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FIG. 1

(57) Abstract: The present disclosure provides systems and methods associated with an antenna system comprising a tension mem-
ber configured to be towed by an aerial platform and/or secured to an orbiting satellite. In some embodiments, a first end of the ten -
sion member may be secured to the aerial platform and the second end may extend unsecured from the aerial platform at a different
elevation than the first end. A plurality of antenna assemblies, each comprising at least one antenna, may be secured to and spaced
along the length of the tension member. Each of the plurality of antennas may be adapted for use with a particular frequency or fre -
quency bandwidth. For example, each of the plurality of antennas may be adapted or tuned for one or more frequencies useful for
synthetic aperture radar (SAR). In some embodiments, a receiving system, a communication link, and/or an antenna location system
may be utilized.
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MULTI-ELEVATIONAL ANTENNA SYSTEMS AND METHODS OF USE

108011 All subject matter of the Pricrity Applications and the Relaled Applications and
of any and all parent, grandparent, great-grandparent, etc. applications of the Priority
Applications and the Related Applications, including any pricrity claims, is incorporated

herein by reference to the extent such subject matter is not inconsistent herewith.

TECHNICAL FIELD
108021 This disclosure relates to aerial antenna systems. More gpecifically, this
disclosure relates 1o systems and methods for securing a plurality of antennas at
differing elevations to an aerial platform. Specific applications of the antenna systems

as they pertain to synthetic aperture radar are also provided.

SUMMARY
[60803] The present disclosure provides various systems and methods useful for radio
communications, radiclocation, and/or radar techniques. For exampie, an antenna
system as described herein may be used in synthetic aperture radar (SAR) systems for
combining SAR data into an image. Spaceborne and/or airborne synthetic aperture
radar {(SAR) systems may utilize various techniques for combining SAR data into an
image. In some embodiments, multiple-pass SAR imaging utilizes SAR images
acguired on motion paths separated in slevation andfor direction. The SAR images
from the varying elevations and/or directions are then synthesized to improve
elevational resolving power. Accordingly, three-dimensional (3D} imaging and/or
mapping may be performed using data obtained from an antenna on an aerial platform
moved over a target surface at multiple elevations. This may be useful for terrain
mapping, analysis, object detection, and/or classification of objecis.
[6004] Insome embodiments, an antenna sysiem may be towed by an aenal platform
or secured to an orbiting satellite. The antenna system may include a tension member,
such as a cable, having a first end and a second end. The first end may be secured to
the aerial platform and the second end may extend unsecured from the aerial platform

at a different elevation than the first end. A plurality of antenna assembiies may be
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secured to and spaced along the length of the tension member. Each antenna
assembly may include one or more antennas. Each of the antennas may be adapted
for use with a particular frequency, frequency band, frequency range, and/or frequency
bandwidth. For example, each of the antennas may be adapted or uned for one or
more frequencies useful for SAR or other radio or radar lechnigue(s). Since the second
end of the tension member is unsecured {o the aerial platform and extends at a different
glevation than the first end, each of the antennas may be located at a different elevation
while the aerial platform is in motlion. The {ension member may be, for example,
between 2 and 2000 wavelengths of an anienna’s tuned frequency. Longer tensions
members may be useful in some applications, such as high frequency systems. Shorter
tension members, such as those using antennas spaced by less than a guarter
wavelength, may also be utilized.

108051 The antenna system may receive and/or transmit electromagnetic energy
using the plurality of antennas secured o the tension member at various elevations. In
some embodiments, signals may be coupled to and/or from the antenna locations via a
signal carrier. For example, an optical fiber may function as a signal carrier 1o convey
data between a receiving system and an attached antenna. In various embodiments,
power may be supplied to active devices altached to the tension member, such as
active electronic circuits associated with the antenna assemblies. The power may be
supplied without affecting the performance characteristics of the antennas.

[60806] In some embodiments, a receiving system may be communicatively connected
to each of the plurality of antennas via one or more communication links. For example,
an optical cable extending adiacent {0, entwingd with, or integrated with the tension
member may communicatively connect each of the plurality of antennas or antenna
assembilies {0 a receiving system. The receiving system may be a data siorage system
configured to store information associated with received electromagnetic energy. In
other embodiments, the receiving system may re-transmit (e.g., for subsequent storage
or processing) the electromagnetic energy received by the antennas. The plurality of
antennas may be communicatively connected (o a receiving system {2.g., a storage

system, a processing system, a re-transmission system, etc.) via a wirgless connection,
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an optical fiber, an electrical conductor, and/or other communication technigue or
medium.

106071 Invaricus embodiments, precize knowledge and/or conirol of the spatial
positions and/or orientations of the antennas relative (o each other or o the aerial
platform may be utilized, for example, to enable coherent processing of SAR signals.
Various devices and systems may be used to determine the positions of the antennas.
in some embodiments, the tension, curvature, displacement, or other properties of the
tension member may be measured. In some embodiments, the position and/or motion
of the antenna system may be controlied as it is fowed behind the aerial platform.
[0608] In various embodiments, SAR data may be processed o generate a 3D image
and/or mapping of a target surface area. Additionally, various devices and systems
may be utilized to detect, conirol, and/or compensate for the curvature andfor
displacement of the tension member as i is towed behind an aerial plafform and/or the
relative ocation of antennas secured to the tension member. In addition to SAR
processing, the antenna systems and methods described hergin may be utilized for a

wide variety of spatial signal processing and other radio techniques.

BRIEF DESCRIPTION OF THE DRAWINGS
16009 FiG. 1 illustrates a tension member secured to an aerial platform, including
multiple antenna assemblies extending from and spaced along the tension member.
[6010] FG. 2 illustrates an exemplary embodiment of a tension meamber comprising
muiltiple strands, one or more of which may be used by a communication system.
[6011] FIG. 3Aillustrates a winch-style deployment mechanism adapted for in-motion
deployment of a tension member.
[6012] FIG. 3B illustrates the deployment meachanism with the tension member
partially deploved.
[6013] FiG. 30 ilustrates an antenna assembly being selectively secured o the
tension member as it is deployed from an aerial vehicle.
[6014] FiG. 4 llustrates a plurality of antenna assembilies, each secured 10 a tension
member via a mechanism configured o deploy the antenna assemblies from a slorage

position o a deployed position.
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10015]  FIG. 5 illustrates a tension member configured with a non-antenna device for
controliing the location of the second end of the tension member and/or the shape of the
tension member.

[8616] FiG. 6 illusirales a propulsion device secured o the second end of the tension
member, the propulsion device configured to control the location of the second end of
the tension member and/or shape of the fension member.

08171 FiG. 7 illustrates another embodiment of a propulsion device secured {o the
second end of the tension member, the propulsion device configured to conirol the
location of the second end of the tension member and/or shape of the tension member,
[0618] FiG. 8 illustrates an example of a propelier device secured to the second end
of the tension member, the propelier device configured 1o conirol the location of the
second end of the tension member and/or shape of the tension member.

[6019] FiG. 9illustrates an example of 3 tension member elevated by an airfoil.
10620] FiG. 10 jllustrates a tension member comprising a plurality of oscillation
dampening devices configured to dampen oscillations along the tension member.
00211 FIG. 11 Hllustrates an embodiment of a tension member configured with a non-
circular cross section o reduce and/or eliminate twisting and/or drag.

[0622] FiG. 12 jllustrates an embodiment of a tension member with a plurality of
curvature detectors spaced along its fength.

[0623] FiG. 13A llustrates an embodiment of a location system configured to
determine a location of each of a plurality of antenna assemblies along the length of a
tension member using an imaging device.

[6624] FIG. 13B illustrates the embodiment of FIG. 13A, where each of the plurality of
antenna assemblies comprises a retroreflector.

[6625] FIG. 14 jllustrates an embodiment of a location systemn configured ©
determine the location of each of a pluralily of antenna assemblies along the length of a
tension member using a local positioning system (LPS) and/or global positioning system
(GPS)L.

[6628] FIG. 15 jllustrates an embodiment of a location systemn comprising a sonar
system configured (o determine the location of gach of a plurality of antenna assemblies

along the length of a tension member using reflectad radio signals.
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10027] FIG. 16 illusiraies various possible antenna types that may be secured to a
tension member.

[0628] FiG. 17 jllusirates an embodiment of a plurality of antenna assemblies each
secured {0 a tension member via an orientation adjustment mechanism.

106291 FIG. 18 jllusirates an alternative aerial platform lowing a plurality of antenna
assemblies secured {o a tension member.

108301 FiG. 19 illustrates another alternative aerial platform towing a plurality of
antenna assemblies secured to 3 tension member.

108311 FiG. 20 illustrates an embodiment of a plurality of antenna assemblies secured
along the length of a tension member secured to an orbiting satellite.

