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Multi-direction Deplovable Antenna

Cross-reference to Related Applications

The present application claims the benefit of priority to U.S. Provisional Patent
Application No. 63/229,412, entitled “Multi-direction Deployable Antenna” and filed on

August 4, 2021, which is specifically incorporated herein by reference.

Technical Field

The present application relates to deployable space systems.

Summary

The technology described herein relates to a multi-direction deployable antenna for
space applications. An antenna system for space applications is provided with a membrane
antenna with one or more flexible membranes. An antenna enclosure is configured to store
the membrane antenna during stowage. One or more first deployable support structures (e.g.,
extendable truss booms) are configured to extend along a first axis from the antenna
enclosure during deployment, at least a first point of the membrane antenna being operably
anchored to a point on the one or more first deployable support structures. One or more
deployment mechanisms are operably anchored at a junction with the one or more first
deployable support structures. The one or more deployment mechanisms are configured to
extend one or more second deployable support structures along a second axis from the one or
more first deployable support structures during deployment. At least a second point of the
membrane antenna is operably anchored to a point on the one or more second deployable
support structures. Extension of the one or more first deployable support structures and one
or more second deployable support structures unfurls the membrane antenna along the first
axis and the second axis to overlap the junction.

This summary is provided to introduce a selection of concepts in a simplified form
that is further described below in the Detailed Description. This summary is not intended to
identify key features or essential features of the claimed subject matter, nor is it intended to
be used to limit the scope of the claimed subject matter.

Other implementations are also described and recited herein.
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Brief Descriptions of the Drawings

FIG. 1 illustrates an example environment for use in a multi-direction deployable
antenna in multiple phases.

FIG. 2 illustrates an example multi-direction deployable antenna in a stowed
configuration.

FIG. 3 illustrates an example multi-direction deployable antenna in a deployed
configuration, wherein an extendable truss boom extends along an axis from an antenna
enclosure during deployment.

FIG. 4 illustrates another example multi-direction deployable antenna in a
deployed configuration.

FIG. 5 illustrates an example extendable truss boom in an undeployed state.

FIG. 6 illustrates an example extendable truss boom in a deployed state.

FIG. 7 illustrates example operations for deploying a multi-direction deployable

antenna.

Detailed Descriptions

The technology described herein relates to a multi-direction deployable antenna for
space applications. The multi-directional deployable antenna is configured to be stowed in a
confined volume within an antenna enclosure during launch and prior to deployment. During
deployment, an example expandable truss boom having one or more expandable longerons
and one or more battens extends from the antenna enclosure in at least a first direction during
deployment of the antenna. The expandable truss boom also supports one or more tape
deployers, which extend one or more tape booms (e.g., tape springs) in at least a second
direction. During deployment, one or more antenna membranes are unfurled (e.g., unfolded
and/or unrolled) in at least the first direction along the expandable truss boom and in at least
the second direction along the one or more tape booms.

In one implementation, the antenna includes at least a single antenna membrane,
providing RF signal communications via both sides of the antenna membrane (e.g., relative to
the Earth’s surface on one side and relative to GPS satellites on the other side). In another
implementation, the antenna includes three antenna membranes — an artificial dielectric layer,
an active dipole layer (e.g., having an 8x8 array of dipoles/sub-apertures, each dipole or sub-

aperture being separated by a predefined distance), and a ground layer). The three layers are
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also separated from each other by predefined distances. The second example implementation
provides communications on one side of the antenna. Other configurations are contemplated.

FIG. 1 illustrates an example environment 100 for use in a multi-direction
deployable antenna 102 in multiple phases. The example environment 100 includes a target
body 104 (e.g., the Earth or other astronomical object). In the example environment, a launch
vehicle 108 launches from the Earth, typically with multiple stages. In one implementation,
an engine stage is ignited at launch and burns through a powered ascent until its propellants
are exhausted. The engine stage is then extinguished, and a payload stage separates from the
engine stage and is ignited in a first phase 105. The payload is carried atop the payload stage
into orbit in the first phase, contained within payload fairings 112 that form a nose cone to
protect a launch vehicle payload against the dynamic pressure and aerodynamic heating
during launch through an atmosphere.

In this first phase 105, the multi-direction deployable antenna 102 is illustrated as
stowed in a small-volume undeployed state (e.g., within a payload section 111) relative to the
large-volume deployed state shown in a subsequent phase. In this case, the multi-direction
deployable antenna 102 is smaller and is less massive than other deployable systems used for
similar purposes.

