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LOW LOSS VARIABLE PHASE REFLECT ARRAY

USING DUAL RESONANCE PHASE-SHIFTING ELEMENT

NOTICE OF COPYRIGHTS AND TRADE DRESS

[0001] A portion of the disclosure of this patent document contains material which is
subject to copyright protection. This patent document may show and/or describe matter
which is or may become trade dress of the owner. The copyright and trade dress owner has
no objection to the facsimile reproduction by anyone of the patent disclosure as it appears in
the Patent and Trademark Office patent files or records, but otherwise reserves all copyright

and trade dress rights whatsoever.
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BACKGROUND

[0002] Field

[0003] This disclosure relates to reflectors for microwave and millimeter wave radiation.

[0004] Description of the Related Art

[0005] A passive reflect array is an array of conductive elements adapted to reflect
microwave or millimeter wave radiation within a predefined wavelength band. The array of
conductive elements is typically separated from a continuous ground plane by a thin dielectric
layer such that the incident microwave or millimeter wave radiation is reflected by the
combined effect of the ground plane and the conductive elements. Since the incident radiation
may be reflected with a phase shift that is dependent on the size, shape, or other characteristic
of the conductive elements, the term “phase-shifting element” will be used to describe the

conductive elements of a reflect array.

[0006] The size, shape, or other characteristic of the phase-shifting elements may be
varied to cause a varying phase shift across the extent of the array. The varying phase shift
may be used to shape or steer the reflected radiation. Reflect arrays are typically used to
provide a reflector of a defined physical curvature that emulates a reflector having a different
curvature. For example, a planar reflect array may be used to collimate a diverging

microwave or millimeter wave beam, thus emulating a parabolic reflector.
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[0007] Reflect arrays which include crossed-dipole phase-shifting elements are described
in U.S. Patent 4,905,014. FIG. 8 shows a graph 800 of data, obtained by simulation, showing
the performance of a cross-dipole reflect array as a function of the dipole length dimension
Laipotle for normally-incident radiation. The data summarized in the graph 800 was simulated
for a frequency of 95 GHz using specific assumptions for the substrate material, substrate
thickness, grid spacing Dgi4, and dipole width Wipee. In FIG. 8 (and FIGs. 3, 5, and 6 to be
subsequently described), the plotted phase shift is defined as the phase difference between a
simulated incident wavefront and a reflected wavefront, both measured at a reference plane
displaced from the surface of the reflect array. Thus the phase shift data contains a constant
phase offset due to the round trip propagation from the reference plane to the reflect array and

back..

[0008] As shown by the curve 810, the phase shift may be varied from about +105
degrees to +156 degrees (after wrapping through +180 degrees) by varying the dipole length
from less than 10 mils (0.010 inches) to more than 70 mils (0.070 inches). However, for the
assumed combination of substrate material, substrate thickness, grid spacing D4, and dipole
width Wipore, it 1s not be possible to achieve a phase shift between +156 degrees and +105
degrees, leaving a “gap” of about 51 degrees. The inability to achieve a continuously variable
phase shift over a 360-degree range may limit the capability of a reflect array to accurately

direct and form a reflected beam.

As shown by the dashed curve 820, the simulated reflection loss also varies with the

dipole length. The reflection loss curve shows a single peak, at a dipole length about 0.042
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inch, due to a resonance within the phase-shifting elements. For a crossed-dipole reflect array,
the reflection loss peak may occur when the dipole length is equal to one-half of the
wavelength of the reflected radiation (including the effect of the dielectric constant of the
substrate). The reflection loss peak may occur when the length of the dipole is such that the
dipole resonates at the wavelength being reflected from the reflect array. As shown by the
solid curve 810, the dependence of phase shift on the dipole length is strongest in the vicinity
of the resonance. The phase shift varies substantially when the dipole length is varied from
about 0.03 inch to about 0.05 inch, but is relatively constant for dipole lengths less than about

0.03 inch or greater than about 0.05 inch.
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DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 is a block diagram of a system to generate a beam of microwave energy.

[0010] FIG. 2A is a plan view of a variable phase reflect array.

[0011] FIG. 2B is a side view of a variable phase reflect array.

[0012] FIG. 3 is a graphical representation of simulation results showing the performance

of a variable phase reflect array.

[0013] FIG. 4 is a plan view of an array of phase-shifting elements.