[6632] FiG. 21 illustrates muitiple tension members secured {0 an aerial platform,
each with a plurality of antenna assembilies secured along its length.

108331 FiG. 22 illustrates an antenna system in use, with an gerial platform in motion
synthesizing a horizontal aperture.

16634] FiG. 23 illustrates a flow chart of a method for using an antenna system as
described herain.

[6835] FiG. 24 jllustrates a flow chart of a method for using the presently described

antenna system in conjunction with multi-elevational 3D SAR.

DETAILED DESCRIPTION
[6036] Some radar technigues, such as synthetic aperture radar (SAR) and other
radic processes, may ulilize data gathered from multiple elevations and/or at muitiple
locations to determine information about a surface or object reflecting or emilting a radio
frequency (RF) or other signal{s). For example, SAR may be used for ground mapping,
object detection, subterranean mapping, sub-foliage mapping, target identification, and
the like. SAR processors may coherently combing amplitude and phase information of
elactromagnetic energy reflected by a surface. The electromagnetic energy may
originate from a plurality of sequentially fransmitted pulses, such as from a transmitter
on a moving aerial platform. A SAR image may be formed from the coherent
combination of the amplitude and phase returns from each location the aerial platform

travels. The coherently processed electromagnetic energy allows an image or mapping
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io be generated that would be comparable 1o a system with a much larger antenna
corresponding to approximately the distance traveled by the aerial platform. By
combining signals received from multiple elevations, it is possible to generale 3D
images or mappings of surface areas.

108371 In some embodiments of the presently described sysiems and methods, an
antenna system may be towed by an aerial platform or secured to an orbiting satellite.
The antenna systermn may include a tension member, such as a cabie, having a first end
and a second end. The first end may be secured o the aerial platform and the second
end may exiend unsecured from the aerial platform at a different elevation than the first
end. A plurality of antennas or antenna assemblies may be secured o and spaced
along the length of the tension member. kach antenna assembly includes one or more
antennas. kEach of the antennas may be adapted for use with a particular fregquency or
frequency bandwidth. For example, each of the antennas may be adapted or tuned to
the same freguency, various frequencies, and/or a frequency bandwidth useful for SAR,
other interferometric processes, and/or other radio process. Since the second end of
the tension member is unsecured o the aerial platform and extends at a different
glevation than the first end, each of the antennas may be located at a different elevation
relative {0 the aerial platform. The length of a tension member may vary based on a
particular application. For some radio processes (such as SAR and other
interferometric processes), the tension member may be hundrads or even thousands of
meters iong. In other embodiments, the length of the tension member may be a fraction
of a wavelength of an associated antenna’s tuned frequency bandwidih. iIn some
embodiments, the tension member may be between 2 and 2000 wavelengths of an
antenna’s tuned frequency. Thus, depending on the frequency used, the length of the
tension member may be several thousand meters. Longer lengths may be useful in
spaceborne applications or as is found useful and practical.

[6838] Insome embodiments, an antenna systemn may include mulliple tension
members, each configured with a plurality of antennas. In such an embodiment, gach
tension member may be spaced from the other tension membaers in an in-track {fore and
aft) direction, a cross-track {lateral or left to right) direction, and/or at a unique

grientation. The configuration of a plurality of antenna assemblies on a tension member



WO 2014/201144 PCT/US2014/041953

may be configured o receive and/or transmit electromagnetic energy. The
electromagnetic energy may be transmitted to and/or received from a distinct region
(i.e., directed). Additionally or alternatively, each of the antenna assemblies may be
directed al the same area, overlapping but distinct areas, and/or completely distingt
areas. Thus, a plurality of amtennas associated with a tension member, oreven a
plurality of tension members, may be configured to operate independently of one
another or to operate cooperalively. For example, the plurality of antennas or pluralities
of antennas on mulliple tension members may be configured {o operale as a directional
array.

[8639] Insome embodiments, various types of antennas or antenna configurations
may be used on the same tension member. For example, two different sets of antennas
may be configured {0 operate in two different frequency bands {(i.e. one antenna setin
gach frequency band). In another embodiment, two different types of antennas may
operate in the same frequency band, but with a first subset of the antennas operating as
low directivity antennas and a second subset of the antennas operating as high-gain
directional antennas.

(60401 The antenna system may receive and/or transmit electromagnetic energy
using the plurality of antennas secured to the tension member at various elevations. In
some embodiments, a receiving system may comprise a storage system and/ora
processing system. Accordingly, each of the plurality of antennas may be
communicatively connecied {o a storage and/or processing system via a communication
fink.

[6041] Invarious embodiments, the antennas in communication with the receiving
system may be said to be connecled via a communication link. The communication link
may be relatively simple (e.g., an optical fiber or conductor) or more complex (e.g., a
wireless protocol or robust network). For example, the communication link may include
one or more optical cables extending adjacent {0, entwined with, or integrated with the
tension member connecting each of the plurality of antennas o the receiving system. in
some embodiments, the communication link may utilize an ocut-of-band wireless network

configured io transmit information between each of the plurality of antennas and a
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receiving system and/or transmitter. The communication link may include a coaxial
cable, a shielded cable, and/or ancther suitable network cable.

10042] According to various embodiments, the tension member may be construcied
of any of a wide variety of materials or combination of materials capable of providing
sufficient support for the plurality of antenna assemblies and the overall length of the
tension member itself. Such materials include, but are not limited to, carbon fibers,
glass fibers, nylons, metals, polypropylene, polyvester, polvethylene, aramids, acrylics,
and plastics. The tension member may include a conductive material and/or a dieleciric
material. In some embodiments, the fension member may comprise a conductive
member divided by a plurality of insulating members gpaced along the length of the
tension member. In such an embodiment, the tension member may be divided into a
plurality of segments of electrically conductive material separated from one another by
an insulating member. In some such embodiments, each of the plurality of segmenis
may be non-resonant (o relevant frequencies, so as not o interfere with a radar process
or communications systems. In some embodiments, the tension member may include
one or more strands or sub-members.

[60843] In some embodiments, a communication system may include an optical cable
connecting each of the plurality of antennas along the length of the tension member ic a
receiving system and/or transmitter.  In some embodiments, the optical cable may
axtend alongside the tension member and/or be entwined with strands of the tension
member.

108441 According to various embodiments, the tension member may be deployed
from an aerial platform while the aerial plalform is in motion. For example, a winch-style
mechanism may uncoll a tension member from a moving aerial platfiorm. Each ofa
plurality of antenna assembilies may be seleclively secured {0 the fension member as
the tension member is deployed. Likewise, each of the plurality of antenna assemblies
and/or aniennas may be selectively delached from the tension member as the tension
member is retracted.

[6845] In an alternative embodiment, each of the plurality of antenna assemblies may
be secured o the tension member while in a relracted state. In such an embodimeni,

as the tension member is deployed, gach of the plurality of antenna assemblies may
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gxtend and/or otherwise transition to a deployed position with respect to the tension
member. As the tension member is retracted, each of the plurality of antenna
assemblies may retract and/or ctherwise transition (o a retracted position {i.e., storage
position) with respect o the lension member.

10046] In some embodiments, one or more control devices, such as end masses,
airfoils, wings, fing, flaps, drag cones, and/or propuision devices, may be used {o conirol
the shape of the tension member and/or the location of the second end of the tension
member. In some embodiments, one or more conirol devices may be actively driven
and/or powered or passively controlled by an airstream. Control devices, receiving
systems, fransmitfers, communication systems, and/or other devices associated with an
antenna system may be powered using a generator, a turbine, a battery, an optical
cable, a free-space optical power system, a power cable extending along or entwined
with the tension member, a solar panel, and/or another mobile power apparatus.

108471 In some embodiments, an electrical conducting cable and/or the tension
member may comprise a plurality of filters and/or resonant traps configured o divide the
electrical conducting cable and/or the tension member into a series of electrical lengths
configured to not interact electromagnetically with the antennas within a predetermined
frequency bandwidth. For example, a conductive communications cable and/or a
tension member may include a ferrite core, ferrite components, one or more inductors,
and/or another device capable of forming filters and/or resonant traps. In some
embodiments, the electrical conducting cable and/or the communication system may
include a coaxial cable.

[6048] In some embodiments, the lension membaer, a connactivity cable of a
comrmunication system, and/or another component within the antenna sysiem may
include a dampening system configured o dampen mechanical oscillations. For
gxampie, one or more control devices may be positioned along the length of the tension
member to dampen oscillations.