In FIG. 1, the multi-direction deployable antenna 102 is shown in a second phase
107 in the space environment, with the payload fairings 112 jettisoned from a launch canister
114 (that contains the multi-direction deployable antenna 102 in a stowed or undeployed
state, including antenna enclosure 115 (such as a satellite body), deployable support
structures, and one or more antenna membranes 116. The antenna membranes 116 can be
electromagnetic radiation directing surfaces or lenses. While described as a multi-direction
deployable antenna 102, the multi-direction deployable antenna 102 can be adapted to
transmit, phase shift, pass, direct, and/or redirect electromagnetic radiation in any portion of
the electromagnetic spectrum (e.g., visible light, radio, microwave, infrared, ultraviolet, x-
rays, gamma-rays, etc.) and may alternatively be called a deployable electromagnetic
radiation antenna system.

In the illustrated implementation, the multi-direction deployable antenna 102
includes the antenna membranes 116 acting as the one or more antenna layers - an artificial
dielectric layer, an active dipole layer (e.g., having an 8x8 array of dipoles/sub-apertures,
each dipole or sub-aperture being separated by a predefined distance), and a ground layer.
The three antenna membranes 116 of FIG. 1 are also separated from each other by predefined

distances. While described as redirecting radiofrequency energy in implementations, the
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antenna membranes 116 can be adapted to direct and/or pass electromagnetic radiation of any
frequency and/or wavelength, including ones outside of the radio wave portion of the
electromagnetic spectrum. The antenna membranes 116 may include one or more flexible,
semi-flexible, semi-rigid, rigid, both (perhaps alternating) rigid and panelized portions.
Examples of antenna membranes 116 are contemplated with portions that are unfurled and/or
expanded when being deployed after launch from a stowed state before and during launch.

The multi-direction deployable antenna 102 in FIG. 1 includes one or more
deployment instruments, which may include without limitation a device providing one or
more of unfurling, unrolling, and/or unfolding of the antenna membranes 116, such as by
extending support structures (also herein referred to as deployable support structures) from
the antenna enclosure 115. Example deployable support structures may include without
limitation other deployment mechanisms, such as compression struts, extendable truss
booms, tape springs, and/or an inflation element (e.g., a compressed air source) for expanding
inflatable supports. Each deployable support structure can be extended from a deployment
mechanism, such as a motorized extender (e.g., a screw mechanism) extending a telescoping
truss boom, a latch or door constraining a telescoping truss boom, an active or passive tape
dispenser for tape springs, or an inflation source for inflatable elements. The antenna
membranes 116 may be a continuous surface or may be panelized or composed of multiple
parts and assembled when deployed. The antenna membranes 116 may be one or more of an
optical or a radiofrequency responsive surface. The antenna membranes 116 can have one or
more active or passive directional elements.

As shown in a deployed state in phase 109, the multi-direction deployable antenna
102 includes the antenna enclosure 115 and the antenna membranes 116 connected to the
antenna enclosure 115 by one or more deployable support structures, illustrated in FIG. 1 as
including an extendable truss boom and tape springs 120. It should be appreciated that other
deployable support structures, such as inflatable systems, coiled longeron booms,
pantographic structures, or otherwise extendable structures, are contemplated. Furthermore,
tape springs may have an open cross-section (e.g., like a carpenters tape), a closed cross-
section (e.g., two carpenters tapes with concave surfaces facing each other and connected to
form a closed cross-section), or a combination of these characteristics. The antenna
enclosure 115 may include without limitation a variety of different subsystems, such as any
combination of navigation subsystems, propulsion subsystems, control subsystems,
communication subsystems, power subsystems, deployment subsystems, instrument

subsystems, and any other payload subsystems.
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The multi-direction deployable antenna 102 is shown in a deployed state in which
the antenna membranes 116 have been expanded to a larger area relative to the size of the
antenna membranes 116 in its undeployed state. The tensioning of the antenna membranes
116 into substantially parallel flat planes reduces the depth of the deployed surface(s) and
requires fewer parts and less touch labor than other approaches. During deployment, the
antenna membranes 116 are deployed away from the antenna enclosure 115 by the
extendable truss boom 118 and/or the tape springs 120, which are mechanically or
electronically synchronized to work in concert deploying and tensioning the antenna
membrane lens. The tape springs 120 deploy in compression to balance the tension loads of
the antenna membranes 116.

