simplify the presentation of
results. Inset shows the required phase distribution on the reflectarray
surface, which is roughly 50 mm in diameter.

1021

system in this diagram is illustrated with an arbitrary point P =
(d8,p). A collimated beam impinges on the surface of the
reflectarray with an incidence angle of 45° and is focused to the
point F, defined by the polar coordinates d; = 150 mm, 6, = 45°,
and ¢, = 180°. The transformation from a collimated beam to a
focused beam is achieved with the phase distribution shown in
the inset of Figure 2.

The focusing reflectarray design is performed using a
simplified inverse process, which is valid due to reciprocity.
The propagation direction is effectively reversed, and hence the
focal point is replaced by a point-source virtual feed at point F
that illuminates the surface, as in conventional reflectarrays.
The reflectarray transforms the spherical wave radiated by the
virtual feed into a collimated beam toward the direction defined
by 6 = 45°, ¢ = 0° by means of phase discontinuities
introduced by the DRA elements. The phase distribution
required to produce this transformation depends on the
position of the feed and the propagation constant in free
space and is detailed in the Methods section.'® By convention,
the phase shift has been defined as a negative value, with the
higher absolute value in the center of the reflectarray.

Note the phase distribution is necessarily inhomogeneous,
which results in neighboring elements of different sizes. There
are two concerns that arise from this fact. First, this is
inconsistent with the fact that the modeling of the individual
elements employs Floquet ports that assume periodicity, and
hence homogeneity. However, the variation in cylinder radius is
sufficiently gradual that local periodicity can be assumed, and
hence any alteration in response that results from the
inhomogeneity can be neglected. Second, the nonuniform
arrangement breaks resonator symmetry. In the case of normal
incidence, this would result in the excitation of asymmetric
modes, which would alter the response. However, oblique
excitation is employed, which is asymmetric by nature, and
hence these modes are accounted for. Therefore, the
asymmetry that results from resonator inhomogeneity will
not have a significant impact, which is an advantage of
employing oblique excitation in such a reflectarray design.

Fabrication. In order to realize the required phase
distribution, the phase response is controlled locally by careful
selection of cylinder radius, as per the parametric analysis
presented in Figure 1f,g. This parametric analysis is used to
map the required phase distribution to the required radius, with
results shown in Figure 3a. An automated procedure is
employed to lay out this aperiodic arrangement into a mask
for fabrication.

This device is fabricated using a process involving SU-8
assisted bonding, photolithography, and plasma-enhanced deep
reactive jon etching. Micrographs of the fabricated device,
showing silicon cylinders on a gold thin film, are given in Figure
3b,c, and the nonuniformity required to peform beam
manipulation is clearly visible. These images show clearly
defined, high-quality silicon cylinders, with sharp edges. This
attests to the efficacy of the fabrication procedure utilized to
realize these microstructures.

Characterization of Focal Spot. The reflectarray is
employed to focus a collimated beam, and the focal point is
characterized using terahertz time-domain spectroscopy (THz-
TDS) in order to validate its performance. Results at the
operating frequency of 1 THz are given in Figure 4. The
measured magnitude profile in Figure 4a clearly shows a well-
defined focal spot. Additionally, the measured phase profile is
shown in Figure 4d, and it can be seen that phase is
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Figure 3. Realized reflectarray structure: (a) required cylinder radii,
(b) optical microscope image, and (c) false-color scanning electron
micrograph.
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Figure 4. Beam profile of the focal spot at 1 THz. (a) Measured field
magnitude distribution, (b) simulated field distribution, (c) analytically
predicted field distribution,”” (d, e, f) corresponding phase profiles for
a—c, respectively, and (g, h) cross-sectional linear field distribution
amplitudes. Note the measured profile in h is offset to coincide with
the other plots. All plots are in linear scale.

approximately constant over the area of the focal spot, as
expected for a focused beam.
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In order to confirm that the measured spot is in agreement
with expectation, a numerical simulation involving the
Huygens—Fresnel principle*® is employed, and results are
shown in Figure 4b,e. Details of this simulation are provided in
the Methods section. The simulated field profile is consistent
with measured results, as there is a focal spot of comparable size
in the magnitude plot, and the phase response is approximately
constant. Additionally, the finite-size focusing mirror reflectar-
ray can be treated abstractly as the focusing of a Gaussian beam
that is truncated to a certain radius, for which an analytical
solution exists.”” This analytical model is employed as a
secondary means to predict the field distribution of the focal
spot, as shown in Figure 4cf In order to compare the
measured, simulated, and analytically predicted focal spot in
detail, cross-sectional field amplitude distributions are given in
Figure 4gh. It can be seen that they are all in strong agreement.
Note that there is a slight discrepancy between the simulated
and analytic results shown in Figure 4g for negative values of x’.
This is a consequence of the oblique excitation, which
introduces a small degree of asymmetry. This is accounted
for in the numerical modeling, but the analytical model is only
strictly valid for device-normal propagation.

