DEPLOYABLE STRUCTURE FOR USE IN
ESTABLISHING A REFLECTARRAY ANTENNA

CROSS-REFERENCE TO RELATED APPLICATIONS
[Para 1] This application claims divisional status from Singapore Patent Application
No. 11201802236Q filed on 19 March 2018, which application is incorporated herein in its

entirety by reference.

FIELD OF THE INVENTION
[Para 2] The invention relates to a deployable structure and, more specifically, to a

deployable structure for use in establishing a reflectarray antenna.

BACKGROUND OF THE INVENTION

[Para 3] In applications requiring a high-gain antenna, there are at least three types of
antennas that are typically employed, namely, a parabolic antenna, phased-array antenna,
and a reflectarray antenna. The basic parabolic antenna includes a parabolic shaped
reflector and a feed antenna located at the focus of the paraboloid and directed towards the
reflector. The phased-array antenna includes multiple antennas with a feed network that
provides a common signal to each of the antennas but with the relative phase of the
common signal being fed to each of the antennas established such that the collective
radiation pattern produced by the array of antennas is reinforced in one direction and
suppressed in other directions, i.e., the beam is highly directional. In many applications,
the phased-array antenna is preferred to the parabolic antenna because a phased-array
antenna can be realized with a lower height profile relative to the parabolic antenna.
However, the phased-array antenna typically requires a complicated and/or expensive feed
network and amplifier structures. The basic reflectarray antenna includes a reflectarray that
is flat or somewhat curved and a feed antenna directed towards the reflectarray. The
reflectarray includes an array of radiating elements that each receive a signal from the feed
antenna and reradiate the signal. Each of the radiating elements has a phase delay such that
the collective reradiated signal produced by the array of radiating elements is in a desired
direction. Importantly, the radiating elements are fed by the feed antenna. As such, relative
to the phased-arrayed antenna, the reflectarray avoids the need for a feed network to

provide a signal to each of the radiating elements.



[Para 4] An application that frequently requires a high-gain antenna is a space-related
application in which the antenna is associated with a spacecraft, e.g., a communication or
radar imaging satellite. Such space-related applications typically impose an additional
requirement of deployability on the design of a high-gain antenna, i.e., the antenna needs to
be able to transition from a stowed/undeployed state in which the antenna is inoperable or
marginally operable to unstowed/deployed state in which the antenna is operable. As such,
the high-gain antenna in these applications is coupled with a deployment mechanism that is
used to transition the antenna from the stowed/undeployed state to the unstowed/deployed
state. Characteristic of many space-related applications for such antennas is that the
antenna and deployment mechanism occupy a small volume in the undeployed state relative
to the volume occupied by the antenna and deployment mechanism in the deployed state.

[Para5] One approach for realizing a deployable high-gain antenna suitable for use
on a spacecraft is a parabolic antenna structure that includes a wire mesh reflector, a feed
antenna, and a deployment mechanism. The deployment mechanism operates to transition:
(@) the wire mesh reflector from a stowed state in which the reflector is folded to an
unstowed state in which the reflector is supported in a paraboloid-like shape by a frame
associated with the deployment mechanism and (b) the wire mesh reflector and the feed
antenna from an inoperable stowed state in which the wire mesh reflector and feed antenna
are not operably positioned relative to one another to an unstowed state in which the wire
mesh reflector and feed antenna are operatively positioned relative to one another.
Characteristic of such deployable parabolic antenna structures is a high part count and the
need for a relatively large volume to accommodate the stowed wire mesh reflector, feed
antenna, and deployment mechanism.

[Para 6] A second approach for realizing a deployable high-gain antenna suitable for
use on a spacecraft is a reflectarray antenna structure that includes a two-layer reflectarray
membrane, a feed antenna, and an inflatable deployment mechanism. The inflatable
deployment mechanism operates to transition: (a) the reflectarray membrane from a stowed
state in which the membrane is folded to an unstowed state in which the inflated
deployment mechanism forms a frame that is used in tensioning the reflectarray membrane
into a flat shape, similar to trampoline and (b) the reflectarray membrane and the feed
antenna from an inoperable stowed state in which the reflectarray membrane and feed
antenna are not operably positioned with respect to one another to an unstowed state in
which the reflectarray membrane and the feed antenna are operably positioned relative to

one another.  Characteristic of such a deployable reflectarray are difficulties in
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understanding the deployment kinematics and reliability challenges, particularly in space-

based applications.

SUMMARY OF THE INVENTION

[Para 7] A deployable structure for use in establishing a reflectarray antenna is
provided that is suitable for use in applications in which elements that are used to form the
reflectarray antenna structure need to transition from an undeployed state in which the
elements of the deployable structure conform to a particular volume in which the elements
are not situated so as to function in a reflectarray antenna to a deployed state in which the
elements are situated so as to function in a reflectarray antenna. One such application for
such a deployable structure is as part of a space vehicle, (e.g., a communication or radar
imaging satellite) in which elements of the structure typically need to conform to a compact
or dimensionally constrained volume for at least a portion of the launch of the space vehicle
and then be deployed from the compact or dimensionally constrained space so as to
facilitate the establishment of a reflectarray antenna structure that typically occupies a
considerably greater volume.

[Para 8] In one embodiment, a deployable structure is provided that includes: (a) a
flexible reflectarray or reflectarray membrane that is capable of being placed in a folded
state and in an unfolded state in which the flexible reflectarray can function as part of a
reflectarray antenna and (b) a deployment mechanism for transitioning the flexible
reflectarray between the folded and unfolded states. The deployment mechanism includes
an endless pantograph that is adapted for transitioning between an undeployed state in
which the endless pantograph has a closed shape with an undeployed perimeter having a
first length and a deployed state in which the endless pantograph has a closed shape with a
deployed perimeter having a second length that is greater than the first length. The
deployment mechanism also includes an energy providing device that provides energy that
is used to transition the endless pantograph between from the undeployed state towards the
deployed state. The endless pantograph is operatively connected to the flexible
reflectarray. Initially, when the deployable structure is in the undeployed state, the flexible
reflectarray is in a folded state and the endless pantograph is in an undeployed state
characterized by having a perimeter with the first length. To transition the deployable
structure transitions from the undeployed state towards the deployed state, the energy
providing device is used in causing the endless pantograph to transition from the



undeployed state in which the endless pantograph has a perimeter with the first length
towards the deployed state, thereby increasing the perimeter length of the endless
pantograph. As a consequence of the transition of the endless pantograph from the
undeployed state towards the deployed state, the attached flexible reflectarray transitions
from the folded state towards the unfolded state (typically, relatively flat or planar).

[Para 9] In one embodiment of the deployable structure, the endless pantograph has
polygonal shape with at least three sides. Comprising the endless pantograph are linear
sub-pantographs (i.e., pantographs that form the endless pantograph and extend in a
substantially straight line when transitioning between the undeployed and deployed states)
associated with each side of the polygonal shape and vertex structures that each extend
between an end of one of the sub-pantographs and the end of the immediately adjacent sub-
pantograph. In both the undeployed and deployed states, the sub-pantographs and vertex
structures define a plane polygon with the linear sub-pantographs defining the edges of the
polygon and the vertex structures defining the vertices of the polygon. In the undeployed
state, the sub-pantographs define an undeployed perimeter with a first length. In a
deployed state, the sub-pantographs define a deployed perimeter with a second length that
is greater than the first length.

