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ABSTRACT

A reflection controller for modifying electromagnetic reflec-
tions from a surface includes a conducting patch being posi-
tioned proximate to an electromagnetically reflecting surface.
The floating conducting patch includes an electrical conduc-
tor at a floating potential positioned on a dielectric substrate
where at least one of a dielectric thickness, dielectric con-
stant, or the dimensions of the electrical conductor are chosen
to reduces retro-reflection of incident radiation.
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REFLECTION CONTROLLER

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to both U.S. Provi-
sional Patent Application Ser. No. 61/754,520, entitled
“Antenna Reflector Control,” filed on Jan. 18, 2013 and U.S.
Provisional Patent Application Ser. No. 61/781,962, entitled
“Reflection Controller,” filed on Mar. 14, 2013. The entire
specifications of U.S. Provisional Patent Application Ser. No.
61/754,520 and U.S. Provisional Patent Application Ser. No.
61/781,962 are herein incorporated by reference.

[0002] The section headings used herein are for organiza-
tional purposes only and should not to be construed as limit-
ing the subject matter described in the present application in
any way.

INTRODUCTION

[0003] The present teaching relates to passive methods and
apparatus for controlling the reflection of electromagnetic
(EM) energy from the surface of an object. The term “pas-
sive” as used herein refers to methods where the electromag-
netic signal being reflected is not amplified. The term
“object” as used herein refers to anything that reflects any
portion of an electromagnetic signal. This term applies to
anything that reflects even a very small fraction of the incident
electromagnetic signal. For example, an object can be any
type of platform, such as a vehicle like an aircraft, ship or a
ground vehicle. An object can also be a person to be located.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The present teaching, in accordance with preferred
and exemplary embodiments, together with further advan-
tages thereof, is more particularly described in the following
detailed description, taken in conjunction with the accompa-
nying drawings. The skilled person in the art will understand
that the drawings, described below, are for illustration pur-
poses only. The drawings are not necessarily to scale, empha-
sis instead generally being placed upon illustrating principles
of the teaching. The drawings are not intended to limit the
scope of the Applicant’s teaching in any way.

[0005] FIG. 1A illustrates a perspective view of a single,
prior art patch antenna with connection to a termination made
through the substrate.

[0006] FIG. 1B illustrates a perspective view of a single
retro-reflective control element operating at a floating poten-
tial without a termination that, according to the present teach-
ing, implements retro-reflection control.

[0007] FIG. 2A illustrates plots of simulated reflection at
broadside, as a function of frequency, for a flat metal plate and
for the patch antenna shown in FIG. 1A with various values of
termination impedance.

[0008] FIG. 2B illustrates experimental results for reflec-
tion measured at broadside, as a function of frequency, for a
flat metal plate and for the patch antenna shown in FIG. 1A
with various values of termination impedance.

[0009] FIG. 3 is a three-dimensional simulation plot of
reflection of a plane wave traveling along the positive z-axis
towards the origin of the plot for a single retro-reflective
control element, comprising a floating conductive patch as
described in connection with FIG. 1B.

[0010] FIG. 4A illustrates plots of experimentally mea-
sured reflection in the retro-reflection direction at broadside,
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as a function of frequency, for the single retro-reflective con-
trol element described in connection with FIG. 1B, and for a
bare plate with the same dimensions.

[0011] FIG. 4B illustrates plots of simulated reflection in
the retro-reflection direction at broadside, as a function of
frequency, for the single retro-reflective control element, and
for a bare plate with the same dimensions described in con-
nection with FIG. 1B.

[0012] FIG. 5A illustrates a diagram of a single retro-re-
flective control element comprising a floating circular con-
ductive patch that is centered on a series of square dielectric
substrates with metal backing plates of increasing sizes.
[0013] FIG. 5B illustrates a plot of null depth of the retro-
reflection from the single retro-reflective control element at
broadside as a function of the plate dimensions shown in FI1G.
5A.

[0014] FIG. 6A illustrates a diagram of a retro-reflective
control element with an effective shadow area, A, positioned
on a larger plate area of 100x100 mm.

[0015] FIG. 6B is aplot of the effective shadow area, A, at
5 GHz as a function of plate area, A .

[0016] FIG. 7 presents simulation data of radar cross sec-
tion of a retro-reflective control element according to the
present teaching at broadside as a function of frequency for
various dielectric substrate thicknesses.