08491 The antenna system may further include an antenna location system
configured to determine a location (€.9., an absolute location, an elevation, and/or
displacement) of each of the plurality of antennas {(or antenna assembilies) relative to

the aerial platform, relative {0 a receiving system, relative to a transmitter, and/or
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relative {0 one another. Depending on the calculations performed on data collected
using the pluralily of antennas, it may be useful to know the absolute or relative position
(e.g., in-track or cross-track) of each of the plurality of antennas. In one embodiment,
an antenna location system may include a curvalure sensing optical fiber system
configured o determine the curvature of the tension member at one or more locations
along the length of the tension member. This information, combined with the spacing of
gach antenna along the tension member of a known total length, may allow for accurate
positional data to be determined for each of the plurality of anlennas. The location of an
antenna may be defined with respect (o the phase center of the antenna.

18650]  Inone embodiment, the antenna location system may be configured to utilize
a tension of a tension member, a tensile modulus of the tension member, a coefficient
of expansion, a temperature of the tension member, an imaging device, electromagnetic
Hiumination (visible or not) {e.g., flash, strobe, continuous), a reflector, a retroreflector, a
gichal positioning system (GPS), a local positioning system (LPS), interferometry of an
RF signal, an optical signal, an acoustic or ulfrasonic signal, inertial sensors, andfor
another sensor device to determine the relative and/or absolute location of each of a
plurality of antennas along a tension member. In some embodiments, the location of
some of the plurality of antennas may be determined and the location of the other
antennas may be estimated based on the known location of an end of the tension
member and/or the {ocation of some of the plurality of antennas.

[6051]  An antenna location systermn may be configured to utilize the location and/or
spatial orientation of one or more antennas. Location and/or spatial orientation may be
determined using optical imaging (including infrared or ullraviolet imaging), stereo
firmaging, RF or microwave interferometry, LIDAR or imaging LIDAR {i.e., optical time-of-
flight sensing), acoustic or ulirasonic sensing, a Global Positioning System (GRS},
differential GPS, or GPS carrier phase sensing, inertial sensing (accelerometers,
gyroscopes). The system may utilize known positions or distances, such as the length
of the tension member between two antenna assemblies, and corrections to such
known positions or distances, such as corrections to the length of the tension member
based on, e.g., sensed tension in the tension member and a known lensile modulus of

the tension member, or sensed temperature of the tension member and a know
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coefficient of expansion of the lension member. In some embodiments, the effective
location (phase center) of an antenna may be delermined at least in part by
measurement of one or more calibration signals received or transmitted by the antenna.
[0652] One or more of the antennas in an antenna system as described herein may
be an active antenna or g passive antenna. Examples of antennas include, but are not
limited to, dipole antennas, Yagi-Uda antennas, horn antennas, planar waveguide
antennas, bicone antennas, parabolic reflectors, and/or any other type of antenna
capable of receiving and/or transmitting RF freguencies. The antennas may be
configured and/or selected o minimize aerodynamic drag. The plurality of antennas
may include various subsets of antennas, where each subset iz configured {0 receive
and/or transmit frequencies within a unique bandwidth. The bandwidths may comprise
single frequencies, narrowband frequency ranges, broadband frequency ranges, or
multiple bands of non-contiguous frequencies.

[6653] Insome embodiments, the antennas may comprise planar antennas, flat
antennas, conformal antennas, flat antennas, and/or the like. For example, inone
embodiment, electronically steerable antennas may be utilized. The electronically
steerable antennas may or may not be physically steerable. Rather, the antennas may
be slectronically controliable to adjust the beam angle and/or direction. For example,
an antenna may utilize metamaterials surface antenna technology (MSA-T) o form an
electronically steerable antenna.

[6054] Antennas may be configured o transmit and/or receive a range of
glectromagnetic energy between approximately 10 kilohertz and 300 gigahertz. For
example, an antenna system may be configured with one or more antennas configured
to receive and/or ransmit electromagnetic energy between 3 megahertz and 30
megahertz, 30 megaheriz and 300 megahertz, 300 megahertz and 3 gigaheriz, 3
gigahertz and 30 gigaheriz, frequencies within the L-band, S-band, C-band, Ka-band,
Ku-band, and/or frequencies within the X-band. Fregquencies may be selected for
penetrating foliage, water, ground, buildings, and/or other obstacles. The anlenna
system may include a plurality of different antennas, including at least one narrowband

antenna, ong broadband antenna, and at ieast ons multi-band antenna.
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10855] According to various embodiments, one or more of the plurality of antenna
assembiies may be permanently, semi-permanently, or removably secured to the
tension member. In some embodiments, the plurality of antenna assemblies may be
spaced along the length of a tension member as it is towed by an aenal platfiorm, such
that each of the plurality of antenna assembilies is at a different elevation with respect (o
the others. In some embodiments, one or more antenna assemblies may be secured to
the tension member via a fixation device configured to control the orientation of an
antenna relative to the {ension member. In some embodiments, the fixation device may
be passive, such that an airstream may drive the antenna and/or the entire antenna
assembiy to an orientation with respect {0 the tension member. In other embodiments,
the fixation device may be actively controlled, such as via an actuator connecited (o a
power source, o adjust the orientation of an antenna relative to the lension member.
[6856] In some embodiments, the oriertation of one or more of the antennas may be
dynamically adjusted while being towed by an aerial platiorm and/or while in orbit
secured {0 an orbiting satellite. The grientation of one or more antennas may be
dynamically adjusted relative 1o the tension member, a target surface, a received RF
signal, and/or gravity and/or based on other RF characteristics.

108571 Invarious embodiments, an antenna system as described herein may be
adapted for use with SAR. An anienna system may comprise a plurality of sub-
receiving systems, each configured to receive a signal from one or more of the
antennas in the antenna system. The sub-receiving systems and/or the receiving
system may be located on the aerial platform {or satellite) or on the tension member. In
some embodiments, the receiving system may record the information received from
gach of the plurality of antennas and associate it with an elevation and/or displacement
of the antenna at the time the information was received. Accordingly, information from
muiltiple elevations may be collected using the known time, elevation, andfor
displacement of the information when it was collected by each antenna.

10858] Three-dimensional (3D) SAR processing may then be used to create a 3D
mapping or image of a target surface. In an embodiment where the tension member
hangs straight down, such a3 a tension member secured (o an orbiting satellite, each

antenna may collect data at a different elevation, but at the same relative location o a
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target surface at any given lime. in contrast, a tension member towed by an aerial
platform may curve or otherwise be displaced from a straight-down configuration due to
air resistance. By determining the relative location of gach of the plurality of antennas,
including elevation and any left, right, forward, and/or aft displacementi, a pre-processor
may adjust the information received by each of the plurality of antennas to compensale
for the curvature and/or displacement of the tension member.

[6659] In some embodiments, processors, pre-processors, SAR devices, and/or other
components may be part of the antenna system and/or located on the aerial platform.

In other embodiments, a receiving system may simply record the information collected
by each of the plurality of antennas, the associated location of each of the antennas,
and/or time stamps for the collected information. In such an embodiment, the recorded
data may be provided or transmitled to remote processing devices.

[60860] Any of a wide variety of SAR processing and/or associated data acquisition
techniques may be utilized in conjunction with the presently described antenna systems
and methods. Examples of SAR processing are described in U5, Patent Application
No. 08/657,60¢ filed May 31, 19896, now issued as U.&. Patent No. 5,658,318, which
application is hereby incorporated by reference in its entirety.

10061] As previcusly described, the data collected from each of the plurality of
antennas at varying elevations during 2 single pass may be adjusted to compensats for
any curvature or displacement of the tension member, such that the collected data
corresponds (o data that would be collected by a single antenna during mulliple passes
of an aerial platform. Accordingly, any of a wide variely of 3D synthetic aperture radar
imaging processing techniques, including those adapted for muitiple passes of an aerial
platform, may be used in combination with the presently described antenna systems
and methods. An example of such a method is described in She, £, Gray, DA,
Bogner, R.E., Homer, J., & Longstaff, LD. (2002) 'Three-dimensional space-borne
synthetic aperture radar (SAK) imaging with multiple pass processing,” Intemational
Journal Remole Sensing, 23(20), 4357-82, which is hereby incorporated by reference in
its entirety.

108621 As used herein, an aerial platform may include any of 2 wide variety of moving

platforms or vehicles. An aerial platform may include any moving platform, such as
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airborne and suspended platforms. For example, an aerial piatform would include
various aireraft and aerial vehicles. Aerial vehicles include, but are not limited to,
airplanas, jets, helicopters, lighter-than-air-vehicles, unmanned aerial vehicles (UAVS),
rocket-propelled aegrial vehicles, and/or other similar vehicles. An aerial platform may
also include any suitable struciure extending from a moving and/or pivotable base. For
example, a crane or mast mounted on a truck, ship, or other moveable and/or pivotable
base, may suspend and/or otherwise support an antenna system as described herein.

It will be appreciated that an orbiting satellite may be substituied for an aerial platform in
many, if not all, of the embodiments described herein.