[0014] FIG. 5 is a graphical representation of simulation results showing the performance

of a variable phase reflect array.

[0015] FIG. 6 is a graphical representation of simulation results showing the performance

of a variable phase reflect array.

[0016] FIG. 7 is a flow chart of a process to design a variable phase reflect array.

[0017] FIG. 8 is a graphical representation of simulation results showing the performance

of a prior art reflect array.
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DETAILED DESCRIPTION

[0018] Within this description, the term “shape” is used specifically to describe the form
of two-dimensional elements, and the term “curvature” is used to describe the form of three-
dimensional surfaces. Note that the term “curvature” may be appropriately applied to flat or
planar surfaces, since a planar surface is mathematically equivalent to a curved surface with an
infinite radius of curvature. When applied to a shape or a line, the term “solid” means
unbroken, but does not imply significant depth. The term “microwave” is used to describe the
portions of the radio frequency spectrum above approximately 1 GHz, and thus encompasses
the portions of the spectrum commonly called microwave, millimeter wave, and terahertz
radiation. The term “phase shift” is used to describe the change in phase that occurs when a
microwave beam is reflected from a surface or device. A phase shift is the difference in phase
between the reflected and incident beams. Within this description, phase shift will be
measured in degrees and defined, by convention, to have a range from -180 degrees to +180

degrees.

[0019] Description of Apparatus

[0020] Referring now to FIG. 1, an exemplary system for generating a beam of
microwave energy may include a source of microwave energy 110 and a beam director 120.
The source of microwave energy 110 may be a solid state source, a vacuum tube source, or
another source providing microwave energy. The beam director 120 may include one or more
beam forming elements such as a primary reflector 130 and a secondary reflector 126. The

beam director 120 may receive microwave energy 112 from the microwave energy source 110



WO 2010/138731 PCT/US2010/036425

and may form the received microwave energy 112 into a beam of microwave energy 115. The
beam of microwave energy 115, shown as a converging beam in FIG. 1, may be a collimated

beam, a diverging beam, or a beam having some other wavefront figure.

[0021] In order to transform the incident microwave energy 112 into the desired beam of
microwave energy 115, the primary reflector 130 may need to function as an aspheric
reflector, as indicated by the dashed shape 124. For example, the primary reflector 130 may
need to function as an off-axis parabolic reflector. However, to provide a well-controlled
wavefront, the shape of the primary reflector may need to be accurate within a small fraction
of a wavelength at a microwave frequency of operation. For example, at a wavelength of 95
GHz, the surface figure of the primary reflector 130 may need to be accurate within a few
thousandths of an inch. This accuracy may be required over a curved shape that may have a
diameter of, for example, 3 feet or larger. Maintaining tight tolerances over a large aspheric

shape may greatly increase the cost of an aspheric primary reflector.

[0022] Since maintaining the required mechanical tolerances may be comparatively easy
over a planar surface, the primary reflector 130 may be a reflect array comprised of an array
of conductive phase-shifting elements on a planar substrate. By varying the geometry of the
phase-shifting elements across the array, the phase of reflected microwave energy may be
varied such that the wavefront reflected from a planar primary reflector 130 is the same as the
wavefront reflected from the hypothetical curved reflector 124. In this manner, the planar

reflect array 130 may be said to emulate the curved reflector 124.
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[0023] In the exemplary beam director 120, the secondary reflector may be a second

planar reflect array 126 or a curved reflector as indicated by the curved surface 128.

[0024] Referring now to FIG. 2A, an exemplary reflect array 230, which may be suitable
for use as the primary reflector 130, may include a two-dimensional array 240 or grid of
phase-shifting elements. Although the phase-shifting elements shown in FIG. 2A are uniform,
the dimensions and shape of each phase-shifting element may determine the electrical phase
shift induced when microwave radiation is reflected from the reflect array. The phase-shifting
elements may be disposed on a triangular grid, which is to say that the phase-shifting elements
in a given row may be laterally offset from the phase-shifting elements in an adjacent row.
The distance between adjacent rows may be a dimension a. The distance between adjacent
phase-shifting elements in each row may be a dimension b which is related to the dimension a

by the formula

b =2a cos(30° = 1.732a.