[0017] FIG. 8 presents simulation data of radar cross-sec-
tion in dBsm of a retro-reflective control element, according
to the present teaching, at broadside as a function of fre-
quency for various substrate dielectric constants, k.

[0018] FIG. 9 is a plot of retro-reflection null depth at 5
GHz from a 4x4 arrangement of retro-reflecting control ele-
ments at broadside, as a function of patch spacing in mm.
[0019] FIG. 10A illustrates two arrangements of retro-re-
flecting control elements with a, different diameter, circularly
symmetric patch in each arrangement.

[0020] FIG. 10B is a plot of simulated relative radar cross
section (RCS) in dB vs. frequency for the two arrangements
of retro-reflecting control elements shown in FIG. 10A.
[0021] FIG. 11A illustrates three measurements of retro-
reflection in dB, as a function of frequency, for three single
retro-reflecting control elements, each with a different diam-
eter, circularly symmetric conducing patch.

[0022] FIG. 11B illustrates a plot of measured retro-reflec-
tion in dB, as a function of frequency, for a single retro-
reflection control element that consists of a vertical stack of
the three patches as shown in FIG. 11A, with the smallest
diameter patch on top, the intermediate diameter patch in the
middle, and the largest diameter patch on the base plate.

DESCRIPTION OF VARIOUS EMBODIMENTS

[0023] Reference in the specification to “one embodiment”
or “an embodiment” means that a particular feature, structure,
or characteristic described in connection with the embodi-
ment is included in at least one embodiment of the teaching.
The appearances of the phrase “in one embodiment” in vari-
ous places in the specification are not necessarily all referring
to the same embodiment.

[0024] It should be understood that the individual steps of
the methods of the present teachings may be performed in any
order and/or simultaneously, as long as the teaching remains
operable. Furthermore, it should be understood that the appa-
ratus and methods of the present teachings can include any
number, or all, of the described embodiments, as long as the
teaching remains operable.
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[0025] The present teaching will now be described in more
detail with reference to exemplary embodiments thereof as
shown in the accompanying drawings. While the present
teachings are described in conjunction with various embodi-
ments and examples, it is not intended that the present teach-
ings be limited to such embodiments. On the contrary, the
present teachings encompass various alternatives, modifica-
tions, and equivalents, as will be appreciated by those of skill
in the art. Those of ordinary skill in the art, having access to
the teaching herein, will recognize additional implementa-
tions, modifications, and embodiments, as well as other fields
of'use, which are within the scope of the present disclosure as
described herein.

[0026] The present teaching relates to methods and appa-
ratus for controlling the reflection of electromagnetic radia-
tion. In general, there are two ways of reducing reflections of
electromagnetic radiation from a surface. A first way of
reducing reflections of electromagnetic radiation is to absorb
aportion of the incident electromagnetic wave so that there is
less energy available for reflection. See, for example, U.S.
Patent Application Ser. No. 61/754, 520 entitled “Antenna
Reflection Control,” which is assigned to the present
assignee, for a description of how antennas can be used to
absorb a portion of the incident electromagnetic waves.
[0027] A second way of reducing reflections of electromag-
netic radiation is to reduce the retro-reflected power. Retro-
reflection of electromagnetic radiation is when the electro-
magnetic radiation is reflected back to its source. That is, the
electromagnetic wave front is reflected back along a vector
that is parallel to, but opposite in direction, from the electro-
magnetic wave’s source. This is in contrast to specular reflec-
tion, where the electromagnetic wave that is incident on a
surface at an angle 6 will be reflected by the surface at an
angle -0, where both these angles are measured relative to the
surface normal. Hence retro-reflection from a flat surface
occurs only when 6=0.