A smaller focal spot size may be desirable for various
applications, such as high-resolution imaging. It is therefore
worth noting that the size of the focal spot is approximately
proportional to focal length,49 and hence it is possible to reduce
focal spot size by reducing the focal length of the reflectarray.
This is achieved by adjusting the phase distribution accordingly,
as expounded in the Methods section. There are, however,
practical limitations to this approach, as a shorter focal length
will introduce larger deviations from the nominal incidence
angle of 45°, which invokes undesirable modes and blind spots.
Additionally, due to the diffraction limit, the minimum
diameter of a focused beam is approximately equal to a
wavelength.

Broadband Performance. Given that THz-TDS is
employed to characterize the DRA reflectarray, it is possible
to evaluate the field profile at frequencies other than the
operating frequency of 1 THz. As such, the focal spots at
frequencies within a 20% bandwidth are given in Figure S. Both
linear magnitude and phase are given for each focal spot. The
results show that a focal spot is maintained over a frequency
range of at least 200 GHz, from 0.9 to 1.10 THz. From the
corresponding phase profiles in this frequency range given in
Figures 5f—j, it is clear that, as with the results at 1 THz, the
phase profile is approximately constant in the vicinity of the
focal spot.

From comparison between Figure Sc and e, the focal spot at
1.1 THz is slightly smaller than that at 1.0 THz. This is likely
due to the fact that the beam waist of a focused Gaussian beam
is roughly proportional to wavelength.49 Additionally, it is
possible that the distance between the reflectarray center and
the plane of measurement is slightly too great, leading to a
system that is better aligned for a slightly higher frequency.
This is due to the fact that the focal length of flat lenses
typically increases with frequency, as the phase gradient of a flat
lens scales linearly with wavelength.

Efficiency. Of key interest to the performance of this device
is the efficiency, and hence further measurements are taken in
order to determine the overall efficiency of the reflectarray.
Details of these measurements are given in the Methods
section. The results are presented in Figure 6, and it can be
seen from these results that, within experimental tolerances, the
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Figure S. Broadband performance of DRA reflectarray. (a—d) Linear magnitude distribution of focal spot from 0.90 to 1.10 THz and (e—h) phase

distribution of focal spot from 0.90 to 1.10 THz.
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Figure 6. Efficiency of DRA reflectarray in comparison to reflection
from an unpatterned gold mirror.

device has negligible loss. This is evidence of the high efficiency
of the intrinsic silicon DRAs. Furthermore, from this
measurement we extract a 3 dB bandwidth of 18%. It is also
worth noting that the operating frequency has slightly shifted
from the design frequency of 1.0 THz to 1.0S THz. This is
consistent with previous observations suggesting that the
system may be better aligned for a maximum at a slightly
higher frequency.

Antenna Gain. Given that the reflectarray is capable of
focusing a collimated beam to a fine point, by the principle of
beam reciprocity, the same device is also cabable of collimating
a divergent beam. Both modes of operation can be utilized in
order to provide a high-gain antenna; when collimating, it
operates as a transmitter, and when focusing, it operates as a
receiver. With the aim of evaluating antenna gain, the far-field
radiation patterns in gain are computed, using an analytical
technique that is described in the Methods section. Analytical

methods have been chosen to determine antenna gain for ideal
illumination, due to practical constraints concerning exper-
imental evaluation of radiation pattern. This technique makes
use of an ideal feed, with near-uniform illumination of the
reflectarray. The evaluated radiation patterns are presented in
Figure 7. The maximum gain computed for these ideal
illumination conditions is 48.5 dB, which demonstrates the
capability of the reflectarray to provide high antenna gain, and
hence its suitability for terahertz communications applications.