[Para 10] In another embodiment of the deployable structure, the endless pantograph
comprises two sets of linear sub-pantographs. The first set of linear sub-pantographs
includes three or more linear sub-pantographs that define the edges of a polygon in the
undeployed and deployed states. The second set of linear sub-pantographs comprises the
same number of linear sub-pantographs as the first set of linear sub-pantographs and also
define the edges of a plane polygon in the undeployed and deployed states. The second set
of sub-pantographs is located within the first set of sub-pantographs and oriented such that
each of the linear sub-pantographs of the second set of sub-pantographs is disposed
adjacent to a linear sub-pantograph of the first set of linear sub-pantographs of substantially
the same length. As such, each linear sub-pantograph of the first set of linear sub-
pantographs corresponds to one of the linear sub-pantographs of the second set of linear
sub-pantographs. Each of the linear sub-pantographs of the first set of linear sub-
pantographs is pivotally connected to the corresponding linear sub-pantograph of the
second set of linear sub-pantographs (i.e., the corresponding linear sub-pantographs form a
stacked linear sub-pantograph in which the constituent linear sub-pantographs lie in
different planes). Further, the two sub-pantographs that form a stacked linear sub-

pantograph are offset, i.e. the center or mid-leg pivot points are not collinear when the sub-
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pantographs are in an undeployed state. An offset of 180° provides the greatest increase in
stiffness relative to a polygonal endless pantograph with sides formed by single sub-
pantographs. However, other offsets are feasible. The two sets of linear sub-pantographs
can be characterized as a plurality of composite stacked linear sub-pantographs with each
composite stacked linear sub-pantograph having two linear sub-pantographs that are
pivotally connected, lie in different planes, and are offset relative to one another. The
endless pantograph also includes vertex structures that each extend between an end of a
composite stacked linear sub-pantograph and the end of an adjacent composite stacked
linear sub-pantograph. The endless pantograph structure with two sets of composite
stacked linear sub-pantographs has an undeployed perimeter length that that is only slightly
greater than the perimeter length of a comparable endless pantograph with sides formed by
a single set of linear sub-pantographs (i.e., an endless pantograph with a single set of linear
sub-pantographs that substantially has the same perimeter length when fully deployed as
the endless pantograph structure with two sets of composite stacked linear sub-pantographs
when fully deployed).

[Para 11] In yet another embodiment of the deployable structure, the endless
pantograph comprises at least three composite linear sub-pantographs with each of the at
least three composite linear sub-pantographs having a first linear pantograph that is
interlaced with, pivotally connected to, and offset relative to a second linear pantograph
(i.e., an interlaced linear pantograph in which the two pantographs lie in the same plane).
An offset of 180° provides the greatest increase in stiffness relative to endless pantograph
with sides formed by a single set of linear sub-pantographs. However, other offsets are
feasible. A vertex structure extends between each end of a composite linear sub-
pantograph and the end of an adjacent composite linear sub-pantograph. In this
embodiment, the composite linear sub-pantographs that form each side of the endless
pantograph can be characterized as composite interlaced linear sub-pantographs. The
endless pantograph structure with composite linear sub-pantographs that each employ two
interlaced linear sub-pantographs has an undeployed perimeter length that is greater than
the perimeter length of a comparable endless pantograph with composite linear sub-
pantographs that each employ stacked sub-pantographs (i.e., an endless pantograph with
stacked linear sub-pantographs that substantially has the same perimeter length as the
endless pantograph with interlaced linear sub-pantographs when fully deployed).

[Para 12] While endless pantographs with polygonal shapes have certain desirable

properties, an endless pantograph that is circular is also feasible and perhaps desirable in
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certain applications. Further, endless circular pantographs that are stacked or interlaced are
also feasible.

[Para 13] Yet another embodiment of the deployable structure employs a limiter to
limit the extent to which the endless pantograph is deployed. In one embodiment, the
limiter includes a plurality of pins with each pin associated with a first leg of the endless
pantograph and adapted to engage a second leg of the endless pantograph to which the first
leg is pivotally attached in a manner that prevents relative rotation between the first and
second legs once a desired angle between the first and second legs is reached during
deployment. In a particular embodiment, a pin is associated with the two pivot joints
located at the ends of each leg comprising the endless pantograph. The use of these pins, at
least in endless pantographs with polygonal shapes, serves to limit the deployment of the
endless pantograph, distribute the load, and reduce bowing in the deployed linear sub-
pantographs (particularly when relatively long sub-pantographs are employed).

[Para 14] In a particular embodiment of the deployable structure, the energy providing
device includes one or more springs that provide the energy for transitioning the endless
pantograph and the flexible reflectarray from the undeployed state towards the deployed
state. In a particular embodiment, the energy providing device comprises a spring
associated with each pivot connection between the legs that form the endless pantograph.
When the endless pantograph is in the undeployed state, the springs cumulatively store
sufficient potential energy to transition the endless pantograph from the undeployed state to
the deployed state. In the regard, when the restraint on the endless pantograph that
maintains the endless pantograph in the deployed state is removed or reduced, the springs
cause the legs that comprise the endless pantograph to rotate relative to one another and
thereby transition the pantograph from the undeployed state towards the deployed state.
Once the endless pantograph is in the deployed state, the springs store less potential energy
than in the undeployed state but sufficient potential energy to maintain the endless
pantograph in the deployed state based on the forces the deployed pantograph and
reflectarray are reasonably expected to encounter in the relevant application. It should also
be appreciated that by the use of multiple springs and the use of the multiple springs to
store more potential energy than is needed to deploy and maintain the deployment of the
endless pantograph and flexible reflectarray the failure of one or more springs can be
accommodated.

[Para 15] In another embodiment of the deployable structure, the deployment

mechanism includes a deployable tape structure for establishing a spatial relationship
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between the flexible reflectarray and another component of a reflectarray antenna. For
instance, the deployable tape structure can be used in establishing the position of a feed
antenna, subreflector, or reflectarray subreflector relative to the flexible reflectarray. In a
particular embodiment, the deployment structure includes at least three deployable tapes,
each tape extending from a first end that is operatively engaged to the endless pantograph to
a second end that is operatively connected to an element that facilitates the positioning of
the deployed reflectarray (supported by deployed endless pantograph) relative to another
component of a reflectarray antenna. In a particular embodiment, the second end of each of
the tapes is operatively connected to or adjacent to a feed antenna of the reflectarray
antenna. In the deployed state, the three tapes contribute to the positioning of the deployed
endless pantograph and the deployed reflectarray relative to the feed antenna in a
reflectarray antenna. More specifically, the deployed tapes and the deployed endless
pantograph substantially define a pyramidic or conic structure. In a particular embodiment,
at least two of the tapes are of different lengths. As such, the deployable structure, when
fully deployed, establishes the reflectarray and the feed antenna in a configuration known
as a reflectarray antenna with an offset feed, i.e., the boresight of the feed antenna is not
parallel to a line perpendicular to the deployed reflectarray. Further, the deployed
reflectarray, the endless pantograph, and the deployed tapes substantially define an oblique
pyramid or oblique cone. In a specific embodiment, each of the tapes transitions between
an undeployed state characterized by a substantially portion of the tape being in a roll and a
small portion of the tape extending linearly and a deployed state characterized by a
substantial portion of the tape extending linearly. Further, each of the tapes is preferably a
quasi-dual stable tape that exhibits: (a) a first stable state when the entire tape is wound or
rolled, (b) a second stable state when the entire tape is straight, and (c) a propensity to
transition towards the second stable state when a portion of the tape is in the first state and
another portion of the tape is in the second state. As such, when a significant portion of the
tape is rolled but a portion of the tape is straight or extends linearly, the tape is storing
energy that can subsequently be used to transition the tape towards the second stable state.
The use of such tapes facilitate the deployment of the tapes between the undeployed and
deployed states.