[0028] One aspect of the present teaching is to provide
antenna reflection control by reducing or minimizing the
retro-reflected power from an incident electromagnetic wave.
Reducing or minimizing the retro-reflected power, without
absorbing a portion of the incident wave so that there is less
energy available for reflection, will necessarily mean that
reflected power will increase in directions other than the
retro-reflection direction, because of conservation of energy.
[0029] One specific application of reflection control where
reducing or minimizing the retro-reflected power of an elec-
tromagnetic wave is sufficient, is for reducing or changing a
radar signature of an object. Virtually all radars in operation
today use a mono-static configuration, which is a configura-
tion where the receiving antenna is co-located with the trans-
mitting antenna. In most modern radars, the same antenna is
used for both transmitting and receiving radar signals. In
these radar systems, at least a portion of the radar wave that is
incident on the object must be retro-reflected back in the
direction from which the incident wave came. However, an
increase in reflected power in direction(s) other than the retro-
reflected direction will not be detected by a monostatic radar,
because monostatic radars cannot detect the power reflected
in any direction other than the retro-reflection direction.
[0030] An antenna is defined as a device for transitioning
between an unguided wave, i.e. a wave in free space, and a
guided wave, i.e. a voltage or a current in a circuit external to
the antenna. This definition implies that an antenna must
contain some means for making an electrical connection
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between the antenna and the external circuit. The conductive
patch element of the present teaching is at a floating potential,
and there is no means for providing a connection between the
floating patch and an external circuit. Hence, the floating
conductive patch is not an antenna as one skilled in the art
would understand an antenna. Therefore, we use the term
retro-reflective control element to refer to a basic element of
controlling reflection, according to the present teaching.

[0031] It should be noted that although some aspects of the
present teaching are described in connection with conductors
receiving radio waves, it should be understood that the meth-
ods and apparatus of the present teachings are not limited to
radio waves. The present teaching can be practiced with
receiving a wide range of frequencies in the electromagnetic
spectrum.

[0032] FIG. 1A illustrates a perspective view of a single,
prior art patch antenna with connection to a termination made
through the substrate. The patch antenna 100 shown in FIG.
1A includes acircular conductive element 102 that is centered
on a dielectric substrate 104. The patch antenna 100 includes
a conductive base plate 106 that is formed of an electrically
conductive material, such as copper or aluminum. A small
diameter aperture 108 is formed in the dielectric substrate 104
and a wire is fed through the aperture 108 to the rear surface
where an RF connector is attached to terminate the antenna.

[0033] FIG. 1B illustrates a perspective view of a single
retro-reflective control element operating at a floating poten-
tial, without a termination according to the present teaching.
In one embodiment, the retro-reflecting control element is a
circular conductive patch that is similar to a patch antenna,
but with no electrical termination. However, it should be
understood that the invention is not limited to only single
conductive patch elements. The term “floating” is referred to
herein as being at a floating potential, which can mean that the
element is not being electrically connected to a voltage source
in a way where a fixed potential is established on the element.
Thus, the floating conductive patch described herein does not
conform to the generally accepted definition of an antenna,
which is why we are referring to it only as a conductive patch.

[0034] The retro-reflecting control element 150 shown in
FIG. 1B includes a circular conductive element 152 with a
diameter d that is centered on a dielectric substrate 154. In
other embodiments, the conductive element 152 is not cen-
tered on the dielectric substrate 154. The circular conductive
element 152 can be formed of a single conductive material,
such as copper or aluminum or can be formed of two or more
different types of materials in the same or different sections of
patch. The circular conductive element 152 is floating and, in
this particular embodiment, there is no means for making a
connection to the patch, as would be done with a conventional
antenna.

[0035] The retro-reflecting control element 150 also
includes a base plate 156 that is formed of a material, which
is at least partially conductive, such as a carbon fiber com-
posite, or a highly conductive material such as copper. In the
specific embodiment shown in FIG. 1B, the dielectric sub-
strate 154 is square, with dimensions that are larger than the
diameter of the circular conductive element 152. The dielec-
tric substrate has a thickness T and dielectric constantk. In the
specific embodiment shown in FIG. 1B, the dielectric sub-
strate is square, with a width, W that is equal to its length L,
where the width and the length are significantly greater than
the thickness T.
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[0036] It should be noted that retro-reflecting control ele-
ments, according to the present teaching, are not limited to
patch shaped structures. It should be understood that the
conductive patches of the present teaching are not limited to
circular structures, and can be formed in numerous different
shapes. It should also be understood that the conductive
patches of the present teaching are not limited to planar struc-
tures. Furthermore, retro-reflecting control elements, accord-
ing to the present teaching, are not limited to particular con-
ductive materials, particular shapes of the conductive
element, or to particular shapes of the dielectric substrate.
[0037] FIG. 2A illustrates plots 200 of simulated reflection
at broadside, as a function of frequency, for a flat metal plate
and for the patch antenna shown in FIG. 1A, with various
values of termination impedance. The simulations described
herein were performed using three-dimensional electromag-
netic field simulation software commercially available from
Computer Simulation Technology, Inc. To establish a refer-
ence level for the effectiveness of retro-reflecting control
elements at suppressing an object’s reflection, the reflection
for a metal plate that is the same size as the base plate of the
patch antenna, is shown in FIG. 2A.