In this description, the terms “rows” and “columns” refer to the elements of the reflect array
as shown in the figures and do not imply any absolute orientation of the reflect array. The
reflect array 230 may be adapted to reflect microwave radiation within a predetermined
wavelength band. The dimension a may be less than one wavelength, and may be about 0.5

wavelengths, of the microwave radiation in the predetermined frequency band.

[0025] As illustrated in the exemplary reflect array 230, each phase-shifting element, such

as the phase-shifting element 241, may have a nested hexagon shape including an outer
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annular hexagonal ring 241a surrounding and concentric with a central hexagonal shape 241b.
The outer annular hexagonal ring 241a may be characterized by the dimensions R; and R,,
which are the radii of circles that may be drawn through the vertices of the outer and inner
hexagons, respectively. The central hexagonal shape 241b may be characterized by a
dimension R, which is the radius of a circle that may be circumscribed about the shape 241b.
The phase-shifting elements may have other shapes such as nested circles, nested squares, and

other polygonal shapes.

[0026] Referring now to FIG. 2B, the exemplary reflect array 230 may include a dielectric
substrate 232 having a first surface 233 and a second surface 234. The dielectric substrate
may be a ceramic material, a composite material such as DUROID® (available from Rogers
Corporation), or some other dielectric material suitable for use at the frequency of interest.
The dielectric substrate 232 may have a thickness #. The thickness  may be greater or equal
to about 1/16 of the free-space wavelength of the predetermined frequency band. The
thickness ¢ may be less than or equal to 1/4 of the free-space wavelength of the predetermined
frequency band. The thickness may be about 0.0805 times the free-space wavelength of the
predetermined frequency band.  For example, the thickness r may be 0.010 inches for
operation at a frequency of 95 GHz. The thickness r may vary or may be constant over the

extent of the reflect array 230.

[0027] The second surface 234 may support a conductive layer 235. The conductive layer
235 may be continuous over all or almost all the second surface 234 and may function as a

ground plane. The conductive layer 235 may be a thin metallic film deposited onto the second
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surface 234, or may be a metallic foil laminated to the second surface 234. The conductive
layer 235 may be a metal element, such as a metal plate that may also function as a structural

support and/or heat sink, bonded or otherwise affixed to the second surface 234.

[0028] The first surface 233 may support the array 240 of conductive phase-shifting
elements. The phase-shifting elements may be formed by patterning a thin metallic film
deposited onto the first surface 233, or by patterning a thin metallic foil laminated onto the

first surface 233, or by some other method.

[0029] Although the phase-shifting elements shown in FIG. 2A and FIG. 2B are uniform,
at least one of the characteristic dimensions R;, R, and R; of the phase-shifting elements may
be varied across the reflect array 230. The variation in the dimension of the phase-shifting
elements may result in a variation of the phase shift of microwave radiation reflected from
specific portions of the reflect array 230. By properly varying the phase shift across the extent
of a reflect array, a reflect array having a first curvature may be adapted to emulate the optical
characteristics of a reflector having a second curvature different from the first curvature. A
planar reflect array may be adapted to emulate a parabolic reflector, a spherical reflector, a
cylindrical reflector, a torroidal reflector, a conic reflector, a generalized aspheric reflector, or
some other curved reflector. A reflect array having a simple curvature, such as a cylindrical
or spherical curvature, may be adapted to emulate a reflector having a complex curvature such
as a parabolic reflector, a torroidal reflector, a conic reflector, or a generalized aspheric

reflector.
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[0030] Referring now to FIG. 3, a graph 300 summarizes simulated performance data for
a reflect array which incorporates nested hexagonal phase-shifting elements similar to those
shown in FIG. 2. The graph 300 shows the dependence of reflection phase shift and reflection
loss on the dimension R;, which was defined in FIG. 2. The phase shift, in degrees, is shown

by a solid line 310. The reflection loss, in dB, is shown by a dashed line 320.

[0031] The performance data shown in the graph 300 was derived from simulation using
the following assumptions: normal incidence; frequency = 95 GHz; substrate thickness ¢ =
0.010 inch; substrate material = DUROID®; dimension a = 0.065 inch; dimension 5 = 0.112

inch; dimension R, = R; — 0.011 inch; and dimension R; = R, - 0.004 inch.