B CONCLUSION

A DRA-based terahertz reflectarray is shown to have negligible
loss. As proof of concept, this particular device is designed to
operate as an off-axis focusing mirror. Measurements reveal a
focal spot that conforms to expectation and a 3 dB bandwidth
of 18%. This demonstration of a highly efficient DRA-based
reflectarray opens opportunities for more advanced devices in
the terahertz range, such as holograms and anisotropic devices
for beam-forming and polarization control applications. Such
efficient and versatile devices are expected to make a significant
impact across broad fields of terahertz technology. Terahertz
communications in particular will benefit from the ability to
increase antenna gain and customize radiation patterns, with

negligible loss.

B METHODS

Numerical Modeling of the Terahertz DRA. The DRAs
are modeled using the commercially available software package
CST Microwave Studio. Floquet boundary conditions are
employed to model a 2D array of homogeneous elements that
is of infinite extent. In the case of normal incidence, this would
result in total resonator symmetry, which would suppress any
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Figure 7. Far-field radiation patterns in gain for the designed reflectarray antenna working as collimator. (a) Elevation plane. (b) Azimuth plane, with

an elevation angle of 45°.
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modes requiring asymmetry. However, oblique incidence at 45°
is employed in the present work, which breaks resonator
symmetry for a homogeneous array, and hence asymmetric
modes are accounted for. Additionally, the nonuniformity of
the reflectarray would result in breaking resonator symmetry,
which can significantly alter response.”” However, the differ-
ence in radius between an element and its immediate neighbors
is usually small, and hence local homogeneity can safely be
assumed to be an acceptable approximation. The only large
difference between neighboring radii occurs at phase wrap-
around, which occupies a negligible portion of the array area.

Drude models are utilized for both gold and silicon in order
to account for realistic losses. For the silicon, the manufacturer
provides a minimum resistivity of 2 k€2, from which a carrier
concentration of 2 X 10" cm™ and a mobility of 1360 cm® V™
s~! are determined,”’ in order to implement the Drude model.
For the gold thin film, given the low skin depth in this
frequency range, a surface impedance model is adequate.”” A dc
conductivity of 4.1 X 10" S m™" and scattering relaxation time
of 0.15 ps”>> are employed to evaluate the Drude model of
gold.

Required Phase Distribution. The phase-shift, ¢, that is
introduced by each element of the reflectarray to convert a
spherical wave from a point-source feed into a collimated beam
toward a given spatial direction (6,¢) in the far-field is
computed using the following equation:'®

$(x;, ) = ko(d; = (x; cos @ + y sin @)sin 0) (1)
where ky is the propagation constant in free-space, (x; y,0) are
the Cartesian coordinates of the element i, and d; is the distance
from the phase center of the feed to the center of each element
of the reflectarray, which is given by

d; = \/(xF — %) + O = )’,-)2 + (zp — z)°

. Note that, in the designed reflectarray, d; = dr = 150 mm only
at the center of the reflectarray. In the present design, the point
F is defined by (xpypzr) = (—106.066,0,106.066) mm. The
resulting phase distribution is given in the inset of Figure 2.
Radius Adjustment of Dielectric Resonators. During
the array design procedure, a divergent beam impinges on the
surface of the reflectarray, and hence the incident rays are not
parallel. Although the variation of the angle of incidence from
the feed point, F, to the center of each reflectarray element is
small, it is taken into consideration for an accurate design.
Figure 8a and b show respectively the angles of incidence 6,
and @, at each element of the array. Both angles have been
discretized to the closer value 6,,. = 39.75°, 45.00° or 50.25°
and @, = —9°, 0°, or 9° before being used in the design of the
reflectarray. For all nine angles of incidence considered, a
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Figure 8. Angles of incidence from the feed point onto each element
of the reflectarrays: (a) 0,,c and (b) @,
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separate parametric sweep is performed, and the results are
utilized to inform the selection of cylinder radius.

Mask Layout. In order to facilitate handling and
compensate misalignments during experimental evaluation,
the reflectarray has been designed using a circular surface
with an oversized diameter of 49.95 mm, which equates to a
row of 333 elements across the diameter. The resulting
structure has more than 87000 elements, in an aperiodic
arrangement. In order to realize the photolithography mask
required for this relatively complicated layout, an automated
procedure is required. This automation is realized via a python
script, which interfaces the data output from the simulation
results with the IPKISS mask creation software®* to output a
GDSII design file that is compatible with commercial mask
foundries.