[8663] Some of the infrastructure that can be used with embodiments disclosed
herein is already available, such as general-purpose computers, compuier programming
tools and techniques, digital storage media, and communication links. A computing
device may include a processor such as a microprocessor, microcontroller, logic
circuitry, or the like. The processor may include a special purpose processing device
such as application-specific integrated circuits {(ASIC), programmable array logic (PAL),
programmable logic array (PLA), programmable logic device {(PLD), field programmable
gate array (FPGA), or ¢ther custornizable and/or programmable device. The computing
device may also include a machine-readable storage device such as non-volatile
memory, static RAM, dynamic RAM, ROM, CD-ROM, disk, tape, magnetic, optical, flash
memory, or other maching-readable storage medium. Varicus aspects of certain
embodiments may be implemented using hardware, software, firmware, or a
combination thereof.

[6064] The embodiments of the disclosure will be best understood by reference to the
drawings, wherein like parts are designated by like numerals throughout. The
components of the disclosed embodiments, as generally described and illustrated in the
figures herein, could be arranged and designed in a wide variety of different
configurations. Furthermore, the features, structures, and operations associated with
one embodiment may be applicable to or combined with the features, structures, or
operations described in conjunction with ancther embodiment. In other instances, well-
known structures, materials, or operations are not shown or described in detail {o avoid

obscuring aspeacts of this disclosure.,
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[0065] Thus, the following detalled description of the embodiments of the systems
and methods of the disclosure is not inlended to limit the scope of the disclosure, as
claimed, but is merely representative of possible embodiments. In addition, the steps of
a method do not necessarily need 1o be executed in any specific order, or even
sequentially, nor do the steps need {o be execuied only once,

[8666] FiG. 1 illustrates an antenna sysiem, including a tension member 150 secured
o an aerial platform 100. A plurality of antenna assemblies 151, 152, 153, and 154 are
secured to and spaced along the lension member 150. Each antenna assembly may
include at least one antenna for receiving and/or transmitling electromagnelic energy.

In various embodiments, the antenna system may include a transmitter 110 configured
to transmit an RF signal toward a target area on a surface 185, In various
embodimenis, the RF signal may be reflected by the surface 195 and/or other objects,
such as a structure 180, and received by one or more of the antenna assemblies 151-
154.

[60867] As illustrated, a first end of the tension member 150 may be secured to the
aerial platform 100, such that the tension member 150 is configured o be towed by the
aerial platform 100, The second end of the tension member 150 may be unsecured to
the aerial platform, as lliustrated. As the aerial platform 100 moves forward, air friction
may displace the second end of the tension member 150 and/or cause the tension
member 150 {o curve slightly, as lliustrated.

[6868] Throughout the drawings, the proportions and relative sizes of objects,
features, and components may not be drawn 1o scale. For example, each antenna
assembly 151-154 may be relatively small compared to the aerial platform 100 and/or
the iotal length of the tension member 150, In some embodiments an antenna
assembly 151-154 may include an antenna with a length between a quarter of 3
wavelength and a wavelength of a seleclted frequency, and the tension member 150
may have a length between 1/4 and 2000 wavelengths of the selected frequency. iIn
various embodiments, one or more of the antenna assemblies 151-154 may be
configured for use with frequencies useful for radio communications, radiolocation,
andfor radar. For example, the system may be useful for one or more types of synthetic

aperture radar. As each of the antenna assemblies 151-154 iz located at a different
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glevation, the antenna system depicted in FIG. 1 may be used to collect SAR dala from
multiple elevations using 2 single pass of the aerial platform 100 over a target area of
the surface 195. Altermnatively, multiple passes of the aerial platform 100, each at
different elevations, may resull in an even greater number of SAR data points at
rumerous elevations.

[8669] Insome embodiments, each of the antenna assemblies 151-154 may be
configured {0 receive {(and/or transmit) an RF signal reflected by the surface 185 andfor
the structure 180 and convey the collected information {0 a receiving system. The
receiving system may be part of the antenna system and secured o the tension
member 150, or alternatively located within the aerial platform 100. In various
embodiments, a communication link may relay information from each of the plurality of
antennas io the receiving system. In some embodiments, the receiving system may
simply store the received information. In other embodiments, the receiving sysiem may
relay the information {0 a remote location and/or be used (o fransfer the information o a
remote processing unit.

[0070] A SAR processor, such as a 3D SAR processor, may ulilize the information
coliected from mulliple slevations 1o generale a mapping, an image, and/or a rendering
of the surface 185 and/or the structure 190. By collecting data from mulliple elevations
using a single pass of the aerial platform 100, a 3D mapping, image, and/or rendering of
the structure 180 may be possible without the necessity of multiple passes. Moreover,
using a single pass of an aerial platform 100 while collecting data from muitiple
glevations reduces the likelihood that objects on the surface 195 will move before
subsequent passes can be performed, as is likely in systems configured for mulli-pass
glevational SAR data collection.

[6871] Each of the plurality of antenna assemblies 151-154 may be adapted for use
{receiving and/or transmitting)} with particular frequencies or frequency bandwidths, For
example, the antenna assemblies 151-154 may be configured 1o transmit and/or receive
a range of frequencies between approximately 10 kilohertz and 300 gigahertz, For
example, an antenna system may be configured with one or more antenna assemblies
151-154 configured o receive and/or transmit frequencies between 3 megahertz and 30

megahertz, 30 megaheriz and 300 megahertz, 300 megahertz and 3 gigaheriz, 3
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gigahertz and 30 gigaheriz, frequencies within the L-band, S-band, C-band, Ka-band,
Ku-band, and/or frequencies within the X-band. Frequencies may be selected for
penetrating foliage, water, ground, bulldings, and/or other obstacles.

[0672] FIG. 2 illustrates an exemplary embodiment of a fension member 250
comprising multiple strands 210 and 220. According o various embodiments, the
tension member 250 may be constructed of any of a wide variety of materials or
combination of materials capable of providing sufficient support for the plurality of
antenna assemblies and the overall length of the tension member itself. Such materials
inciude, but are not limited to, carbon fibers, glass fibers, nylons, metals, polypropylene,
polyester, polvethylene, aramids, acrylics, and plastics. The {ension member 250 may
include a conductive material 210 and/or a dielectric material 220.

18673] Insome embodiments, the tension member may comprise a conductive
member divided by a plurality of insulating members spaced along the length of the
tension member, such that the tension member is divided into a plurality of segments of
glectrically conductive material separated from one another via an insulating membaer.
Each of the plurality of segments may be non-resonant to relevant frequencies.

[6074] As illustrated, the tension member 250 may include a plurality of entwined
strands 210 and 220. The entwined strands 210 and 220 may be braided, woven,
twisted, and/or fused together. One or more of the strands may be integral to the
communication system configured to connect one or more antennas {or antenna
assembiies) secured 1o the tension member 250 {0 a receiving system on an aerial
platform. For example, one or more of the conductive strands 210 may be configured ©
transmit electrical signals from secured antennas 1o a receiving system. Alternatively,
the dislectric strands 220 may include an optical fiber configured to transmit information
from secured antennas o a receiving system. One or more of the strands 210 and 220
may comprise a coaxial cable, a shieided cable, and/or another transmission medium
suitable for data transmission.

10875] FiG. 3A illustrates a winch-style deployment mechanism 375 for deploying a
tension member 350 prior to an aerial platform 311 moving or while an aerial platiorm
311 is in motion. The lllustrated embodiment includes the tension member 350 coiled

around a drum of the deployment mechanism 375. As illustrated, the antenna
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assemblies have been removed from the tension member 350; however, in some
embodimenis, the anienna assemblies may remain secured to the tension member 350
in a storage (retracted) position while the tension member 350 is in a retracted position.
[0676] FiG. 38 illustrates the tension member 350 partially deployed as it is unwound
from the drum of the deployment mechanism 375 attached to the aerial platform 311.
Ag illustrated, the tension member 350 may pass through an antenna assembly
attachment device 383. The antenna assembly attachment device may be configured
o selectively attach one or more types of antennas and/or antenna assemblies to the
tension member 350 as it is deployed from the gerial platform 311.