[0032] As shown by the solid line 310, a variable phase reflect array implemented with
nested hexagonal- phase-shifting elements can produce any desired phase shift value from -
180 degrees to +180 degrees. However, as shown by the dashed line 320, the simulated
reflection loss increased rapidly for values of the hexagon radius R, greater than about 0.032
inch. The reflection loss is greater than 0.2 dB when the hexagon radius R, is greater than
0.034 inch. As shown by the solid line 310, phase shift values between +90 degrees and +60
degrees are only achieved, in this example, when the hexagon radius R, is greater than 0.034
inch, which is to say that phase shift values between +90 degrees and +60 degrees are

accompanied by relatively high reflection loss.

[0033] As shown by the dashed line 320, the simulated reflection loss has a local peak at
R, = 0.0196” and a second resonance peak (not visible in FIG. 3) at R; = 0.356”, indicating

that resonance occurs at two different values of the hexagon radius R;. Phase-shifting
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elements that exhibit two resonances, or two loss peaks, as the size of the phase-shifting
elements are varied over an allowable range will be referred to as “dual resonance” phase-
shifting elements. The nested hexagon shapes assumed in this simulation are examples of dual
resonance phase-shifting elements. As shown by the solid line 310, the simulated phase shift
depends strongly on the hexagon radius R; in the vicinity of both resonances. The broad
range of phase shown in this simulation may be attributed to the use of dual resonance phase-

shifting elements.

[0034] Simulation of the current flowing in the phase-shifting elements indicates that the
first resonance, at R; = 0.0196 inch, may be related to current flowing primarily in the annular
hexagon portion of each phase-shifting element. The second resonance, at R, = 0.0356 inch,
may be related to current flowing in both the annular hexagon ring and the central solid
hexagon shape of each phase-shifting element. Similar nested shapes such as nested circles,
nested squares, and other polygonal shapes may also exhibit dual resonance and thus be

capable of providing a wide range of phase shift values.

[0035] The simulation results shown in FIG. 3 were based on a number of assumptions
including R, = R; — 0.011 inch and R; = R, - 0.004 inch, where R, R,, and R; were defined in
FIG. 2. However, with these assumptions, it is not possible to form nested hexagon shapes at
values of R; less than 0.015 inch. Referring now to FIG. 4, an array of phase-shifting
elements 430 may include a combination of nested hexagon, annular hexagon, and solid
hexagon shapes. For example, phase-shifting elements 441 and 442 are solid hexagons having

an outer radius R; of 0.005 inch and 0.010 inch, respectively. Phase-shifting element 443 is an
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annular hexagon having an outer radius R, of 0.015 inch and an inner radius R, = R, — 0.011
inch. Phase-shifting elements 444, 445, and 446 are nested hexagons having an outer radius
R, of 0.020, 0.025, and 0.030 inch, respectively and R, = R; — 0.011 inch and R; = R, - 0.004

inch.

[0036] Referring now to FIG. 5, a graph 500 summarizes simulated performance data for
a reflect array which incorporates nested hexagon, annular hexagon, and solid hexagon phase-
shifting elements similar to those shown in FIG. 4. The graph 500 shows the dependence of

reflection phase shift and reflection loss on the dimension R;, which was defined in FIG. 2.

[0037] The performance data shown in the graph 500 was derived from simulation using
the following assumptions: normal incidence; frequency = 95 GHz; substrate thickness ¢ =
0.010 inch; substrate material = DUROID®; dimension a = 0.060 inch; dimension 5 = 0.104

inch; dimension R, = R; — 0.011 inch; and dimension R; = R, - 0.004 inch.

[0038] The solid line 510 defines the phase shift, in degrees, provided by nested hexagonal
phase-shifting elements having R; from 0.016 inch to 0.034 inch. The dotted line 510A
defines the phase shift provided by annular hexagonal phase-shifting elements having R, from
0.012 inch to 0.016 inch. The dot-dash line 510B defines the phase shift provided by solid
hexagonal phase-shifting elements having R, from 0 to 0.012 inch. A variable phase reflect
array implemented with a mixture of solid, annular, and nested hexagonal phase-shifting

elements may produce any desired phase shift value from -180 degrees to +180 degrees.
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[0039] The dashed line 520 defines the reflection loss, in dB, provided by nested
hexagonal phase-shifting elements having R; from 0.016 inch to 0.034 inch. The dotted line
520A defines the reflection loss provided by annular hexagon phase-shifting elements having
R, from 0.012 inch to 0.016 inch. The dot-dash line 520B defines the reflection loss provided
by solid hexagon phase-shifting elements having R; from 0 to 0.012 inch. In contrast to the
data shown in FIG. 3, the reflection loss of a variable phase reflect array implemented with a
mixture of solid, annular, and nested hexagon phase-shifting elements may be less than about

0.12 dB over the entire range of phase shift values.