[Para 16] In a particular embodiment, the deployable structure is configured so that,
when the structure is in the deployed state, the feed antenna is located between the

deployed flexible reflectarray and the body of a satellite. Stated differently, the deployment



mechanism and, more specifically, the tapes are configured so as to move the endless
pantograph and flexible reflectarray away from the feed antenna and the spacecraft.

[Para 17] Disclosed herein is a deployable structure for use in establishing a
reflectarray antenna comprising:

a base;

a feed antenna for use in a reflectarray antenna;

a flexible electrical element for use in a reflectarray antenna;
wherein the flexible electrical element is folded in an undeployed state;
wherein the flexible electrical element is unfolded in a deployed state relative to the
undeployed state; and

a deployment mechanism for transitioning the flexible electrical element from the
undeployed state towards the deployed state;
wherein the deployment mechanism includes an endless pantograph structure, a plurality of
tapes with each tape having a first end that is operatively connected to the base and a second
end that is operatively connected to the endless pantograph structure, and an energy
providing device for use in transitioning the endless pantograph structure from the
undeployed state towards the deployed state;
wherein the endless pantograph structure includes a plurality of pairs of pivotally connected
crossing legs connected to one another so as to form a closed loop;
wherein the endless pantograph structure defines a perimeter that has a first length in the
undeployed state and a second length that is greater than the first length when the endless
pantograph structure transitions from the undeployed state towards the deployed state;
wherein the endless pantograph structure is operatively engaged to the flexible electrical
element;
wherein, when the endless pantograph structure transitions from the undeployed state
towards the deployed state, the flexible electrical element transitions from being folded in
the undeployed state towards being unfolded; wherein each tape of the plurality of tapes is
adapted to transition from an undeployed state in which the endless pantograph structure is
located at a first position relative to the base towards a deployed state in which the endless
pantograph structure is located at a second position relative to the base that is a greater
distance from the base than the first position and the tape has a linearly extending portion;
wherein the feed antenna and the flexible electrical element, when the flexible electrical

element is in the deployed state and presenting a flat surface, have an offset feed positional



relationship characterized by the boresight of the feed antenna not being parallel to a line
perpendicular to the flat surface of the deployed, flexible electrical element.

[Para 18] Disclosed herein is also a deployable structure for use in establishing a
reflectarray antenna comprising: a flexible electrical element for use in a reflectarray
antenna; wherein the flexible electrical element is folded in an undeployed state; wherein
the flexible electrical element is unfolded in a deployed state relative to the undeployed
state; a feed antenna for providing a signal to, or receiving a signal from, the flexible
electrical element in the deployed state; and a deployment mechanism for transitioning the
flexible electrical element and the feed antenna from the undeployed state in which the
flexible electrical element and the feed antenna are not positioned relative to one another
for use in a reflectarray antenna towards a deployed state in which the flexible electrical
element and the feed antenna are positioned relative to one another for use in a reflectarray
antenna; wherein the deployment mechanism includes an endless pantograph structure for
transitioning the flexible electrical element from the undeployed state towards the deployed
state; wherein the endless pantograph structure includes a plurality of pairs of pivotally
connected crossing legs connected to one another so as to form a closed loop; wherein the
endless pantograph structure defines a perimeter that has a first length in the undeployed
state and a second length that is greater than the first length when the endless pantograph
structure transitions from the undeployed state towards the deployed state; wherein the
endless pantograph structure is operatively engaged to the flexible electrical element;
wherein, when the endless pantograph structure transitions from the undeployed state
towards the deployed state, the flexible electrical structure transitions from being folded in
the undeployed state towards being unfolded and presenting a flat surface in the deployed
state; wherein the deployment mechanism includes an extendable structure that is
operatively connected to the endless pantograph structure and adapted to support the
endless pantograph structure and flexible electrical element at a deployed position at which
the flexible electrical element is positioned to cooperate with the feed antenna for use in a
reflectarray antenna; a base operatively connected to the extendable structure, wherein the
base is adapted for connection to a satellite structure so as to operatively connect the base,
deployment mechanism, and flexible electrical element to the satellite structure; wherein,
when the flexible electrical element is in the deployed state, the extendable structure is
structurally located between the flexible electrical element and the base, and the feed

antenna and the flexible electrical element have an offset feed positional relationship in



which a boresight of the feed antenna is not parallel to a line perpendicular to the flat
surface of the deployed, flexible electrical element.

[Para 19] Disclosed herein is also a deployable structure for use in establishing an
antenna comprising: a flexible electrical element; wherein the flexible electrical element is
folded in an undeployed state; wherein the flexible electrical element is unfolded in a
deployed state relative to the undeployed state; and a deployment mechanism for
transitioning the flexible electrical element from the undeployed state towards a deployed
state; wherein the deployment mechanism includes an endless pantograph structure and an
energy providing device for transitioning the endless pantograph structure from the
undeployed state towards the deployed state; wherein the endless pantograph structure
includes a plurality of pairs of pivotally connected crossing legs connected to one another
so as to form a closed loop and is adapted to operatively engage the flexible electrical
element; wherein the endless pantograph structure defines a perimeter that has a first length
in the undeployed state and a second length that is greater than the first length when the
endless pantograph structure transitions from the undeployed state towards the deployed
state; wherein the endless pantograph structure is operatively engaged to the flexible
electrical element; wherein, when the endless pantograph structure transitions from the
undeployed state towards the deployed state, the flexible electrical element transitions from
being folded in the undeployed state towards being unfolded; wherein the deployment
mechanism includes a plurality of extendable structures with each of the plurality of
extendable structures operatively connected to the endless pantograph structure and
collectively adapted to support the endless pantograph structure and the flexible electrical
element in a deployed state in which the flexible electrical element is positioned to
cooperate with a feed antenna for use in an antenna; a base operatively connected to the
extendable structures, wherein the base is adapted for connection to a satellite structure so
as to operatively connect the base, deployment mechanism, and flexible electrical element
to the satellite structure; wherein, when the flexible electrical element is in the deployed
state, the extendable structures are structurally located between the flexible electrical
element and the base; wherein the deployment mechanism adapted to deploy the flexible
electrical element such that the deployed flexible electrical element is positioned so as to
have an offset feed positional relationship with a feed antenna that has a boresight, the
offset feed positional relationship characterized by the boresight of the feed antenna not
being parallel to a line perpendicular to a flat surface of the deployed, flexible electrical

element.
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BRIEF DESCRIPTION OF THE DRAWINGS