[0038] Retro-reflection simulations of the patch antenna
with various terminations show a significant reduction in
retro-reflection relative to the retro-reflection of a flat plate.
Simulation data is presented for a shorted termination, a 6
Ohm termination, a 25 Ohm termination, and a 100 Ohm
termination. The 25 Ohm termination is a matched termina-
tion for this particular antenna. In addition, simulation results
are shown for a floating or unterminated patch antenna. The
simulation results show that the floating unterminated patch
has a relatively high reduction of retro-reflection. In fact, the
reduction of retro-reflection of the floating unterminated
patch is greater than all the terminations except for the shorted
termination, which has a slightly deeper null. However, the
simulation results for the shorted termination have a signifi-
cantly narrower bandwidth, which can make it aless desirable
option for some applications. Thus, retro-reflection simula-
tion indicates that a floating patch antenna has surprisingly
good reduction of retro-reflection. Therefore, floating patch
antennas can be used for reflection control of mono-static
radar signals to modify the visibility of objects to such radars,
regardless of whether incident energy is absorbed from the
radar signal by the antenna. One aspect of the present teach-
ing is the realization that floating patch elements are highly
effective in re-directing the reflected energy away from the
retro-reflection direction.

[0039] FIG. 2B illustrates experimental results for a reflec-
tion 250 measured at broadside, as a function of frequency,
for a flat metal plate and for the patch antenna shown in FIG.
1A, with various values of termination impedance. The patch
antenna of FIG. 1A was mounted in an anechoic chamber.
Data are presented for changes in broadside retro-reflection,
measured with various termination impedances, attached to
the RF connector feeding the patch. Generally, these experi-
mental measurements correspond well with the simulations
of'the reflection presented in FIG. 2A for similar termination
impedances.

[0040] FIG. 3 is a three-dimensional simulation plot 300 of
reflection of a plane wave 310 traveling along the positive
z-axis towards the origin of the plot for a single retro-reflec-
tive control element, comprising the floating potential con-
ductive patch described in connection with FIG. 1B. The
three dimensional plot 300 of reflection clearly indicates that
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there is a null in the reflected pattern in the direction of the
incident wave, directly in the retro-reflection direction 320,
which is highly desirable for some applications.

[0041] FIG. 4A illustrates plots 400 of experimentally mea-
sured reflection in the retro-reflection direction at broadside,
as a function of frequency, for the single retro-reflective con-
trol element described in connection with FIG. 1B, and for a
bare plate with the same dimensions. The diameter of the
floating patch is 20.2 mm and the dimensions of bare metal
plate are 60 mmx60 mm. The thickness of the dielectric
substrate was 3.175 mm thick. The dielectric constant of the
substrate was about 2.2. The data used in the plot 400 was
experimentally measured in an anechoic chamber. The data
indicate that the single retro-reflective control element pro-
vides a very significant decrease in retro-reflection that is
about 26.7 dB at a frequency of about 5 GHz.

[0042] FIG. 4B illustrates plots 450 of simulated reflection
in the retro-reflection direction at broadside, as a function of
frequency, for the single retro-reflective control element
described in connection with FIG. 1B. The simulations were
performed for a floating conductive patch with the same
dimensions and dielectric constant as the devices measured,
as described in connection with FIG. 4A. The simulation
results show that there is a deep null in the retro reflection that
corresponds well with the experimental results presented in
FIG. 4A, indicating excellent agreement between the mod-
eled and measured results.

[0043] One important performance metric of the retro-re-
flective control elements, according to the present teaching, is
the effective area over which the floating antenna shadows or
re-directs the incident energy. Various experiments and elec-
tromagnetic simulations have been performed to investigate
the shadowing area of various geometries and physical char-
acteristics of the retro-reflective control elements.