[0040] Referring now to FIG. 6, a graph 600 summarizes simulated performance data for
another reflect array which incorporates nested hexagon and solid hexagon phase-shifting
elements similar to those shown in FIG. 4. The graph 600 shows the dependence of reflection

phase shift and reflection loss on the dimension R;, which was defined in FIG. 2.

[0041] The performance data shown in the graph 600 was derived from simulation using
the following assumptions: normal incidence; frequency = 95GHz; substrate thickness ¢ =
0.010 inch; substrate material = DUROID®; dimension a = 0.056 inch; dimension 5 = 0.097

inch; dimension R, = R; — 0.009 inch; and dimension R; = R, - 0.004 inch.

[0042] The solid line 610 defines the phase shift, in degrees, provided by nested hexagon
phase-shifting elements having R, from 0.015 inch to 0.032 inch. The dot-dash line 610B
defines the phase shift provided by solid hexagon phase-shifting elements having R; from 0 to

0.015 inch. The variable phase reflect array implemented with a mixture of solid and nested
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hexagon phase-shifting elements may produce any desired phase shift value from -180 degrees

to +180 degrees.

[0043] The dashed line 620 defines the reflection loss, in dB, provided by nested hexagon
phase-shifting elements having R; from 0.015 inch to 0.032 inch. The reflection loss of the
nested hexagon phase-shifting elements exhibits dual resonance peaks. The dot-dash line
620B defines the reflection loss provided by solid hexagon phase-shifting elements having R,
from O to 0.015 inch. Similar to the data shown in FIG. 5, the reflection loss of the variable
phase reflect array implemented with a mixture of solid and nested hexagon phase-shifting

elements may be less than about 0.125 dB over the entire range of phase shift values.

[0044] FIG. 3, FIG. 5, and FIG. 6 show simulation results for three exemplary variable
phase reflect arrays. The three simulated reflect arrays are point designs within a continuum
of possible designs that may provide variable phase shift over a full 360° range and low
reflection loss. Similar results may be obtained for other point designs within the range of

dimensions and assumptions used in these three examples.

[0045] FIG. 3, FIG. 5, and FIG. 6 show simulation results for three exemplary variable-
phase reflect arrays assuming normally incident microwave energy at a specific frequency of
95 GHz. Similar results may be obtained for non-normal angles of incidence or reflection by
suitable choice of physical parameters. These results may extend to other frequencies about
95 GHz, where “about 95 GHz” includes any frequency within the 94 GHz atmospheric radio
window. Similar results may be obtained for other frequencies by scaling the assumed

physical parameters.
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[0040] Description of Processes

[0047] Referring again briefly to FIG. 1, a process for providing a beam of microwave
energy may include generating microwave energy using a source such as microwave energy
source 110, and forming the generated microwave energy into a beam of microwave energy,
such as microwave energy beam 115, using a beam director such as beam director 120 which

may include a dual resonance variable phase reflect array as described herein.

[0048] Referring now to FIG. 7, a process 700 for designing a reflect array has both a
start 705 and an end 795, but the process is cyclical in nature and may be repeated iteratively
until a successful design is achieved. At 710 the optical performance desired for the reflect
array may be defined. For example, the defined performance may include converting an
incident beam having a first wavefront into a reflected beam having a second wavefront,
where the second wavefront is not a specular reflection of the first wavefront. The desired
performance may also include a definition of an operating wavelength or range of
wavelengths, and a maximum reflection loss. The reflect array may commonly be a
component in a larger system and the desired performance of the reflect array may be defined

in conjunction with the other components of the system.

[0049] At 720, the required phase shift pattern, or phase shift as a function of position on
the reflect array, may be calculated from the wavelength and the first and second wavefronts

defined at 710.
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[0050] At 730, the substrate material and thickness may be defined. The substrate
material and thickness may be defined based upon manufacturing considerations or material

availability, or some other basis.

[0051] At 740, the grid spacing, phase-shifting element shape, degrees of freedom (how
many dimensions that are allowed to vary during the design process), and range of dimensions
for the array of phase-shifting elements may be defined. These parameters may be defined by

assumption, experience, adaptation of prior designs, other methods, and combinations thereof.