[Para 20] FIGS. 1A-1F respectively illustrate an embodiment of the deployable
structure for use in establishing a reflectarray antenna in an undeployed state, at the onset of
deployment, partially deployed, further partially deployed, yet further partially deployed,
and fully deployed;

[Para 21] FIG. 2 illustrates a portion of a first embodiment of an endless pantograph
structure suitable for use in the deployable structure shown in FIG. 1;

[Para 22] FIG. 3 illustrates a portion of second embodiment of an endless pantograph
structure suitable for use in the deployable structure shown in FIG. 1;

[Para 23] FIG. 4 illustrates a portion of a sub-pantograph of the embodiment of a
portion of an endless pantograph illustrated in FIG. 2 and pins associated with the ends of
two of the legs of the sub-pantograph that limit the extent to which the sub-pantograph is
deployed;

[Para 24] FIGS. 5A and 5B are two perspective exploded views of two crossing legs
of the embodiment of a portion of an endless pantograph illustrated in FIG. 2 that illustrate
the mid-point pivot connection between the two legs and the spring associated with the
mid-point pivot connection;

[Para 25] FIG. 6 is a top view of the embodiment of an endless pantograph (in an
undeployed state) associated with the deployable structure shown in FIG. 1 and the limiting
pins associated with the endless pantograph;

[Para 26] FIGS. 7A-7D respectively illustrate the embodiment of the endless
pantograph shown in the FIG. 6 in an undeployed state, at the onset of deployment, further
partially deployed, and fully deployed;

[Para 27] FIG. 8 illustrates an embodiment of a vertex structure that is used to connect
two of the composite stacked linear sub-pantographs of the of the endless pantograph
shown in FIG. 6;

[Para 28] FIG. 9 illustrates a connector structure for connecting a flexible reflectarray
to the endless pantograph illustrated in FIG. 6;

[Para 29] FIG. 10 illustrates a connector structure for connecting a tape to the endless
pantograph illustrated in FIG. 6;

[Para 30] FIG. 11 illustrates a satellite that includes the deployable structure illustrated
in FIGS. 1A-1F and with the flexible reflectarray in the deployed state;

[Para 31] FIG. 12 illustrates the motorized tape cassettes and feed antenna associated

with the base of the deployment structure shown in FIGS. 1A-1F;
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[Para 32] FIG. 13 is an exploded view of the motorized tape cassettes, feed antenna,
and base of the deployment structure shown in FIGS. 1A-1F; and

[Para 33] FIG. 14 illustrates the base of the deployment structure in FIGS 1A-1F and
the pairs of serpentine flexures that facilitate rotation of the each of the motorized tape

cassettes about an axis that is perpendicular to the base.

DETAILED DESCRIPTION

[Para 34] With reference to Figs. 1A-1F, an embodiment of a deployable structure 20
for use in establishing a reflectarray antenna (hereinafter referred to as “the deployable
structure 20”) is described. The deployable structure 20 conforms to a design specification
which requires the deployable structure 20, in the undeployed state, to fit within a volume
that is 20 cm x 20 cm x 25 cm. Additional, the deployable structure 20 is required to have a
mass of no more than 4 kg. Although the deployable structure 20 conforms to the this
design specification, it should be appreciated that adaptation to other form factors and mass
requirements is feasible.

[Para 35] Generally, the deployable structure 20 includes a canister 22, a feed antenna
24, a flexible reflectarray 26, and a deployment mechanism 28.

[Para 36] With reference to Figs. 1A-1E, the canister 22 serves to store the feed
antenna 24, flexible reflectarray 26, and the deployment mechanism 28 in an undeployed
state and provides a base for supporting the feed antenna 24, flexible reflectarray 26, and
the deployment mechanism 28 in the deployed state. With reference to Fig. 1A, when the
deployable structure 20 is in the undeployed state, the canister 22 conforms to the design
specification that requires the undeployed structure to fit within a volume that is 20 cm x 20
cm x 25 cm. Within this specific volume, the feed antenna 24 occupies a first volume
within the canister 22, the flexible reflectarray 26 is folded so as to conform to a second
volume within the canister 22, and the deployment mechanism 28 is in an undeployed state
that conforms to a third volume within the canister. With reference to Fig. 1F, when the
deployable structure 20 is in the deployed state, the canister 22 and the deployment
mechanism 28 cooperate to position the deployed flexible reflectarray 26 relative to the
feed antenna 24 so as to conform to a reflectarray antenna structure with an offset feed, i.e.,
the boresight of the feed antenna 24 is not parallel to a line perpendicular to the plane of the

deployed flexible reflectarray 26.
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[Para 37] With continuing reference to Figs. 1A-1F, the canister 22 generally
comprises a base 32 and four spring-loaded and latchable doors 34A-34D that form the
sides of the cube and the top of the cube. A releasable latch structure 36 holds the doors
34A-34D in the undeployed state shown in FIG. 1A. The releasable latch structure 36 can
take a number of different forms. In the illustrated embodiment, the latch 36 employs a
meltable pin that disintegrates upon the application of an electrical current, thereby
allowing the spring loaded doors 34A-34D to deploy as shown in FIG. 1B. It should be
appreciated that other embodiments of a canister that conforms to the design specification
and are suitable for use the feed antenna 24, flexible reflectarray 26, and deployment
mechanism 28 are feasible. Moreover, embodiments of canisters that conform to other
dimensional requirements and that support other embodiments of a feed antenna, flexible
reflectarray, and deployment mechanism appropriate for these other dimensional
requirements or other application are feasible.

[Para 38] With continuing reference to Figs. 1A-1E, the feed antenna 24 is an antenna
that is capable of feeding the flexible reflectarray 26 when the deployable structure 20 is in
the deployed state. In the illustrated embodiment, the feed antenna 24 is a low-profile
phased array antenna. In other embodiments, a horn antenna is employed for the feed
antenna.

[Para 39] With continuing reference to Figs. 1A-1E, the flexible reflectarray 26
includes: (a) a first flexible membrane that supports an array of reflectarray elements and
(b) a second flexible membrane that serves as a ground plane in the deployed state. A
specified distance between the first flexible membrane and the second flexible must be
maintained for proper operation of the flexible reflectarray 26 when deployed. This
spacing can be achieved in a number of different ways. For example, connectors that
attached the flexible reflectarray 26 to the deployment mechanism 28 and the tension
applied to the flexible reflectarray 26 by the deployment mechanism 28 can be used to
maintain the required spacing between the first and second flexible membranes and with
only open space between the two membranes. Another alternative is to place a
compressible and flexible dielectric structure between the first and second flexible
membranes to facilitate the desired spacing between the membranes. Yet another option is
to employ substantially non-compressible post like structures at various locations between
the membranes to facilitate the desired spacing between the membranes. Generally, when
the flexible reflectarray 26 is in the deployed state, the outer edge 48 of the reflectarray
defines a polygon-like shape that has catenary-shaped edges instead of straight edges. The
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flexible characteristic of the flexible reflectarray 26 allows the reflectarray to be folded so
as to fit within a specified volume within the canister 22 when the reflectarray is in the
undeployed state. Other flexible reflectarrays known to those skilled in the art are feasible.