[0044] FIG. 5A illustrates a diagram of a single retro-re-
flective control element 500 comprising a floating circular
conductive patch element that is centered on a series of square
dielectric substrates with metal backing plates of increasing
sizes. Retro-reflection suppression of the floating circular
conductive patch, having fixed dimensions, was simulated on
the series of different types of substrates of various dimen-
sions. The diameter of the circular conductive element was
20.2 mm. The plate dimensions used for the simulation were
40x40 mm, 60x60 mm, 80x80 mm, 100x100 mm, and 120x
120 mm.

[0045] FIG. 5B illustrates a plot of null depth of the retro-
reflection from the single retro-reflective control element at
broadside, as a function of the plate dimensions shown in
FIG. 5A. Each data point on the plot corresponds to one of the
different substrate sizes shown in FIG. 5A. The plot 550
indicates that for plate areas that are either smaller or larger
than a certain maximum size, which in this case is about
60x60 mm, the retro-reflective control element becomes sig-
nificantly less effective at suppressing the retro-reflection.
For example, the reduction in the null depth at 30x30 mm, as
compared to the null depth at 60x60 mm, is about 24 dB.
These results indicate that there exists a maximum effective
area, A, for a given frequency and patch diameter. The data
are presented for a frequency of 5 GHz. Thus, one aspect of
the present teaching is that individual retro-reflective control
elements are effective to shadow certain effective areas from
retro-reflection.

[0046] FIG. 6A illustrates a diagram of a retro-reflective
control element 600 with an effective shadow area, A, 610,
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positioned on a larger plate area of 100x100 mm, 620. In
other words, the retro-reflective control element 600 has a
physical area of 100x100 mm, but the shadow or effective
screening area is 60x60 mm. The effective shadowed area,
A, can be expressed as a function of the physical plate area,
A, with the following equation:

[0047] FIG. 6B is a plot 650 of the effective shadow area,
A, at 5 GHz as a function of plate area, A, according to the
above equation. A diagonal line is plotted to indicate where
the shadow area equals the physical area. The plot 650 indi-
cates that for physical areas greater than the maximum A,
which the data in FIG. 5B show for the present example to be
60x60 mm, the shadow area remains essentially constant at
60x60 mm. The data indicate that a retro-reflective control
element, whose diameter is roughly half a wavelength at the
measurement frequency, which is 5 GHz in this particular
example, can effectively shadow a plate area that is approxi-
mately one full wavelength in length/width. The result that
the shadow area extends well beyond the conducting patch
area is a significant unexpected result.

[0048] The data also indicate that as the plate area
decreases below the maximum shadow area, the retro-reflec-
tive control element retains its shadowing ability, as indicated
by the fact that the shadow area remains roughly equal to the
physical area.

[0049] FIG. 7 presents simulation data 700 of radar cross
section of a retro-reflective control element according to the
present teaching at broadside as a function of frequency for
various dielectric substrate thicknesses. The term “radar cross
section” (RCS) of an object is well known in the art and is a
measure of the radar power that is retro-reflected by the object
and thus, is a measure of how detectable an object is with a
radar. The simulation data are presented for various dielectric
substrate thicknesses and bare metal plates of the same
dimension as the substrate. The diameters of the circular
conductive elements were scaled to keep the resonant fre-
quency of the retro-reflection null at a constant frequency.
The scaling also maintained a constant shadowing area as the
diameter of the patch was changed. Data are presented for the
following geometries: (1) a 0.79 mm thick substrate with a
22.6 mm diameter circular conductive element and a 60x60
mm substrate; (2) a 3.175 mm thick substrate with a 20.2 mm
diameter circular conductive element and a 60x60 mm sub-
strate; (3) a 6.0 mm thick substrate with a 18.4 mm diameter
circular conductive element and a 57x57 mm substrate; (4) a
10.0 mm thick substrate with a 18.4 mm diameter circular
conductive element and a 57x57 mm substrate; and (5)a 12.0
mm thick substrate with a 21.8 mm diameter circular conduc-
tive element and a 52x52 mm substrate. These geometries are
summaries on the right side of the figure.