[0052] At 750, the reflection phase shift and reflection loss may be calculated by
simulating the performance of the reflect array using a suitable simulation tool. For example,
assume that the degrees of freedom defined at 740 are a selection of three different phase-
shifting element shapes (i.e. solid, annular, and nested) and a single variable dimension. At
750, a plurality of values spanning the full range of the variable dimension may be selected,
and the reflection phase shift and reflection loss may be calculated may be calculated for each

phase-shifting element shape at all of the values.

[0053] At 770, the calculated results from 750 may be evaluated and phase-shifting
elements may be selected that provide the desired phase shifts at low reflection loss. For
example, the data from 750 may be graphed as shown in FIGs. 3, 5, and 6, and the
appropriate phase-shifting elements may be determined by observation. The appropriate

phase-shifting elements may also be selected by numerical analysis of the data from 750.
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[0054] At 780, the performance of the entire reflect array may be simulated and the design

may be optimized by adjustment and iteration.

[0055] At 790, the simulated performance of the reflect array from 780 may be compared
to the optical performance requirements defined at 710. If the design from 780 meets the
performance requirements from 710, the process 700 may finish at 795. If the design from
780 does not meet the performance requirements from 710, the process may repeat from steps
710 (changing the optical performance requirements), from 730 (changing the substrate
selection), or from 740 (changing the grid spacing, element shapes, degrees of freedom, or

range of dimensions) until the optical performance requirements have been satistied.

[0056] Closing Comments

[0057] Throughout this description, the embodiments and examples shown should be
considered as exemplars, rather than limitations on the apparatus and procedures disclosed or
claimed. Although many of the examples presented herein involve specific combinations of
method acts or system elements, it should be understood that those acts and those elements
may be combined in other ways to accomplish the same objectives. With regard to
flowcharts, additional and fewer steps may be taken, and the steps as shown may be combined
or further refined to achieve the methods described herein. Acts, elements and features
discussed only in connection with one embodiment are not intended to be excluded from a

similar role in other embodiments.
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[0058] For means-plus-function limitations recited in the claims, the means are not
intended to be limited to the means disclosed herein for performing the recited function, but
are intended to cover in scope any means, known now or later developed, for performing the

recited function.

[0059] As used herein, “plurality” means two or more.

[0060] As used herein, a “set” of items may include one or more of such items.

[0061] As used herein, whether in the written description or the claims, the terms
“comprising”, “including”, “carrying”, “having”, “containing”, “involving”, and the like are to
be understood to be open-ended, ie., to mean including but not limited to. Only the

transitional phrases “consisting of” and “consisting essentially of”, respectively, are closed or

semi-closed transitional phrases with respect to claims.

[0062] Use of ordinal terms such as “first”, “second”, “third”, etc., in the claims to modify
a claim element does not by itself connote any priority, precedence, or order of one claim
element over another or the temporal order in which acts of a method are performed, but are
used merely as labels to distinguish one claim element having a certain name from another
element having a same name (but for use of the ordinal term) to distinguish the claim

elements.

[0063] As used herein, “and/or” means that the listed items are alternatives, but the

alternatives also include any combination of the listed items.
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CLAIMS

It is claimed:

1. A reflect array (130, 230, 430), comprising
a dielectric substrate (232) having a first surface (233) and a second surface (234)
a conductive layer (235) supported by the second surface
a plurality of phase-shifting elements (240) supported by the first surface
wherein at least some of the phase-shifting elements are dual resonance phase-shifting

elements.

2. The reflect array of claim 1, wherein the phase shift of a microwave beam (115)
reflected from the reflect array is determined, at least in part, by at least one variable

dimension of the phase-shifting elements.

3. The reflect array of claim 2, wherein the dual resonance phase-shifting elements have a
shape that results in resonance at a frequency of operation of the reflect array at two different

values of the variable dimension.

4. The reflect array of claim 2, wherein
the dielectric substrate has a first curvature
the variable dimension is varied across the reflect array to cause the reflect array to

emulate a reflector having a second curvature (124) different from the first curvature.

S. The reflect array of claim 4, wherein

the dielectric substrate is planar
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the reflect array emulates a non-planar reflector.