[Para 40] With continuing reference to Figs. 1A-1F, the deployment mechanism 28
comprises: (a) an endless pantograph 52 for transitioning the flexible reflectarray 26
between an undeployed, folded state and a deployed state in which the flexible reflectarray
26 is substantially planar and (b) a tape dispensing structure 54 that operates to position the
feed antenna 24 and the flexible reflectarray 26 relative to one another so to conform to a
reflectarray antenna structure with an offset feed. Characteristic of the endless pantograph
52 and other endless pantographs is that the pantograph forms a closed loop and the
perimeter defined by the pantograph has a first length in the undeployed state and a second
length that is greater than the first length when the pantograph is transitioning from the
undeployed state towards and at the deployed state.

[Para 41] With reference to FIGS. 1A-1F, 2, and 6, the endless pantograph 52 is an
endless polygonal pantograph, i.e., the pantograph has a polygonal shape when undeployed
and when fully deployed. More specifically, the pantograph 52 is a composite polygonal
pantograph that includes two eight-sided polygonal sub-pantographs. In the illustrated
embodiment, each of the eight-sided polygonal sub-pantographs comprises eight linear sub-
pantographs with each linear sub-pantograph having one end attached to the end of a
second linear sub-pantograph and the other end attached to a third linear sub-pantograph.
The pantograph 52 is more specifically characterized as a stacked polygonal pantograph
with: (a) a first eight-sided polygonal sub-pantograph 76A in which the links of the
pantograph occupy a first polygonal cylindrical volume and (b) a second eight-sided
polygonal sub-pantograph 76B in which the links of the pantograph occupy a second
polygonal cylindrical volume that is within the volume defined by the interior surface of the
first polygonal cylindrical volume, (c) each side of the second eight-sided polygonal sub-
pantograph 76B pivotally engaged to a corresponding side of the first eight-sided polygonal
sub-pantograph 76A, and (d) each side of the pantograph 52 connected to two adjacent
sides of the pantograph. The pantograph 52 can also be characterized as eight stacked
linear sub-pantographs 78A-78H with each stacked linear sub-pantograph having one end
attached to the end of a second stacked linear sub-pantograph and the other end attached to
a third stacked linear sub-pantograph. Each of the stacked linear sub-pantographs 78A-78H
can be characterized as having a first and second linear sub-pantographs 80A, 80A that are

stacked, pivotally attached to one another, and offset by 180°. While the pantograph 52 has
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eight sides, it should be appreciated that an endless polygonal pantograph can have three or
more sides. The pivotal attachment between the first eight-sided polygonal sub-pantograph
76A and the second eight-sided polygonal sub-pantograph 76B establishes a 180° offset
between the first and second eight-sided polygonal sub-pantographs. More specifically, the
two linear sub-pantographs that are embodied in each of the stacked linear sub-pantographs
78A-78H have an offset of 180°. This offset renders the pantograph 52 stiffer in the
deployed state than a pantograph in which each side of the pantograph is realized with
single linear sub-pantograph.

[Para 42] With reference to FIGS. 4, 5A, and 5B, at least one of the linear sub-
pantographs 80A, 80B of at least one of the stacked linear sub-pantographs 78A-78H
employs a limiting structure that limits the extent to which the endless pantograph 52
deploys. To elaborate, each of the linear sub-pantographs 80A, 80B has at least one pair of
crossing legs 150A, 150B. Associated with the crossing leg 150A is a pin 152 that projects
away from the crossing leg and is positioned so as to engage another leg of the linear sub-
pantograph when the relative rotation of the two legs during deployment of the pantograph
has resulted in establishing a predetermined angle between the two legs, thereby limiting
the deployment of whichever one of the sub-pantographs 80A, 80B the pin 152 is
associated, as well as the entire endless pantograph 52. In the illustrated embodiment of the
endless pantograph 52, each of the linear sub-pantographs 80A, 80B includes a first set of
parallel legs 154 and a second set of parallel legs 156. Associated with each full length leg
of the first set of parallel legs 154 are two pins that each engage a different leg of the
second set of parallel legs 156 to limit the deployment of the sub-pantograph with which
the pins are associated, the deployment of the sub-pantograph to which the sub-pantograph
is pivotally attached, and the deployment of the endless pantograph 52. Due to the offset be
the linear sub-pantographs 80A, 80B, there are partial legs that are shorter than the full
length legs. Depending on the implementation, there may be one pin or no pins that
perform a limiting function associated with a partial leg. The use of multiple pins to limit
the deployment of the endless pantograph 52 provides redundancy, i.e., one or more pins
can fail and the remaining pin or pins still limit the deployment as desired. Further, the use
of multiple pins serves with respect to linear sub-pantographs 80A, 80B serves to “stiffen”
the pantographs, i.e., reduce the dead band (droop or sag) that may be present when the
linear sub-pantograph is deployed, especially when the deployed pantograph extends over a
considerable distance and/or is subject to certain loads. The use of multiple pins also

reduces tolerancing requirements. Additionally, the use of multiple pins distributes the load
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being supported by the sub-pantograph over the length of the pantograph. It should be
appreciated by those skilled in the art that fewer or more pins or comparable structure can
be employed with a sub-pantograph and/or the locations of the pins altered and the benefits
scaled accordingly.

[Para 43] With continuing reference to FIGS. 5A-5B, to provide energy for
transitioning the endless pantograph 52, a spring structure is utilized that stores potential
energy when the endless pantograph 52 is in the undeployed state. In deployment, this
potential energy is converted to kinetic energy to facilitate the transition of the pantograph
from the undeployed state towards the deployed state. With reference to FIGS. 5A-5B, an
embodiment of a spring structure 90 is described. Generally, a spring structure can be
located at any pivot point of a pantograph associated with the endless pantograph 52.
Further, a single spring structure can potentially provide the energy needed to transition the
endless pantograph 52 between the undeployed and deployed states. However, in the
illustrated embodiment of the endless pantograph 52, a spring structure is located at each of
multiple pivots points of the endless pantograph 52. The spring structure 90 is associated
with a pivot structure 92 that is used to establish a center pivot point between the pair of
crossing legs or links 150A, 150B of an endless pantograph. The pivot structure 92
includes a first hole 98A associated with cross leg 150A, a second hole 98B associated with
crossing leg 150B, a nut 100, and screw 102 that extends through each of the holes and
engages the nut to establish a pivot connection between the crossing legs 150A, 150B. In a
preferred embodiment, the nut 100, secrew 102 and holes 98A, 98B implement a full
floating axle structure. The spring structure 90 includes a torsion spring 104, a first housing
106A that is associated with crossing leg 150A and adapted to engage one leg of the spring,
and a second housing 106B that is associated with the crossing leg 150B and adapted to
engage the other leg of the spring. The first and second housings 106A, 106B and the
torsion spring 112 are designed so that, when the crossing legs 150A, 150B are moved so as
to place the legs in the undeployed state, potential energy is stored in the torsion spring 104.