Fabrication. An unconventional microfabrication process is
employed for the realization of the single-crystal silicon-on-
metal microstructure. This fabrication procedure is very precise
and has tolerances in the order of +1 um for resonator
diameter, which is well below the diameter values employed,
ranging between 75 and 114 um. First, a gold thin film with a
thickness of 200 nm, which is greater than skin depth in this
frequency range, is deposited onto a supporting silicon wafer. A
0.5 um thick SU-8 layer is then spin-coated onto the metal film,
and a 125 um intrinsic silicon wafer is bonded to the substrate
by lamination. Note that, while SU-8 is a lossy dielectric in the
terahertz range,”*° the layer is used as an adhesive and is
sufficiently electrically thin that it can be neglected in
simulations. Finally, the silicon layer is thinned and patterned
using a combination of deep reactive ion etching and
photolithography, to realize the required arrangement of silicon
cylinders on a gold ground plane. The details of this fabrication
process were described in our previous work.*

Experimental Characterization of Focal Spot. Charac-
terization of the focal spot is performed using the experimental
setup shown in Figure 9. A fiber-coupled THz-TDS system is

Sample |

Figure 9. Measurement setup, using TE-polarized fiber-coupled
photoconductive antennas. The reflective sample is set at a 45°
angle, and the detector is raster-scanned in the focal plane.

employed, which allows the receiver to move freely and
facilitates raster-scanning. The sample is set at a 45° angle with
respect to the transmitter and receiver and is excited by a
collimated beam with TE polarization. The collimated beam is
best approximated by a Gaussian beam, but in practice the
beam cannot be of infinite extent in the x’y’-plane; hence it is
truncated to a certain radius. In this case, both the beam width
radius and the truncation radius are 17 mm. The receiver is
raster-scanned in the xy’-plane at point F in order to determine
the field profile of the focal spot. The scanning resolution is 60
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pum, which is equal to A/5 at the operating frequency. An area of
3.06 X 3.06 mm? is scanned, with a total measurement time of
~20 h, and the results are shown in Figure 4a,d.

Experimental Characterization of Efficiency. In order
to evaluate the efficiency of the reflectarray, a single-pixel
measurement is taken at the maximum of the field profile in the
focal plane. Then the focusing mirror sample is replaced with a
flat gold mirror, and a polymethylpentene lens with a 50 mm
focal length is placed in the path of the beam. As a reference, a
measurement is taken at the maximum of the focal plane of the
lens. The measurement of the focusing mirror is normalized
against the reference, taking into account the absorption and
reflection losses due to polymethylpentene.57 Note that, in both
cases, the acceptance angle of the receiver is such that the
majority of the energy is collected.

Numerical Modeling of Focusing Reflectarray. The
following procedure is employed to model the focusing
operation of the reflectarray and generate the results shown
in Figure 4b,e. The reflection field profile at the surface of the
reflectarray is determined element-wise and is imposed upon an
incident beam. The magnitude and phase response of each
element is provided by the parametric analysis given in Figure
1f,g, and a 2D Gaussian function, truncated to a 17 mm radius,
is employed to simulate the collimated beam excitation. To
account for oblique excitation, the lattice constant in the x-
dimension is scaled by a factor of cos(z/4). Finally, the
Huygens—Fresnel principle is employed to forward-propagate
the field profile by the focal length of 150 mm.

Calculation of Antenna Gain. The gain of the reflectarray
is computed using the method described by Huang and
Encinar'® and demonstrated extensively in the litera-
ture,'>'”**7% but assuming quasi-uniform illumination on
the surface of the reflectarray. First, the field incident at each
element is calculated by modeling the radiation pattern of the
feed as a cos? € function. From the incident field and the
scattering parameters of each element, the reflected field is
calculated in Cartesian coordinates for the corresponding
polarization. Then, from the tangential component of the
reflected electric field on the surface of the reflectarray, the
radiation pattarns are computed. Finally, the reflectarray gain is
computed as

IE(0, ¢)I*4nr’

GO, ¢) =
©, 9) 2P o

where 7y = 376.7 Q is the intrinsic impedance of free space and
P is the total power radiated by the feed. With the aim of having
a uniform illumination on the surface of the array, only
impacted by the path length, g = 1 has been chosen to describe
the feed. This results in less than 2 dB difference between the
maximum and minimum illumination, while neglecting spillover
losses.
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