6. The reflect array of claim 5, wherein the reflect array emulates a curved reflector
selected from the group consisting of a parabolic reflector, a spherical reflector, a cylindrical

reflector, a torroidal reflector, a conic reflector, and a generalized aspheric reflector.

7. The reflect array of claim 4, wherein

the dielectric substrate has a curvature selected from the group consisting of spherical
and cylindrical

the reflect array emulates an aspheric reflector selected from the group consisting of a

parabolic reflector, a torroidal reflector, a conic reflector, and a generalized aspheric reflector.

8. The reflect array of claim 1, wherein the dual resonance phase-shifting elements (241)
are nested elements including a solid inner conductor (241b) surrounded by a concentric

annular conductor (241a).

9. The reflect array of claim 8§, wherein the dual resonance phase-shifting elements are

nested hexagons.

10. The reflect array of claim 9, wherein the plurality of phase-shifting elements includes
nested elements (444, 445, 446) and at least one of annular elements (443) and solid elements

(441, 442).

11. The reflect array of claim 10, wherein the plurality of phase-shifting elements includes

nested hexagons (444, 445, 446), annular hexagons (443), and solid hexagons (441, 442).
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12.  The reflect array of claim 11, wherein

an operating frequency of the reflect array is about 95 GHz

the plurality of phase-shifting elements are disposed in a triangular array

a distance between adjacent rows of the triangular array is a dimension a, where
0.056” < a < 0.065”

a distance between adjacent phase-shifting elements in each row of the triangular array
is a dimension b, where b = 2a cos(30°)

each of the plurality of phase-shifting elements is characterized by a variable R, which
is the radius of a circle that may be circumscribed about the phase shifting element, where R,

<0.035”.

13. The reflect array of claim 12, wherein R, can be varied to provide any phase value

between -180 degrees and +180 degrees.

14. A system(100) for generating a beam of microwave energy, comprising
a microwave energy source (110)
a beam director (120) to direct energy received from the microwave energy source
into a beam of microwave energy (115), the beam director including a primary reflector (130,
230) comprising
a dielectric substrate (232) having a first surface (233) and a second surface
(234)
a conductive layer (235) supported by the second surface

a plurality of phase-shifting elements (240) supported by the first surface
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wherein at least some of the phase-shifting elements are dual resonance phase-

shifting elements (241).

15. A method of generating a beam of microwave energy, comprising
generating microwave energy
forming the microwave energy into a beam with a beam director, the beam director
including a primary reflector comprising
a dielectric substrate having a first surface and a second surface
a conductive layer supported by the second surface
a plurality of phase-shifting elements supported by the first surface
wherein at least some of the phase-shifting elements are dual resonance phase-

shifting elements.



PCT/US2010/036425

WO 2010/138731

1/8

Auedwo?n uosyifey 6002 ©

ocl

L "Old

oLl
50In0g

ABiaug
SABMOUDIN

(o)
()
~



PCT/US2010/036425

WO 2010/138731

2/8

Auedwon uosyifey 6002 ©

d¢ Old

V¢ Old



PCT/US2010/036425

WO 2010/138731

3/8

Auedwo?n uosyiAey 6002 ©

(your) 'y snipes uobexsaH

900 ¢c00 8¢00

200 0200

9100

Go0

0L0

(gp) sso

\/ \ \\/

e N/

GL0

\/{o %

L
__ —

0c0
oom/\

| ZHO g6 = 118 sso uonosley - — — |

| ZHO g6 = 118 9seyd uonoajey

081-

0G1-

0cl-

0¢

09

06

74"

0G1

08l

(seaubsp) ¢ YIYS dseyd



PCT/US2010/036425

WO 2010/138731

4/8

Auedwo?n uosyifey 6002 ©

v Old

-

0900=¢

-

orr——"

mvv/

(447

—<hb

W~ el

G200="y

GL00="y



PCT/US2010/036425
5/8

WO 2010/138731

Auedwo) uosyihey 6002 © (oul) 'y snipes uoBexay G 94
S€0°0 0€0°0 S20°0 0200 S1L0°0 0L0°0 S00°0 0
0 081-
/ _ .\“ , - / m )
/ S_qoes o5t
A
\\lu:!l/ .... / 0clL-
/ \ / V025
500 ! \ / 06-
/ Voo /
/ \ / o
/ \ / 06- 3
—
2 \ oz~ A\ @
(2] =
—~ 010 | N/ 0 roN
(@}
E | \/ /q/(os 2
i e
I / VOIS g
! . 00 £
I N \/Imorm
G0 \, TNt 06
I 0cl
_ /
I N 051
|
020 08l
/\ |ZHO g6 = 11@ ssoqjuonoaey - — —| [ZHD 66 =1 1B aseyd uonosjiey _
005