186771 FiG. 30 illustrates an antenna assembly 354 being secured to the tension
member by the antenna assembly attachment device 383 as the tengion member 350 is
deployed from the aerial vehicle 311 via the deployment mechanism 375, The antenna
assembilies may be secured to and spaced apart from each other along the tension
member 350 according to any of a wide variety of arrangements. The deployment
mechanism 375 may be used to deploy the tension member 350 from any of a wide
variely of aerial platforms, including, but not limited {o, airplanes, jels, helicopters,
lighter-than-air-vehicles, unmanned aerial platforms (UAPs), rocket-propelied vehicles,
and/or other similar vehicles. As in other embodiments, the dimension and sizes of
various components in the drawings may be exaggerated in order to show details of the
presently described systemn and methods. For instance, the length of the tension
member 350 may be significantly longer than suggested by the illustrations. According
to various embodiments, antenna assemblies 354 may be secured {0 the tension
member 350 while it is being deployed and/or after it has been fully deployed from the
aerial vehicle 311, Similarly, one or more comrmunication cables for connecling the
antenna assemblies 1o a receiving system may be secured (o, entwined with, and/or
deployed along the length of the tension membaer during or following deployment.
[6078] The deployment mechanism 375 may be used {o deploy the tension member
350 from any of a wide variety of aerial platforms and/or space craft, including, but not
limited to, orbiting satellites, orbiting space craft, airplanes, jets, helicopters, lighter-
than-air-vehicles, unmanned aerial platforms (UAPSs), rocket-propelled vehicles, and/or

other similar vehicles.
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108791 FIG. 4 illustrates an antenna system configured with a plurality of anienna
assembiies 451, 452, 453, and 455. Each of the antenna assemblies 451-454 may be
secured to g tension member 450. As illustrated, al least some of the antenna
assembilies 451-454 may be secured to the tension member 450 via a mechanism 461,
462, 463, and 464. The mechanisms 461-4684 may be configured to pivot, or otherwise
transition, each of the antenna assemblies 451-454 (or just the associated antennas)
with respective to a pivot point 471, 472, 473, 474 and relative to the tension member
450. The mechanism 481-464 may allow the antenna asgsembiies 451-454 {0 be stored
or retracted when the tension member 450 is retracted, rather than being removed. In
some embodiments, the mechanisms 461-464 may comprise a spring, other resilient
member, and/or a pneumnatic device.

[8G80] For example, as a winch-style deployment mechanism, such as those
depicted in FIGS. 3A-3D, deploys the tension member 450, each of the antenna
assemblies 451-454 may pivot about their respective pivot points 471-474 {o transition
from a storage position to a deployed position. Similarly, as the tension member 450 is
retracted, each of the plurality of antenna assemblies 451-454 may retract and/or
ctherwise transition to a retracted position (i.e., storage position) with respect {¢ the
tension member 450.

16881] FiG. 5illustrates an antenna system towed by an aerial platform 500, including
a tension member 550 configured with an end mass 575 adapted to control the location
of the second end of the tension member 550 and/or shape the tension member 550.
Any number of antennas and/or antenna assemblies may be secured along the length
of the tension member 550, including antenna assemblies 531 and 552 as illustrated.
The end mass 575 may provide a weight at the second end of the tension member 550
to cause the tension member 5§50 to hang more vertically and/or decrease the amount
of curvature due to air friction as the aerial platform 500 travels. Dashed ling 550°
represents a possible curvature and incation of the second end of the tension member
550 if end mass 575 were not present.

16082] As previously described, the presently described systems and methods
provide a means to collect information from multiple antennas at muitiple elevations with

a single pass of an aerial piatform. In various embodiments, it may be useful or
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necessary o adjust the information received by each of the antennas based on
displacement of the antenna in direclions other than elevatlion due to air friction. The
end mass 575 may cause the tension member 550 to hang more vertically from aerial
platfiorm 500, eliminating the neead to adjust and/or reducing the degree to which the
information is adjusted due to antenna displacement.

[8683] FiG. 8 illusirates a propulsion device 675 secured to the second end of a
tension member 650. The propulsion device 875 may control the location of the second
end of the tension member 650 and/or shape the tension member 650. Additional
propulsion devices 675 may be located anywhere along the length of the tension
member 850 {¢ further shape the tension member 650, In the illustrated embodiment,
the propulsion device 675 is configured to drive the second end of the tension member
850 above the aegrial platform 600. Each of the anlenna assemblies 851 and 652, and
other additional antenna assemblies and/or antennas, may be secured along the length
of the tension member 850 at varying elevations. Accordingly, each of the antenna
assembiies 651 and 652 may receive an RF signal transmitied by transmitter 610 and
reflected by a surface 695 and/or a structure 690 at a different elevation. Using the data
collected at mulliple elevations, 3D SAR, or other radio signal, processing may be
performed using a single pass of an aerial platform.

16684 FiG. 7 illustrates another embodiment of a propulsion device 775, in which the
propulsion device 775 is secured to the second end of the tension member 750 and
configured {0 shape the tension member 750 more vertically downward. Again, the
propulsion device 775 may be configured to control the [ocation of the second end of
the tension member 750 and/or shape the fension member 750,

[0085] FIG. 8 Hlustrates an example of a propelier device 875 secured {0 the second
end of the tension member 850. The propeller device 875 may be configured to control
the location of the second end of the tension member 850 and/or shape the tension
member 850, Any of a wide variely of tension member shaping and/or tension membaer
focation control devices may be empioyed, including any combination of end masses,
airfoils, wings, fins, flaps, drag cones, and/or propulsion systerns. Such control devices
may be positioned along the tension member 850 andfor secured to the second end

thereof, The control devices may be passive, such as an end mass, and/or actively
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powered/controlied, such as a propulsion system. Some control devices, such as the
propeller device 875, may be actively powered and/or passively driven by a passing
airstream. Control devices, receiving systems, transmitfers, communication systems,
and/or other devices associated with an antenna system may be powsred using a
generator, a turbine, a batlery, an optical cable, a free-space oplical power system, a
power cable extending along or entwined with the tension member, a solar panel,
and/or another mobile power generating apparatus.

10686] FiG. O illustrates an example of an antenna system including a tension
member 850 suspended by an airfoll 983 above the aerial platiorm 800. The airfoil 983
may control the location of the end of the tension member 950 and/or shape the tension
member 950. Additional airfoils may be located anywhere along the length of the
tension member 950 to further shape the tension member 950, iIn the illustrated
embodiment, the airfoil 983 is configured to drive the second end of the tension member
950 above the aerial platform 200, Each of the antenna assemblies 851, 852, 953, and
954 and/or other additional antenna assemblies and/or antennas, may be secured along
the length of the tension member 850 at varying elevations.

[6087] A receiving system may receive, store, and/or process the slectromagnetic
energy received by the antennas in the antenna assemblies 851-854. According to
various embodiments, any of a wide variely of signal processing systems and/or
methods may be utilized in conjunction with the presently described antenna systems,
including, but not imited to, SAR and 3D SAR techniques. In various embodiments, the
signals received by each of a plurality of antennas secured at various elevations along a
towed tension member may be adjusted to compensate for curvature andior any
displacement of the tension member, such that the signais effectively represent dala
coliected at the same co-planar location relative o a target surface, but at multiple
glevations. Using the collected dala, any of a wide variely of 3D SAR techniques,
including those adapted for multiple passes of an aerial platform, may be used in
combination with the presently described antenna systems and methods.

160688] FiG. 10 dllustrates an antenna system, including a tension member 1050 towed
by an aerial plaiform 1000. As illustrated, a plurality of antenna assembilies 1051, 1052,

1053, and 1054 may be secured (o, spaced apart from each other, and extend from the
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tension member 1050, As previously described, the tension member 1050 may be
betweaen a few wavelengths and several thousand wavelengths long. Thalis, using a
frequency belween 3 megahertz and 3 gigahertz, the tension member 1050 may be up
to tens or hundreds of meters long, or in some cases even several thousand melers
long. Accordingly, one or more oscillation dampening devices 1075 may be secured
along or in-line with the tension member 1050. Any of a wide variety of osciilation
dampening devices may be utilized, as are commonly known in the art. In some
embodiments, the oscillation dampening devices may comprise passive dampening
devices. The oscillation dampening devices may aiso comprise actively
controlled/powered dampening devices.

108891 FiG. 11 illustrates an embodiment of a section of a tension member 1110
configured with a rounded front 1157 and a tapered rear 1155, According to such an
embodiment, a tension member 1110 configured with a rounded front 1157 and/or a
tapered rear 1155 may reduce air friction and/or reduce or eliminate twisting of the
tension member 1110 during use. Any of a wide variety of shapes, dimples, divots,
grooves, fing, foils, and/or other aerodynamic characteristics may be used o reduce the
aerodynamic drag of a tension member, antenna, communication system, receiving
system, and/or transmitter. In some embodiments, it may be desirable to reduce air
drag as much as possible in order for the tension member to hang as close as possible
to straight down from an aerial platform and/or to minimize the propulsive power
required by the platform.