[0050] The simulation data 700 presented in FIG. 7 indicate
two effects of changing the substrate thickness. First, the data
indicate that changing the substrate thickness changes the
depth of the null. However, simulations with different densi-
ties of data points indicate that equally deep null depths may
be achievable for many dielectric thicknesses. Second, the
data indicate that there is a significant increase in the fre-
quency bandwidth of the null for a given level of retro-reflec-
tion suppression as the thickness of the dielectric substrate
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increases. For example, for —20 dB suppression benchmark,
the null frequency bandwidth for the thinnest substrate simu-
lated is less than 25 MHz. In contrast, for the thickest sub-
strate simulated, the null frequency bandwidth is about 675
MHz, which corresponds to a fractional bandwidth relative to
the center frequency of 13.5%.

[0051] One feature of the retro-reflective control elements
of the present teaching is that they can be configured to
provide retro-reflection control independent of the polariza-
tion of the incident radiation. This feature has important prac-
tical implications, since the state of polarization of the incom-
ing radiation may be unknown and may also vary
significantly over time. Consequently, in many practical
applications of the present teaching, the retro-reflective con-
trol element will need to suppress the retro-reflection inde-
pendent of the state of the incoming radiation.

[0052] Polarization independence of the retro-reflection
control element of the present teaching to the incident radia-
tion can be enhanced by using a retro-reflection control ele-
ment comprising a circularly symmetric patch.

[0053] FIG. 8 presents simulation data 800 of radar cross-
section in dBsm of a retro-reflective control element accord-
ing to the present teaching at broadside as a function of
frequency for various substrate dielectric constants, k. Inde-
pendent of the dielectric constants, the simulation data are
presented for bare metal plates of the same dimension as the
substrate. The diameters of the circular conductive elements
were scaled to keep the resonant frequency of the retro-
reflection null at a constant frequency. The scaling also main-
tained a constant shadowing area as the diameter of the patch
was changed. Data are presented for the following geom-
etries: (1) a substrate with k=1.5, a 24.3 mm diameter circular
conductive patch and a 69x69 mm substrate; (2) a substrate
withk=2.2, a20.2 mm diameter circular conductive patch and
a 61x61 mm substrate; (3) a substrate with k=3, a 17.3 mm
diameter circular conductive element, and a 55x55 mm sub-
strate; (4) a substrate with k=6, a 11.8 mm diameter circular
conductive element, and a 44x44 mm substrate; and (5) a
substrate with k=12, a 7.5 mm diameter circular conductive
element and a 41x41 mm substrate. The simulation data 800
presented in FIG. 8 indicate that the substrate dielectric con-
stant has only minimal impact on either the depth or the
bandwidth of the retro-reflection null.

[0054] Arrays of retro-reflection control elements spread
across a surface of an object are used to control reflection of
surfaces larger than a wavelength of the incident radiation,
which is the case for most practical applications. A collection
of retro-reflection control elements arranged on a regularly
spaced 4x4 grid was simulated with a variable element spac-
ing between the individual retro-reflection control elements.
The minimum spacing simulated was one-half a wavelength.
This minimum spacing is used because one-half a wavelength
is the maximum spacing between antenna elements which
will avoid grating lobs, which are unintended beams of radia-
tion that occur in uniformly spaced antenna arrays (i.e. arrays
with an equal distance between adjacent elements) when the
antenna element separation is too large.

[0055] FIG. 9 is a plot 900 of simulated maximum RCS
suppression or null depth at 5 GHz measured at broadside in
dB as a function of retro-reflection control element arrange-
ment spacing in mm. The border around the array was held
constant, to keep the shadow area of the surround constant.
The simulations are for a dielectric substrate thatis 3.175 mm
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thick having a dielectric constant is equal to 2.2 and a circular
conductive patch element with a diameter that is 20.2 mm.
[0056] The simulation data indicate that over much of the
reflection control element array spacing range, the null depths
are similar to null depths simulated for individual isolated
retro-reflection control elements. These results were unex-
pected because they suggest that each retro-reflecting control
element in the 4x4 arrangement is acting essentially indepen-
dently of its neighboring elements even though the element
spacing would suggest that there would be some interaction.
For this reason we are defining a group of reflection control
elements as a retro-reflecting control element arrangement so
that it is not confused with traditional antenna arrays.

[0057] The result that the retro-reflecting control elements
in the 4x4 arrangement are acting essentially independently
of their neighboring elements indicates that various arrange-
ments of retro-reflecting control elements can be imple-
mented without regard to regularity in arrangement element
spacing. For example, two different arrangements of retro-
reflecting control elements with different element spacing
can be interleaved with each arrangement including the same
or different diameter circularly symmetric patches. Using
different diameter circularly symmetric patches is advanta-
geous for some applications because the diameter of the cir-
cularly symmetric patches can be chosen so that the com-
bined arrangement has a high degree of retro-reflection
suppression over multiple frequency bands or one wide fre-
quency band.