[Para 44] With reference to FIG. 1A, when the endless pantograph 52 is in the
undeployed state, the endless pantograph 52 is constrained by the canister 22 (which is also
in the undeployed state) such that spring structure located at each of the pivots points
associated with the endless pantograph 52 is storing potential energy and the cumulative
potential energy stored by all of the spring structures is sufficient to deploy the endless
pantograph 52. During deployment, the constraint on the endless pantograph 52 is removed

and the potential energy stored in each spring structure 90 associated with the endless
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pantograph 52 is converted to kinetic energy that is used to transition the endless
pantograph 52 from the undeployed state towards the deployed state. With reference to
FIGS. 7A-7D, the transition of the endless pantograph 52 from the undeployed state to the
fully deployed state using the spring structures is illustrated. The spring structure 90 is also
designed so that, even when the pantograph 52 is fully deployed, the spring structures
cumulatively store potential energy sufficient to substantially maintain the endless
pantograph 52 in the deployed state for the reasonably anticipated loads that the pantograph
and flexible reflectarray 26 are expected to encounter. Further, the spring structure 90 is
also preferably designed to provide sufficient energy to deploy and maintain the endless
pantograph 52 and flexible reflectarray 26 in the deployed state even if a predetermined
number of the spring structures fail. While the endless pantograph 52 employs a spring
structure 90 at each pivot point, embodiments that employ fewer spring structures are
feasible. It should be appreciated that many different types of spring structures known to
those skilled in the art can be employed to provide the energy for deploying an endless
pantograph, including spring structures that employ different types of springs that engage
the links of an endless pantograph in a different way.

[Para 45] With reference to FIG. 2, the linear sub-pantographs 80A, 80B of each of the
stacked linear sub-pantographs 78A-78H are pivotally connected to one another. To
elaborate, the outer full-length legs of the first linear sub-pantograph 80A and the inner full-
length legs of the first linear sub-pantograph 80A are each adapted for engagement within
the first linear sub-pantograph 80A at pivot points 81A-81C. If the first linear sub-
pantograph 80A has any partial legs, the partial legs are adapted for pivotal engagement
within the first linear sub-pantograph 80A at two pivot points. Similarly, the outer full-
length legs of the second linear sub-pantograph 80B and the inner full-length legs of the
second linear sub-pantograph 80B are each adapted for engagement within the second
linear sub-pantograph 80B at pivot points 81D-81F. If the second linear sub-pantograph
80B has any partial legs, the partial legs are adapted for pivotal engagement within the
second linear sub-pantograph 80B at two pivot points. With respect to the pivot connection
between the first and second linear sub-pantographs 80A, 80B, the inner full-length legs of
the first sub-pantograph 80A and the inner full-length legs of the second sub-pantograph
80B are each adapted for engagement at pivot points 81G, 81H. Should any of the inner
legs of the first sub-pantograph 80A or the inner legs of the of the second sub-pantograph

80B be a partial leg, the partial leg is adapted for engagement at one pivot point.
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[Para 46] With reference to FIG. 3, while the endless pantograph 52 employs stacked
linear sub-pantographs 78A-78H, an interlaced linear sub-pantograph 160 can also be
employed. The interlaced linear sub-pantograph 160 includes a first linear sub-pantograph
162A and a second linear sub-pantograph 162B that are interlaced with one another.
Characteristic of the interlaced linear sub-pantograph 160 is that one of the two legs
forming a crossing pair of legs in the first linear sub-pantograph 162A underlies two legs
associated with the second linear sub-pantograph 162B and the other one of the two legs
forming a crossing pair of legs in the first linear sub-pantograph 162A overlies two legs
associated with the second linear sub-pantograph 162B. As such, the first and second linear
sub-pantograph 162A, 162B lie in a common plane. The interlaced linear sub-pantograph
160 can be adapted to employ a limiting structure and/or spring structure comparable to
those structures described with respect to the stacked linear sub-pantographs 78A-78H. It
should also be appreciated that in particular circumstances a circular endless pantograph
can be employed (i.e., an endless pantograph that is circular in the undeployed and
deployed states). Further, a circular pantograph can employ a limiting structure and spring
structure comparable to those structures described with respect to the stacked linear sub-
pantographs 78A-78H.

[Para 47] With reference to FIGS. 8 and 9, a vertex structure 82 is utilized to connect
the end of one of the stacked linear sub-pantographs 78 A-78H to the end of another of the
stacked linear pantographs 78A-78H. The vertex structure 82, in addition to connecting
two stacked linear pantographs to one another, also maintains the angle between the two
linear stacked pantographs. In the stacked polygonal pantograph embodiment of the
pantograph 52, the interior angle between each pair of adjacent linear stacked pantographs
is approximately 135°. The vertex structure 82 includes: (a) a housing 84A that engages
two center pivot points, one center pivot point associated with one of the stacked linear sub-
pantographs and the other center pivot point associated with the other stacked linear sub-
pantograph, (b) a first bushing 84B that engages the two end pivot points, one end pivot
point associated with one of the stacked linear sub-pantographs and the other end pivot
point associated with the other stacked linear sub-pantograph, and (c) a second bushing 84C
that engages the two end pivot points, one end pivot point associated with one of the
stacked linear sub-pantographs and the other end pivot point associated with the other
stacked linear sub-pantograph. Each of the housing 84A and first and second bushings
84B, 84C includes a first pin 85A that is substantially perpendicular to a first face and a

second pin 85B that is substantially perpendicular to a second face. The interior angle
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between the faces is approximately 135° and the angle between the two pins is
approximately 45°. Each of the pins pivotally engages a hole in a leg associated with one
of the pantographs such that the link can rotate about the pin. The 45° angle between the
pairs of pins associated housing 84A and bushings 84B, 84C cooperate to maintain an
approximately 135° interior angle between the two pantographs. The vertex structure 82
also includes a pin 86 that is located within a hole associated with each of the housing 84A
and bushings 84B, 84C. The pin 86 is fixed relative to the housing 84A, i.e., linear relative
movement between the pin and the housing 84A is prevented. However, linear relative
movement between the pin 86 and the other two bushings 84B, 84C is not prevented.
When the endless pantograph 52 is in an undeployed state, the housing 84A is separated
from each of the bushings 84B, 84C by approximately half the length of a full-length leg of
a stacked linear sub-pantograph. With reference to FIGS. 7A-7D, as the endless
pantograph 52 transitions toward the deployed state, the distance between the housing 84A
and each of the bushings 84B, 84C decreases. Further, each of the vertex structures 82
operates to maintain the approximately 135° angle between the two stacked linear sub-
pantographs engaged by the vertex structure 82 as the endless pantograph 52 transitions
between the undeployed and deployed states.

[Para 48] With reference to Fig. 9, an embodiment of a connector 120 for establishing
a connection between the flexible reflectarray 26 and the endless pantograph 52 is
described. Generally, the connector 120 includes a tension spring 122A, a first interface
122B for engaging the tension spring 122A and the flexible reflectarray 26, and a second
interface 122C for engaging the tension spring 122 and the endless pantograph 52 or, more
specifically, the vertex structure 82 of the endless pantograph 52. The first interface 122B
employs a spacer structure 122D to facilitate a desired spacing between the two membranes
of the flexible reflectarray 26. In the illustrated embodiment, multiple connectors 120 are
employed, one for connecting the reflectarray to each of the vertex structures. The use of a
tension spring allows stresses placed on the flexible reflectarray 26 during deployment and
possibly after full deployment to be accommodated. Other connectors known to those
skilled in the art that are capable of absorbing potentially undesirable stresses placed upon
the flexible reflectarray 26 are feasible. Further, in certain applications, a connector that is
capable of absorbing such potential stresses may be unnecessary or undesirable. In such
applications, a connector with little, if any, ability to absorb such stresses can be employed.