PCT/US2010/036425
6/8

WO 2010/138731

Aued A .
Hedioo floethied 600e © (your) 'y snipes uobexsaH 9 Old
G¢eo'o 0€0'0 ¢coo 0200 ¢L0'0 0L00 G000 0
0 081L-
t// 05 1-
/ \.\ ~——d0¢9
_ K / 0cl-
/ AN /
: \ \ /
G0'0 / 06-

\ / 3
/ \ / / %
)]
— / \ / 08" o
—~ 010 . / 0 B
S ! \ / </é5 4
~ o
! S/ oc &
I @
| 09 /@
! . 9019
~N
SL'0 /_ T~ k\/ 06
7 | — C— e e
|
. 0cl
|
__ \ 01
020 _ 081
/\ |ZHO g6 = 11@ ssoquonoaey - — —|  [ZHO 66 = | 18 9SBYd UoId9|Ioy _
009



PCT/US2010/036425

WO 2010/138731

7/8

Auedwon uosyifey 6002 ©

0]7
suolsuswip

JO SUOIBUIQUIOD
Po109|9S U0}
ulys aseyd pue sso|
uoIj09|}8l a1eINWIS

'

0L
SSO| UOID3|8.
MO| Yyum ulaned
ylys aseyd pauisap
apinoid 0] SjUBWge
Buiseyd 109|198

081
ubisep aziwndo

6.
ystuid

. Ol

ov.
sjuswae Buiseyd

10 Aeudle ay) Joj suoisuswip

10 abuel pue ‘wopss.l

10 sea.bap ‘sadeys juswale

‘Buioeds pub sulyaq

4

[BLIB1BW PUB SSaUNDIY)

0€L

ajelisgns auljag

4

paJlinbal sy} a1gNoe)

0c.
uJened yiys aseyd

4

ON

>

aouewJouad [eando

0L

paJisap oy} sulaQ

G0.
Hels

o
o
~



PCT/US2010/036425

WO 2010/138731

8/8

Auedwo?n uosyiAey 6002 ©

(your) ybus) sjodig

200 900 G00 ¥0°0 €00 200 10°0
0
——==__ / 7
~ ~ /
“ / ;
N
S00 N \
\
\ / /
\ /
\ / /
5 v\ !
» ) \ , I
= 0oL0
= \ \ %
7 \ | T~
028—_| , | \ 018
v /A/
) \ |
GL0 -
\ !

0c0
oow/\

| ZHO g6 = 118 sso uonosley - — — |

| ZHO g6 = 118 9seyd uonoajey

081-

0G1-

0cl-

0¢

09

06

74"

0G1

08l

Uy Jold
8 9Old

(seaubsp) ¢ YIYS dseyd

deo .Gy~



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2010/036425

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - HO1Q 15/00 (2010.01)
USPC - 343/755

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

IPC(8) - HO1Q 15/00, 15/14, 19/10 (2010.01)
USPC - 343/755, 753, 907, 912

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

MicroPatent

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 2009/0079645 A1 (SOTELO et al) 26 March 2009 (26.03.2009) entire document 1-15
Y US 2003/0122729 A1 (DIAZ et al) 03 July 2003 (03.07.2003) entire document 1-15
A US 7,142,164 B2 (LEGAY et al) 28 November 2006 (28.11.2006) entire document 1-15
A US 5,153,061 A (MILNE) 06 October 1992 (06.10.1992) entire document 1-15

D Further documents are listed in the continuation of Box C.

[

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

earlier application or patent but published on or after the international
filing date

document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

document referring to an oral disclosure, use, exhibition or other
means

document published prior to the international filing date but later than
the priority date claimed

«pr

ap

“Q»

“pr

later document published after the international filing date or priority
date and not in conflict with the apghcanon but cited to understand
the principle or theory underlying the invention

wpr

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

D'd

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

22 July 2010

Date of mailing of the international search report

30 JuL 2010

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.0. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-3201

Authorized officer:
Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/1SA/210 (second sheet) (July 2009)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - wo-search-report