[0058] FIG. 10A illustrates two arrangements of retro-re-
flecting control elements, 1000, with different diameter cir-
cularly symmetric patches. One arrangement, 1002, has 21.6
mm diameter circularly symmetric patches. The other
arrangement, 1004, has 22.6 mm diameter circularly sym-
metric patches.

[0059] FIG. 10B are plots 1050 of simulated relative radar
cross section in dB for the two arrangements of retro-reflect-
ing control elements shown in FIG. 10A. The first plot 1052
is the simulated relative radar cross section in dB for the first
arrangement 1002 alone. The second plot 1054 is the simu-
lated relative radar cross section in dB for the second arrange-
ment of retro-reflecting control elements 1004 alone. As
expected the center frequencies of the nulls are different for
the two arrangements of retro-reflecting control elements
because the circularly symmetric patch diameter are different
for the two arrangements. The third plot 1056 is the simulated
relative radar cross section in dB for the combined arrange-
ment of retro-reflecting control elements which is the first and
second arrangement interleaved. The third plot 1056 of the
combined arrangement of retro-reflecting control elements is
essentially the sum of the responses of the first and second
arrangements of retro-reflecting control elements. Therefore,
the simulations indicate that the two arrangements of retro-
reflecting control elements are performing with a high degree
of independence, which is different from what the known
prior art would predict with such antenna geometries.
[0060] Inotherembodiments, multiple layers of conductive
patch elements are used. Thus, the retro-reflecting control
elements of the present teaching are not limited to planar
conductive elements and not limited to any particular shape of
conducting elements. Multiple layer conductive patch ele-
ments have the advantage that they can provide reflection
control across a wide range of frequencies and/or a wide
range of incident angles as compared to a single planar con-
ductive patch. In addition, it has been determined that reflec-
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tion control can be achieved across a wider range of frequen-
cies and/or a wider range of incident angles by properly
selecting the spacing between array elements.

[0061] As described in connection with FIG. 10, an overall
arrangement that interleaves two sub-arrangements of con-
ducting patches shows a surprising degree of independence
between the two sub-arrangements. These data suggest that
the RCS suppression response vs. frequency of the overall
arrangement can be essentially the sum of the suppression
responses of the two sub-arrangements taken individually for
some geometries. It has been determined that the RCS sup-
pression response vs. frequency of a vertical stack of two or
more conducting patches is also the sum of the suppression
responses of each of the patches, taken individually, which
was also an unexpected result.

[0062] FIG. 11A illustrates reflection in dB as a function of
frequency for three retro-reflecting control elements with
different diameter circularly symmetric patches. The reflec-
tion vs. frequency of each of the conductive patches is mea-
sured individually and is shown in FIG. 11A, 1100. The
reflection vs. frequency is dominated by a single suppression
in reflection at the design frequency, which in this case is
around 5 GHz. By comparing the frequency of the nulls in the
three curves plotted in FIGS. 11A 1102, 1104, and 1106, the
nulls occur at slightly different frequencies, which corre-
spond to the slightly different patch diameters with the high-
est frequency null being caused by the smallest diameter
patch.

[0063] FIG. 11Bis a plot of measured reflection in dB with
all three patched stacked vertically. For the measurement, the
two conducting patches were stacked vertically on top of the
patch on the base plate with the smallest diameter conductive
patch positioned on top, the intermediate diameter patch in
the middle and the largest diameter patch on the base plate.
The reflection response vs. frequency was measured and is
plotted in FIG. 11B, 1150. A qualitative comparison of the
single curve 1150 shown in FIG. 11B reveals a striking simi-
larity to the sum of the individual reflection curves that are
plotted in FIGS. 11A, 1102, 1104, and 1106. This is indeed a
surprising result considering that persons skilled in the art
would expect similar results to what one would obtain when
combining resonant electrical circuits where the loading
among the individual resonant circuits would change the
combined frequency response. For a more quantitative com-
parison, we compare the frequency of the nulls of the indi-
vidual curves 1102, 1104 and 1106 of FIG. 11A with the
corresponding frequencies of the nulls in the composite
curve, 1150 of FIG. 11B. This comparison reveals that the
maximum frequency shift in a null in the composite curve,
relative to the frequency of the null in the corresponding
individual curve ranges from -1.9% to 3.8%. These results
show well formed nulls and a small shift in null frequency
and, therefore, indicates that a high degree of independence
exists among the three stacked patches.