[Para 49] With reference to FIGS. 1D-1F and 12-14, the tape dispensing structure 54

includes four motorized tape cassettes 130A-130D that respectively support “carpenter”
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tapes 132A-132D. Each of the tapes 132A-132D has an end that is operatively connected
to or wrapped about a spindle of the motorized tape cassette 130A-130D with which the
tape is associated. With reference to FIG. 10, the other end of each of the tapes 132A-132D
Is operatively connected to one of the vertex structures 82 of the endless pantograph 52.
When the tapes 132A-132D are in the undeployed state, a substantial portion of each of the
tapes is wound around the spindle. When the tapes 132A-132C are in the deployed state, a
substantial portion of each of the tapes linearly extends between the motorized tape cassette
and the deployed endless pantograph 52 (e.g., FIG. 1F). Each of the tapes 132A-132D is a
quasi-dual stable tape that exhibits: (a) a first stable state when the entire tape is wound or
rolled, (b) a second stable state when the entire tape is straight, and (c) a propensity to
transition towards the second stable state when a portion of the tape is in the first state and
another portion of the tape is in the second state. As such, when each of the tapes 132A-
132D is in the undeployed state in which a substantial portion of the tape is wound around a
spindle and a portion of the tape is straight, each of the tapes is storing potential energy that
can be used to facilitate the transition of the tape from undeployed state to the deployed
state in which a substantially portion of the tape linearly extends between the motorized
tape cassette and the deployed endless pantograph 52. The tapes 132A-132D have different
lengths. As such, when the tapes 132A-132D are in the deployed state (e.g., FIG. 1F), the
feed antenna 24 and the deployed, flexible reflectarray 26 are in an offset feed
configuration in which the boresight of the feed antenna 24 is not parallel to a line
perpendicular to the deployed, flexible reflectarray 26. In the illustrated embodiment, the
tape 132A is longer than tapes 132B-132D, tapes 132B, 132C are of substantially the same
length, and tape 132D is shorter than tapes 132A-132C.

[Para 50] With continuing reference to FIGS. 1D-1F and 12-14, the tapes 132A-132D
are employed during deployment to move the endless pantograph 52 away from the feed
antenna 24. As such, the angle of each of the tapes 132A-132D relative to the endless
pantograph 52 changes during deployment. With reference to FIG. 10, to accommodate
this change in the angle, the end of tape 132A is attached to the endless pantograph 52 and,
more specifically, to the housing 84A by a hinge joint 170. The other tapes 132B-132D are
also attached to the endless pantograph 52 by hinge joints. The oppostite ends of each of
the tapes 132A-132D also accommodate this change in angle. With reference to FIGS. 12
and 13, each of the motorized tape cassettes 130A-130D is attached to the base 32 of the
canister 22 by a mounting structure 172. The mounting structure 172 includes a pair of

mounting standards 174A, 174B that are operatively attached to the base 32. The mounting
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standards 174A, 174B support a motorized tape cassette such that the cassette can rotate
about an axis that accommodates the noted change in angle of the associated tape during
deployment. In the illustrated embodiment, the mounting standard 174A includes a
mounting pin 176A that is established in a first hole 178A associated with the motorized
tape cassette and the mounting standard 174B includes a mounting pin 176B that engages a
second hole 178B associated the motorized tape cassette. The pins 174A, 174B and the
mounting holes 178A, 178B are collinear and define an axis about which the motorized
tape cassette can rotate during deployment of the associated tape.

[Para 51] In certain embodiments and in certain situations, the deployment of the tapes
may produce a twist, i.e., a rotation of the endless pantograph 52 and flexible reflectarray
26 about an axis that is perpendicular to the base 32. To accommodate such a twist and
prevent undue stress from being placed on the tapes, the mounting structure 172 associated
with each of the motorized tape cassettes 130A-130D includes a rotation structure 180 that
allows the associated motorized tape cassette to rotate about an axis that is perpendicular to
the base 32. In the illustrated embodiment and with reference to FIGS. 13 and 14, the
rotation structure 180 comprises a pair of serpentine flexures 182A, 182B to which the
mounting standards 174A, 174B are attached. The pair of serpentine flexures 182A, 182B
also accommodate some translation movement but are biased to facilitate rotation of the
associated motorized tape cassette about an axis perpendicular to the base 32.

[Para 52] An embodiment of a tape dispensing structure in which three tapes are
employed, rather than four tapes, is feasible. Further, an embodiment in which more than
four tapes is employed is also feasible. Also feasible in certain embodiment are other types
of extendable structures, such as telescoping rods, tapes that are folded in a serpentine
fashion when in an undeployed state and extend linearly in a deployed state, spring-loaded
structures characterized by rods or beams with a spring structure extending between the
rods or beams that allows the rods or beams to be folded when undeployed and to adopt an
extended structure when deployed, to name a few.

[Para 53] Associated with the deployment mechanism 28 are four pairs of lanyards
190A-190D with each pair of lanyards operatively attached to the same vertex structure 82
to which one of the tapes 132A-132D is attached. The four pairs of lanyards 190A-190D
respectively cooperate with the four tapes 132A-132D to form four truss-like structures that
enhance the stability of the deployed endless pantograph 52 and deployed flexible
reflectarray 26. In the undeployed state, each lanyard is stored in lanyard storage device

192 that, in the illustrated embodiment, comprises a group of tubes disposed in a parallel
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manner. In the undeployed state, the group of tubes store a lanyard such that the lanyard
follows a serpentine path. During deployment, each of the lanyards is extracted from its
lanyard storage device 192 as the tapes 132A-132D are dispensed by the motorized tape
cassettes 130A-130D.

[Para 54] With reference to FIGS. 1A-1F, the transition of the deployable structure 20
between the undeployed and deployed states is described. With reference to FIG. 1A, the
deployable structure 20 is in the undeployed state. Deployment commences with an
electrical current being applied to the meltable pin associated with the releasable latch
structure 36 to release the latch and allow the spring-loaded doors 34A-34D to deploy, as
shown in FIG. 1B. At this point, the doors 34A-34D are no longer constraining the endless
pantograph 52 or the tapes 132A-132D. The spring structures associated with the endless
pantograph 52 endeavor to deploy the endless pantograph 52. However, the motorized
tapes cassettes 130A-130D allow the operation of the spring structures to be controlled or
damped. In any event, the endless pantograph 52 and the flexible reflectarray 26 begin to
deploy and the tapes 132A-132D begin to dispense so as to move the endless pantograph 52
and the flexible reflectarray 26 away from the feed antenna 24, as shown in FIGS 1D-1F.
The deployment of the endless pantograph 52 and the flexible reflectarray 26 continues
until further deployment of the endless pantograph 52 is prevented by the limit structure
associated with the endless pantograph 52, which is the plurality of pins in the illustrated
embodiment. At this point, the flexible reflectarray 26 is a substantially flat or planar and
constitutes an operable reflectarray. The deployment of the tapes 132A-132D continues
until each of the tapes 132A-132D has reached a predetermined length. If the flexible
reflectarray 26 is fully deployed at this point, the tapes 132A-132D have positioned the
flexible reflectarray 26 relative to the feed antenna 24 so as to operatively position the
reflectarray and the feed antenna for use in an reflectarray antenna with an offset feed, as
shown in FIG. 1F.