1068907 FiG. 12 jllustrates an embodiment of an antenna system towed by an aerial
platform 1200, including a tension member 1250, a plurality of antenna assemblies
1251, 1252, 1253, and 1254 and an antenna location system. Accurale elevational data
for each of the plurality of antennas associated with each of the antenna assemblies
1251-1254 may be useful for performing various calculations, including those
associated with radio communication, radiclocation, and/or radar techniques, such as
30 SAR. In the illustrated embodiment, the antenna location system comprises a
plurality of curvature detectors 1261, 1262, 1263, 12864, 1265, 1266, 1267, and 1268,
spaced along the length of the tension membaer 1250, In various embodiments, the

sensors 1261-1268 may be coincident with anlenna assemblies 1251-1254 and some of
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the sensors 1261-1268 may be spaced between the antenna assemblies 12511254,
One or more of the sensors may be configured {0 sense or determine a curvature,
temperature, tension, strain, and/or ancther property of the tension member 1250.
(86911 According to various embodiments, each of the curvalure delectors 1261-1268
may be configured to determing the amount of curvature of the tension member 1250 at
a given point, or at all points. Using a known length of the tension member 1250, a
known position of each of the plurality of antennas associaled with each of the anienna
assemblies 1251-1254, and the detected curvature, a relative elevation of each of the
plurality of antenna assembiies 1251-1254 may be determined. The curvature
detectors 1261-1264 may comprise a curvature sensing fiber optic sensor extending
along at least a portion of the length of the tension member 1250,

10692] FiG. 13A illustrates another embodiment of an antenna system including a
tengion member 1350, a pluraghity of antenna assemblies 1351, 1352, 1353, and 1354,
and an antenna location system. iIn the illustrated embodiment, an imaging device 1310
may optically determine the location of each of the antennas associated with each of the
plurality of antenna assemblies 1351-1354. In some embodiments, the imaging device
may include an artificial light source 1320, such as a flash, to enhance the image and
aliow for improved location determination of each of the antennas associated with each
of the plurality of antenna assemblies 1351-1354. The imaging device 1310 and/or
associated processing device may utilize any of a wide variety of imaging detection
techniques, including auto-focusing techniques, such as contrast detection, phase
detection focusing, and image analysis techniques such as object detection, edge
detection, and/or other image analysis techniques, to determine a relative iocation of
gach of the plurality of antennas associated with sach of the plurality of antenna
assemblies 1351-1354. In some embodiments, the imaging device 1310 may
determine a curvature of the tension member 1350 and then the antenna location
system may calcuiate the location (displacement and/or elevation) of sach of the
plurality of antennas using that information.

[6093] FiG. 13B illustrates an embodiment similar o that of FIG. 13A, in which each
of the plurality of antenna assemblies 13511354 includes a reflector or retroreflector

1375, The artificial light source 1320 may transmit light {0 each of the retroreflectors
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1375. The light may return from the retroreflectors 1375 to the imaging device 1310
and facilitate in the determination of the location of each of the plurality of antennas.
The concept of "determining the location” of an antenna or antenna assembly, as used
herein, may relate to determining the physical location of some portion of an antenna or
antenna assembly, such as a connection point, endpoint, midpoint, elc., andforfo a
phase center of an antenna.

100841 FiG. 14 illustrates another embodiment of an antenna system towed by an
aerial platform 1400, including a tension member 1450, a plurality of antenna
assembiies 1451, 1452, 1453, 1454, and 1455, and an antenna location system. In the
Hiustrated embodiment, the antenna location system may include a processing device
{(not ilustrated) that receives information {such as a time stamp) from a local positioning
system (LPS) device or giobal positioning system (GPS) device 1453 secured adjacent
0, near, or o each of the antennas 1451-1455. Using the received information, the
antenna location system may determine the relative location of each of the plurality of
antennas associated with each of the antenna assemblies 1451-1455. Receivers may
be located in one or more locations o receive information from the LPS, such as
receivers 1460 and/or 1461, Mulliple receivers {e.g., 3 or more) may be used for
accurate triangulation of a location. Transmitiers (pseudolites) 1480, 1461 may be
placed in two or more locations {o supply signals for a local positioning system. Three
or more fransmitiers may be used to allow full three-dimensional locating. Aliemnatively,
in some embodiments, devices 1455 may be transmitters of the LPS signal, while
devices 1460, 1481 may be LPS receivers.

[6085] FIG. 15 jllustrates another embodiment of an antenna system towed by an
aerial platform 1500, including a tension member 15540, a plurality of antenna
assemblies 1551, 1552, 15353, 1554, and 1585, and an antenna location systemn. In the
Hiustrated embodiment, the antenna location system may utilize an RF transceiver to
emit a radio signal (out-of-band relative to the antennas wning) that is reflected by the
antennas 1551-1555. By measuring the timing, incident direction, and/or phase of the
returning RF signals, the location of each of the antennas of each of the antenna
assemblies 1551-1555 may be determined. Antennas 1551-1554 may incorporate RF

retroreflectors or transponders to increase the refurned signal and to provide a known
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location for the point of reflection. Alternatively, in some embodiments, acoustic
(audible or ultrasonic) signals may be used in place of RF signals. in some
gmbodiments, the acoustic signals may be corrected for Doppler shift due to the motion
of the platform through the air.

10896] FIGS. 12-15 fllustrate various examples of antenna locatlion systems. Anyof a
wide variety of antenna location systems and methods may be used in combination or
alone, including those utilizing a8 measured or determined tension of a tension member,
a tensile modulus of the tension member, a coefficient of expansion, a temperature of
the tension member, an imaging device, artificial light, a reflector, a retrorefliector, a
gichal positioning system {(GPS), a local positioning system (LPS), interferometry of a
radio frequency (RF) signal, an optical signal, laser scanning system, inertial sensors,
and/or another sensor device to determine the relative and/or absolute location of each
of a plurality of antennas (and/or antenna assemblies) along a fension member. In
some embaodiments, the location of some of the plurality of antennas may be
determined and the location of the other antennas may be estimated based on the
known location of an end of the tension member, a known length of a tension member,
and/or the location and/or spacing of some of the plurality of antennas.

10097] Figure 10 illustrates a variety of possible antenna types attached to a tension
member 1650, which is deployed from a platform 1800, An antenna 1651 is a dipole
antenna parallel to the tension member 1650, which might be physically integrated into
or onto the tension member, e.g., by taping, gluing, stc. the antenna conductors to the
tension membaer. The antenna 1652 is a vertically-criented dipole antenna mounted
directly to the tension member 1650, An antenna 1653 is a pair of crossed dipoles,
suitable for transmitling or receiving any polarization (e.g., horizontal, vertical, diagonal,
circulary attached to the tension member 1650 by a feaed element 1654, The antenna
1655 is a wire bicone antenna, similar to dipole 16852 but having broader bandwidth.
The antenna 1656 is a Yagi (or Yagi-Uda) multi-element antenna, oriented cross-track.
Unlike the antennas listed above, this antenna will preferentially receive signals from
one side of the platform’s frack. The antenna 1657 is a thin flat panel antenng, such as
a patch radiator antenna, mounted on a rigid panel. The antenna 1658 is a thick flat

panel antenna, such as an active phased array antenna, mounted in an airfoil-shaped
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housing for reduced aerodynamic drag. Finally, the antenna 1659 is an example of an
antenna assembly comprising a flat panel antenna 1660, such as a stesrable
metamaterial antenna, supported at an angle to vertical. Such antenna configurations
are commonly used for radars intended {o view the ground close to the ground track of
the aerial platform.

18688] FiG. 17 illustrates an embodiment of a plurality of antenna assemblies 1751,
1752, and 1753 each secured 1o a tension member 1750, The antenna assemblies
1751 and 1752 may be secured to the tension member via the orientation adjustment
mechanisms 1765 and 1767. As the tension member 1750 is towed by an aerial
platform 1700, the orientation of the antenna assemblies and/or associated antennas
1751 and 1752 may be adjusted relative {0 the tension member 1750, a surface 1795,
and/or the aerial platform 1700, In some embodiments, an RF signal transmitted by a
fransmitter 1710 may be reflected by a structure 1780 and then received by the antenna
assemblies 1751-1753. The orientations of the antenna assemblies 1751 and 1752
may be dynamically adjusted via the orientation adjustment mechanisms 1765 and
1767 to optimize the reception of the desired/selected reflected signai{s).

(60891 The orientation, angle, or other antenna property, such as a length, may be
dynamically adiusted to vary an RF characteristic, such as a polarization, resonant
frequency, or mutual coupling between adjacent antennas. Any of a wide variety of
alternative control and deployment devices may be utilized in conjunction with the
presently described antenna assemblies secured {o a tension member. For example,
springs, hydraulics, and/or other control devices may be used to adjust the orientation of
an antenna assembly and/or an associated antenna with respect to the ground, the
aerial platform, and/or the tension member. The orientation of oneg or more of the
antenna assemblies may be dynamically adjusted while being towed by an aerial
platform. The orientation of one or more antenna assemblies may be dynamically
adjusted relative to the tension member, a target surface, a received RF signal, and/or
gravity and/or based on other RF characteristics.