EQUIVALENTS

[0064] While the applicants’ teaching is described in con-
junction with various embodiments, it is not intended that the
applicants’ teaching be limited to such embodiments. On the
contrary, the applicants’ teaching encompass various alterna-
tives, modifications, and equivalents, as will be appreciated
by those of skill in the art, which may be made therein without
departing from the spirit and scope of the teaching.
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What is claimed is:

1. A reflection controller for modifying electromagnetic
reflections from a surface, the reflection controller compris-
ing a conducting patch at a floating potential being positioned
proximate to an electromagnetically reflecting surface, the
conducting patch comprising an electrical conductor posi-
tioned on a dielectric substrate, at least one of a dielectric
thickness, dielectric constant, or the dimensions of the elec-
trical conductor being chosen to reduces retro-reflection of
incident radiation.

2. The reflection controller of claim 1, wherein the floating
conductive patch positioned on the dielectric substrate is cir-
cularly symmetric.

3. The reflection controller of claim 1, wherein the electri-
cal conductor is planar.

4. The reflection controller of claim 1, wherein the conduc-
tive patch comprises a plurality of stacked conductive
patches.

5. The reflection controller of claim 4, wherein each of the
plurality of stacked conductive patches has a different diam-
eter.

6. The reflection controller of claim 4, wherein at least two
of'the plurality of stacked conductive patches have a different
diameter.

7. The reflection controller of claim 1, wherein the electri-
cal patch is displaced a predetermined distance from the
electromagnetically reflecting surface.

8. The reflection controller of claim 1, wherein the electro-
magnetically reflecting surface comprises an outer surface of
a platform.

9. The reflection controller of claim 1, wherein the electro-
magnetically reflecting surface comprises an outer surface of
an aircraft.

10. The reflection controller of claim 1, wherein the elec-
tromagnetically reflecting surface comprises an outer surface
of a ship.

11. A reflection controller for modifying electromagnetic
reflections from a surface, the reflection controller compris-
ing an arrangement of conducting patch elements at a floating
potential and being positioned proximate to an electromag-
netically reflecting surface with an array spacing, each of the
conductive patch elements comprising an electrical conduc-
tor positioned on a dielectric substrate, at least one of a
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dielectric thickness, dielectric constant, or the diameter of the
electrical conductor being chosen to reduces retro-reflection
of incident radiation.

12. The reflection controller of claim 11, wherein a fre-
quency response of at least some of the elements in the
arrangement of patch elements is effectively independent of
the frequency response of at least one of the other arrange-
ment of elements.

13. The reflection controller of claim 11, wherein a fre-
quency response of at least some of the elements in the
arrangement of patch elements overlaps with the frequency
response of the other arrangement of elements.

14. The reflection controller of claim 11, wherein the elec-
trical conductor positioned on a dielectric substrate is circu-
larly symmetric.

15. The reflection controller of claim 11, wherein at least
two of the floating conducting patch elements have different
dimensions.

16. The reflection controller of claim 11, wherein at least
one of the conducting patch elements in the arrangement is
planar.

17. The reflection controller of claim 11, wherein at least
one of the conducting patch elements in the arrangement
comprises a plurality of stacked conductive patches.

18. The reflection controller of claim 17, wherein each of
the plurality of stacked conductive patches has the same set of
diameters.

19. The reflection controller of claim 17, wherein at least
two of the plurality of stacked conductive patches have a
different diameter.

20. The reflection controller of claim 11, wherein the
arrangement is displaced a predetermined distance from the
electromagnetically reflecting surface.

21. The reflection controller of claim 11, wherein the elec-
tromagnetically reflecting surface comprises an outer surface
of a platform.

22. The reflection controller of claim 11, wherein the elec-
tromagnetically reflecting surface comprises an outer surface
of an aircraft.

23. The reflection controller of claim 11, wherein the elec-
tromagnetically reflecting surface comprises an outer surface
of a ship.
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