[Para 55] With reference to Fig. 11, a satellite 140 that includes the deployable
structure 20 and other satellite elements 142. The deployable structure 20 operates such
that upon full deployment, the feed antenna 24 is positioned between the deployed, flexible
reflectarray 26 and the other satellite elements 142.

[Para 56] In certain embodiments, the potential energy stored in undeployed tapes may
provide sufficient radial force to deploy the endless pantograph and thereby eliminate the
need for any spring structure/structures associated with the endless pantograph. The

operation of such tapes may or may not be supplemented by the use of one or more electric
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motors. If supplemented by one or more electric motors, one function of the motor(s)
would be to control or dampen the deployment of the tapes. In yet other embodiments,
extendable structures other than tapes can be employed. For instance, telescoping rods and
other extendable structure can be employed. Further, other extendable structures that
employ other motive forces, such as pneumatic or hydraulic forces, can be employed. It
should also be appreciated that the endless pantograph structure is not limited to deploying
a flexible reflectarray. The endless pantograph can be used to deploy other flexible
structures in space-based applications, such flexible solar panels, solar sails, and the like. It
should also be appreciated that the endless pantograph can be used to deploy flexible
membrane structure other than a flexible reflectarray. For instance, the endless pantograph
structure can be used to deploy a flexible solar cell array or solar sail. Further, while the
deployment structure has largely been described with respect to its use in implementing an
offset reflectarray antenna, the deployment structure is believed to be adaptable to the
implementation of other reflectarray antenna structures, such as center fed reflectarray
antennas, center fed Cassegrain reflectarray antennas, and offset fed Cassegrain reflectarray
antennas, to name a few.

[Para 57] The foregoing description of the invention is intended to explain the best
mode known of practicing the invention and to enable others skilled in the art to utilize the
invention in various embodiments and with the various modifications required by their
particular applications or uses of the invention.

[Para 58] Throughout this specification, unless the context requires otherwise, the
word "comprise”, and variations such as "comprises" and "comprising”, will be understood
to imply the inclusion of a stated integer or step or group of integers or steps but not the
exclusion of any other integer or step or group of integers or steps.

[Para 59] The reference to any prior art in this specification is not, and should not be
taken as, an acknowledgment or any form of suggestion that the prior art forms part of the

common general knowledge in Singapore.
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WHAT IS CLAIMED IS:

1. A deployable antenna structure comprising:

a flexible electrical element including at least one antenna membrane on the flexible
electrical element;

a base;

a plurality of tapes dispensable from a rolled format in an undeployed state at the base
to a linear format in a deployed state; and

a plurality of tape dispensers operatively coupled to the base, the tape dispensers
being adapted to transition the flexible electrical element from the undeployed state towards
the deployed state,

wherein each of the tapes is operatively coupled at a first end to the flexible electrical
element and at a second end to one of the tape dispensers; and

wherein, the flexible electrical element is folded in the undeployed state at the base
and is unfolded in the deployed state to form a relatively flat antenna membrane surface, the
flexible electrical element extended away from the base by the tapes when deploying to the
deployed state.

2. The deployable antenna structure of claim 1, wherein the plurality of tapes

create distance between the flexible electrical element and the base when deploying.

3. The deployable antenna structure of claim 1, wherein at least one tape from
the tape dispensers is dispensed at a different length as compared to a rest of tapes.

4. The deployable antenna structure of claim 3, wherein the tape dispensers

dispense at least two tapes to a same length.

5. The deployable antenna structure of claim 1, wherein, in the deployed state,
the second end of each tape is operatively coupled to the flexible electrical element

substantially axisymmetrically about a center of the flexible electrical element.

6. The deployable antenna structure of claim 1, wherein the tapes dispense from

one side of the base but dispense in different directions.

7. The deployable antenna structure of claim 1, wherein the tapes diverge from

one another in at least two dimensions when dispensed.
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8. The deployable antenna structure of claim 1, wherein at least one tape of the

plurality of tapes is dispensed to a predetermined length.

9. The deployable antenna structure of claim 1, further comprising a pantograph
structure, the pantograph structure operatively coupled to the flexible electrical element about
a perimeter of the flexible electrical element, the pantograph structure operatively coupled to

the plurality of tapes at the first end.

10.  The deployable antenna structure of claim 1, wherein the tape dispensers are

coupled to the base at positions substantially axisymmetrical about a center of the base.

11.  The deployable antenna structure of claim 1, wherein each tape dispenser of
the plurality of tape dispensers comprises:

a tape dispensing cassette having a rotational axis about which one of the tapes is
coiled; and

a mounting standard coupled to the base,

wherein the tape dispensing cassette is coupled to the mounting standard to allow the

tape dispensing cassette to rotate about the rotational axis.

12.  The deployable antenna structure of claim 1, wherein the each of the plurality
of tape dispensers comprises a mounting standard coupled to the base, wherein the mounting
standard is coupled to the base by one or more flexures, the one or more flexures adapted to
facilitate rotation of the each of the tape dispensers about an axis that is substantially

perpendicular to the base.

13.  The deployable antenna structure of claim 1, further comprising:

a plurality of doors coupled to the base at edges of the base,

wherein the plurality of doors and the base form an enclosed structure in the
undeployed state, and

wherein the doors fold down during deployment to provide a rigid structure relative to

the base when in the deployed state.

14.  The deployable antenna structure of claim 13, further comprising one or more
lanyards, wherein each tape of the plurality of tapes is operatively coupled to one or more

lanyards at the first end, each of the one or more lanyards operatively coupled to no more
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than one tape of the plurality of tapes, each of the one or more lanyards also coupled to one or

more of the base and a door.

15.  The deployable antenna structure of claim 14, wherein, in the deployed state,
each tape of the plurality of tapes forms a truss like structure with the one or more lanyards.

16.  The deployable antenna structure of claim 14, the lanyards are coupled to one

or more of the base and a door substantially axisymmetrically about a center of the base.

17.  The deployable antenna structure of claim 1, wherein each tape is a quasi-dual
stable tape that exhibits a first stable state when the tape is wound, a second stable state when
the tape is straight, and a propensity towards the second stable state when a portion of the

tape is in the first stable state and another portion of the tape is in the second stable state.

18.  The deployable antenna structure of claim 1, wherein, when in the deployed
state, the flexible electrical element defines a polygon-like shape that has catenary-shaped

edges.

19.  The deployable antenna structure of claim 1, further comprising a feed antenna

coupled to the base.

20.  The deployable antenna structure of claim 1, further comprising electric
motors, wherein the electric motors are configured to engage the plurality of tapes to dampen

deployment of the plurality of tapes.
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