(601007 FiG. 18 illustrates an alternative aerial plaiform, a helicopter 1800, towing a
clurality of antenna assemblies 1851, 1852, 1853, and 1854 secured to a tension

member 1850. Similarly, FIG. 18 illustrates another alternative aerial platiorm, a lighter-
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than-air vehicle 1800, towing a plurality of antennas 1951, 1952, 1853, and 1954
secured {0 a tension member 1850, In some embodiments, the lighter-than-air-vehicle
1800 may be propelier driven, or otherwise powered. An embodiment of the antenna
aystem described herein may be particularly suited for applications with lighter-than-air-
vehicles 1900 that are only capable of single pass (e.g., as driven by the wind), as the
antenna system may be able {o collect data from multiple elevations during the single
pass. In some embodiments, the lighter-than-air-vehicle 1800, the antenna assemblies
19511954, and the tension member may be expendable. In such instances, the data
coliected by the antenna assemblies 1951-1954 may be stored for subsequent retrieval
and/or transmitted o a remote receiver.

1081011 FiG. 20 illustrates an embodiment of an antenna system configured o be
secured to a space vehicle, such as an orbiting satellite 2000. In the lllustrated
embodiment, a tension member 2050 may extend from the orbiting satsliite toward a
surface 2095, A plurality of antenna assemblies 2051, 2052, 2053, 2054, and 2055
may be secured along the length of the tension member 2050, The various systems,
methods, components, [ocation systems, communication systems, receiving systems,
fransmitiers, and the like may be used in conjunction with the antenna system secured
to an orbiting satellite 2000, as may be readily appreciated.

1601027 FiG. 21 llustrates muitiple tension members 2150 and 2170 secured {0 an
aerial platform 2100, in the fliustrated embodiment, the antenna system may include
two tension members 2150 and 2170, each with a plurality of antenna assemblies 2151~
2154 and 2171-2174 secured along their respeclive lengths. Each tension member
2150 and 2170 and their corresponding plurality of antenna assemblies 2151-2154 and
21712174 may perform any of the various functions described herein. Similarly, any of
the various systems, methods, devices, and/or features described in conjunclion with a
single tension member may be equally applied to a dual- or multi-tension member
antenna system.

1081037 As illustrated, each tension member 2150 and 2170 may be spaced apart. In
various embodiments, a plurality of tension members may be spaced apart in an in-
irack direction, in a cross-track direction {as illustrated}, and/or at a unigue orientation.

Each tension member 2150 and 2170 may be configured to receive slectromagnetic
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gnergy from and/or transmit electromagnelic energy (o a distinct area of a larget surface
2195, the same area of a target surface 2185, and/or overlapping areas of a larget
surface 2195,

(061041 FiG. 22 fllustrates a tension member 2250 with a plurality of antenna
assemblies secured aiong its length (not labeled for clarity) for use in synthetic aperture
radar. As iliusiraled, electromagnetic energy 2270 may be continuously or
intermittently transmitted from an aerial platform as it moves from location 2200 to
tocation 2200, Reflected signals 2275 may be received by each of the plurality of
antennas associated with each antenna assembly at distinct elevations as the aerial
platform moves from location 2200 to location 2200.

108105] The reflected signals 2275 received by the multi-elevational antennas may be
transmitied by a communication system {0 a receiving system, recorder, and/or SAR
processor. In some embodiments, SAR processing, or other type of processing
associated with any type of radio communication, radiclocation, and/or radar technigue
may be done inreal-time. In other embodiments, processing may be performed
subsequently using recorded data. kach received reflected signal 2275 may be
associated with a time stamp of when it was received, a location of where the antenna
was when it was received, a curvature of the tension member 2250 when it was
received, and/or the elevation of the antenna when it was received. This information
may be thought of as corresponding to a received signal at multiple elevations for each
location between 2200 and 2200, or the equivalent of data collected by multiple passes
of an aerial platform with a single-elevation antenna coliecting SAR data.

[60106] Suitable embodiments of the antenna system may be used to implement any
of a wide variely of radar remote sensing and/or imaging techniques, including
particularly three-dimensional stereo or “‘multi-pass” SAR and interferometric SAR.
Embodiments may be optimized for particular sensing or imaging techniques, for
example by selecting vertical spacings between antennas o provide a desired set of
interferometric or stereo imaging baselines. Embodiments of the antenna system can
implement polarimetric and interferometric radars, multiband, wideband, and
ultrawideband radars, impuise, chirped-pulse, or phase-encoded radars, foliage- or

ground-penetraling radars, moving-target indicating radars, and many cther types of
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radar. Embodiments of the antenna are potentially compatible with any radar or SAR
processing technique applicable to single- or multi-pass data coligction, including
various image-forming techniques {Fourier, back-projection, etc.), auiofocus technigues,
resolution enhancement or superresolution technigues, speckie reduction technigues,
and so on. Some embodiments may be optimized for specific processing techniques,
for example by maintaining uniform vertical spacings and/or uniform horizontal offsets
between antennas to simplify Fourier-transform processing.

1061071 FiG. 23 illustrates a flow chart of a method 2300 for using an antenna system
as described herein. As will be appreciated by one of skill in the ar, various steps of
the method may be performed out of order or more than once with respect to one or
more of the other steps. As illustrated, a transmitter may be used to fransmit an RF
signal toward a target surface, at 2310. An aerial platform may be used to tow a tension
member, at 2320. As described herein, any number of antennas and/or antenna
assemblies may be secured along the length of the tension member at varying
glevations. The transmitied RF signal may reflect off the target suiface.

1001081 Lach of the plurality of antennas at the varying elevations may receive
portions of the reflected RF signal, at 2330, An antenna location system may determine
the relative location (e.g., an elevation and/or a displacement} of each of the antennas
and/or antenna assembiies, at 2340. A receiving system may receive, process, and/or
record information associated with the received slectromagnetic energy from each of
the antennas, at 2350, For example, information associated with the actual received
signal, a time stamp, a location of the antenna, a curvaiure of the tension member, an
elevation of the antenna, and/or the like may be recorded, used for processing, and/or
otherwise received by the receiving system.

16010897 FiG. 24 llustrates a flow chart of a more specific method 2400 of use for the
presently described antenna system. As illustrated, a transmitter may transmit a
coherent RF signal toward a target surface, at 2410, An aerial platform (or alternatively
an orbiting satellite) may be used {0 tow a tension member, at 2420, Again, any
number of antennas and/or antenna assemblies may be secured along the length of the
tension member at varying elevations. The transmitted RF signal may reflect off the

target surface.
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1081107 Each of the plurality of antennas at the varying elevations may receive
portions of the refiected RF signal, at 2430. An antenna iocation system may determing
the relative location (e.g., an elevation and/or a displacement) of each of the antennas
andfor antenna assembiies, al 2440, A receiving system may receive and/or record
information associated with the received electromagnetic energy from each of the
antennas, at 2450. For example, information associated with the actual received signal,
a time stamp, a location of the antenna, a curvature of the tension member, an elevation
of the antenna, and/or the like may be recorded and/or otherwise received by the
receiving system.

861411 The information may be pre-processed before storage, pre-processed in real-
time by a SAR processer, and/or subsequently pre-processed to compensate for any
curvature of the tension member and/or lateral {e.q., forward, aft, left, right)
displacement of the tension member, at 2460. A real-time processor on the aerial
plafform, a real-time remote processor, and/or a subsequently used remote processor
may process the pre-processed information using any one of the various SAR
techniques described herein and/or another SAR technique to generate a 3D mapping
of the target surface, at 2470.

[00112] This disclosure has been made with reference o various exemplary
embodiments, including the best mode. However, those skilled in the art will recognize
that changes and modifications may be made {0 the exemplary embodiments without
departing from the scope of the present disclosure. While the principles of this
disclosure have been shown in varicus embodiments, many modifications of structure,
arrangements, proportions, elemenis, materials, and components may be adapted for a
specific environment and/or operating requirements without departing from the
principles and scope of this disclosure. These and other changes or modifications are
intended to be included within the scope of the present disclosure.

1601131 The foregoing specification has been described with reference {o various
gmbodiments. However, one of ordinary skill in the art will appreciate that various
maodifications and changes can be made without departing from the scope of the
present disclosure. Accordingly, this disclosure is 1o be regarded in an iliusirative rather

than a restrictive sense, and all such modifications arg intended {o be included within
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the scope thereof. Likewise, benefils, other advaniages, and solutions o problems
have been described above with regard to various embodiments. However, benefits,
advantages, solutions to problems, and any element(s) that may cause any benefil,
advantage, or solution to occur or become more pronounced arg not 1o be construed as
a critical, a required, or an essential feature or element. The scope of the present

invention should, therefore, be determined by the following claims.
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What is claimed is:

1. A system for generating a three-dimensional mapping of a target surface
using synthetic aperture radar (SAR) data collected by a single pass of an aerial
plaform, comprising:

a transmitter configured o transmit coherent electromagnetic radiation 1o a target
surface;

a tension member configured with a first end and a second end defining a length
of the tension member, the first end configured o be secured to an aerial platform and
the second end configured {o be unsecured o the aerial platform and exiend from the
aerial platform at a different elevation than the first end,;

a plurality of antenna assemblies secured {0 and spaced along the length of the
tension member, each of the plurality of antenna assemblies comprising at least one
antenna configured 1o receive the coherent electromagnetic radiation reflected by the
target surface;

an antenna location system configured o determine a relative location of each of
the plurality of antennas;

a receiving system configured o receive information associated with the received
coherent electromagnaetic radiation from each of the plurality of antennas;

a communication link configured to communicatively connect each of the plurality
of antennas to the receiving system, such that information may be conveyed from sach
of the plurality of antennas o the receiving system with the coherency preserved; and

a processor configured (o process the received information associated with the
coherent electromagnetic radiation using a synthelic aperiure radar technigue {0

generate g three-dimensional mapping of at least a portion of the target surface.

2. The system of claim 1, wherein the plurality of antennas are configured to

form a multistatic configuration with at least one exiernal component.
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3. The system of claim 1, wherein each of the plurality of antenna
assembiies is secured (o and spaced along the length of the tension member at non-

uniform intervals.

4. The system of claim 1, wherein the plurality of antenna assemblies are
secured to and spaced along the length of the tension member at inlervals that
correspond o desired elevational spacings.

5. The system of claim 1, wherein the information associated with the
received eleciromagnetic energy received by the receiving system comprises phase
information associated with the received electromagnetic energy received by each of
the plurality of antennas.

8. The antenna system of claim 1, wherein the transmission from each of the
plurality of antennas to the receiving system preserves the time coherence of the

recaived electromagnetic energy.

7. The system of claim 1, wherein the length of the tension member is

hetween 2 meters and 2000 meters.

8. The antenna system of claim 1, further comprising at least one

non-antenna component secured {o the tension member.

9. The system of claim 8, further comprising a control device configured to
control a location of at least one of a plurality of points along the tension member
relative (o the aerial platform.

10. The system of claim 1, wherein the antenna location sysiem comprises a
curvature sensing optical fiber system configured to provide information indicating the
curvature of the tension member at at least one location along the length of the tension

member.
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11.  The sysiem of claim 1, wherein the antenna location system is configured
to utitize a local positioning system (LPS) to determine the relative location of each of

the plurality of antennas.

12.  The system of claim 1, wherein at least one of the plurality of antennas

comprises a passive antenna.

13. The antenna system of claim 1, wherein at least one of the plurality of

antennas comprises a flat anienna.

14.  The anterna system of claim 1, wherein at least one of the plurality of

antennas comprises a conformal antenna.

15, The antenna system of claim 1, wherein at least one of the plurality of
antennas comprises an slectronically steerable antenna, configured such that the
physical antenna remains in a fixed form while a beam angle of the physical antenna is

electronically steerable.

16. The system of claim 1, wherein at least one of the plurality of antennas is
configured for use with a subset of frequencies between approximately 3 megahertz

and 30 megaheriz.

17.  The system of claim 1, wherein at least one of the plurality of antennas is
configured for use with frequencies between approximately 30 megaheriz and 300

megahertz.
18.  The system of claim 1, wherein at least one of the plurality of antennas is

configured for use with frequencies between approximately 300 megahertz and 3

gigaheriz.
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19, The system of claim 1, wherein the plurality of antennas includes multiple

types of antennas.

20. The sysiem of claim 19, wherein the types of antennas are selected from
the group of antenna types consisting of dipole antennas, Yagi-Uda antennas, homn
antennas, planar waveguide antennas, bicone antennas, conformal antennas, and

parabolic refleciors.

21, The system of claim 1, wherein a position of at least one of the plurality of
antenna assemblies is configured to be dynamically adiusted along the length of the

tension member while being towed by the aerial platform.

22. The system of claim 1, wherein an orientation of at least one of the
plurality of antenna assemblies relative o the tension member is configured {0 be

dynamically adjusted while being towed by the aerial platiorm.

23. The system of claim 1, further comprising:

a second tension member configured with a first end and a second end defining
a length of the tension member, the first end configured 1o be secured 1o the aerial
platform and the second end configured 1o exiend from the aerial platform unsecured o
the aerial platform; and

a second plurality of antenna assemblies secured {0 and spaced along the length
of the second tension member, each of the second plurality of antennas comprising at
feast one antenna configured for use with electromagnetic radiation,

whaerein the antenna location system is configured o determine a relative
tocation of each of the second plurality of antennas,

wherein the receiving system is configured o receive information associated with
the received coherent electromagnetic radiation from each of the second plurality of

antennas, and
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wherein the communication link is configured to communicatively connect each
of the second plurality of antennas to the receiving system, such that information may

be transmitted from each of the second pluralily of antennas (o the receiving system.

24, The system of claim 23, wherein the first pluralily of antennas associated
with the first tension member are configured to focus on a first area of the swrface and
the second plurality of antennas associated with the second tension member are

configured o Tocus on a second area of the surface.

25. A method for generating a three-dimensional mapping of a target surface
using synthetic aperture radar {SAR) data collected by a single pass of an aerial
platform, comprising:

fransmitting coherent electromagnetic radiation {0 a target surface;

securing a tension member from an aerial platform, the tension member
configured with a first end and a second end defining a length of the tension member,
the first end secured 1o the aerial platform and the second end unsecured {0 the aerial
platform and extending from the aerial platform at a different elevation than the first end;

raceiving reflections of the coherent electromagnetic radiation from the target
surface via sach of a plurality of antennas associated with antenna assemblies secured
to and spaced along the length of the tension member, each of the plurality of antennas
configured to receive the coherent electromagnetic radiation;

determining a relative location of each of the plurality of antennas using an
antenna location system;

connecting each of the plurality of antennas o a receiving system via a
communication link;

raecelving, via the receiving system, information associated with the received
coherent electromagnetic radiation from each of the plurality of antennas; and

processing at least some of the received information associated with the
coherent electromagnetic radiation using a synthetic aperture radar technigue to
generate a three-dimensional mapping of at least a portion of the target surface.
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26. The method of claim 25, wherein the synthetic aperiure radar technigue

includes Doplar-beam sharpening.

27. The method of claim 25, wherein the coherent electromagnetic radiation

comprises a serigs of coherent spatially-overtapping electromagnetic puises.

28. The method of claim 25, wherein the tension member comprises an

electrically conductive material.

29.  The method of claim 28, wherein the tension member comprises a
plurality of insulating members spaced along the length of the tension member, such
that the tension member is divided into a plurality of segments of electrically conductive
material separated from one another via an insulating member, and

wherein each of the plurality of segments is non-resonant at a predetermined

frequency bandwidth.

30.  The method of claim 25, further comprising controlling a location of the

second end of the tension member relative 10 the aerial platform using a control device.

31, The method of claim 25, wherein the antenna location system is
configured to utilize a global positioning system (GP3) to determine the relative location
of each of the plurality of antennas.

32. The method of claim 25, wherein the antenna location system is
configured to utilize interferometry of a radio frequency (RF) signal to determine the

relative location of each of the plurality of antennas.

33. The method of claim 25, wherein at least ong of the plurality of antennas

comprises an active antenna.
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34. The method of claim 25, wherein at least one of the plurality of antennas

comprises a conformal antenna.

35. The method of claim 25, wherein at least one of the plurality of antennas
comprises an electronically steerabie antenna, configured such that the physical
antenna remains in a fixed form while a beam angle of the physical antenna is

glectronically steerable.

36.  The method of claim 25, further comprising a fixation device configured to

control an orientation of at least one of the plurality of antennas.

37.  The method of claim 25, wherein one of an orientation relative to the
tension member and a position along the length of the tension members of one of the
plurality of antennas is configured {0 be dynamically adjusted to improve reception of

the coherent electromagnetic radiation while being towed by the aerial platform.

38. The method of claim 25, wherein the communication link comprises free-
space optical transmission network configured to allow each of the plurality of antennas

to transmit information o the receiving system.

389.  The method of claim 25, wherein the communication link comprises an
out-of-band wireless network configured to allow each of the plurality of antennas to
transmit information to the receiving systern, the oul-of-band wireless network utilizing

frequencies out of a predetermined range of the coherent electromagnetic radiation.

40. The method of claim 25, wherein the first end of the tension members is

configured to be secured (o an airplane.

41, The method of claim 25, wherein the first end of the tension members is

configured o be secured 10 a lighter-than-air-vehicle.
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42. The method of claim 25, wherein the first end of the tension members is

configuraed to be secured o an orbiting sateilite.
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