FIG. 2 illustrates an example multi-direction deployable antenna 200 in a stowed
configuration. An antenna enclosure 202 encloses antenna membranes and deployable
support structures while the multi-direction deployable antenna 200 is stowed. During
deployment, one or more doors of the antenna enclosure 202 open to expose the antenna
membranes and deployable support structures to the space environment.

The antenna enclosure 202 also includes an RF processor subsystem 204, which is
attached to the antenna enclosure 202 in the illustrated implementation. In another
implementation, the RF processor subsystem 204 may also be enclosed in the antenna
enclosure 202. Further details of the RF processor subsystem 204 are provided below.

FIG. 3 illustrates an example multi-direction deployable antenna 300 in a deployed
configuration, wherein an extendable truss boom 302 extends along an axis 304 from an
antenna enclosure 306 during deployment. In the illustrated example, the extendable truss
boom 302 extends linearly away from the antenna enclosure 306 to unfurl antenna
membranes 308 from their undeployed state along the axis 304 toward their deployed state.
Likewise, tape springs 314 and 316 extend away from the extendable truss boom 302 to
unfurl the antenna membranes 308 from their undeployed state along the axis 310 toward
their deployed state. As such, a junction 337 between the extendable truss boom 302 and the
tape springs 314 and 316 is positioned within the bounds of the antenna membranes 308
when viewed along the Z-axis (e.g., looking down on the antenna membranes from above in
FIG. 3) such that the antenna membranes 308 overlap the junction 337. The antenna
enclosure 306 is illustrated outside the bounds of the antenna membranes 308, although, in
some implementations, these structures may also overlap to some extent.

Locations near the perimeter (e.g., edges) of the antenna membranes 308 may be

operably anchored (e.g., directly or indirectly) to terminal ends and/or other portions of the
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extendable truss boom 302 and the tape springs 314 and 316. For the purposes of the
description of the illustrated configuration in FIG. 3, the proximal end of the extendable truss
boom 302 is located near the antenna enclosure 306 (e.g., near a pole 324), and the distal end
of the extendable truss boom 302 is located near the pole 322. Likewise, the proximal ends of
the tape springs 314 and 316 are located near the extendable truss boom 302, and the distal
ends are located near the pole 326 and the pole 328, respectively. As the extendable truss
boom 302 extends, the terminal end of the extendable truss boom 302 pushes and/or pulls the
edges of the antenna membranes 308 along axis 304 to unfurl the antenna membranes 308
from their undeployed state toward their deployed state. Likewise, as the tape springs 314
and 316 extend to push and/or pull the edges of the antenna membranes 308 along axis 310
also to unfurl the antenna membranes 308 from their undeployed state toward their deployed
state.

In the deployed state, the antenna membranes 308 are extended to a substantially
planar and/or flat arrangement (or arrangement with multiple planes, e.g., a multifaceted
arrangement) where the antenna membranes 308 are oriented substantially perpendicular to a
Z-axis, referencing the legend in the upper-right hand corner of FIG. 3 (the deployed antenna
membranes are depicted as being in or substantially parallel to the X-Y plane). For the
purposes of this specification, substantially planar or substantially flat may mean that points
on all or a portion of the deployed antenna membranes 308 diverge by less than a predefined
distance in a plane or parallel planes (e.g., a plane defined by the peripheral edges of the
antenna membranes 308) or a predefined angle relative to an edge (e.g., an edge among the
peripheral edges of the antenna membranes 308). For example, predefined distances may be
between any or be one or more of 1 millimeter (mm), 2 mm, 3 mm, 4 mm, 5 mm, 6 mm, 7
mm, 8 mm, 9 mm, 1 centimeter (cm), 1.5 cm, 2 cm, 3 cm, 4 cm, 5 cm, 10 cm, 15 cm, 20 cm,
25 c¢m, and 30 cm. Predefined angles may be between any or be one or more of 1°, 2°, 3°, 4°,
5°,6°,7°, 8°,9°, 10°, 15°, 20°, 25°, 30°, and 35°. The extendable truss boom 302 may be
deployed in synchronicity, in sequence, or in some temporally overlapping manner.

In the illustrated example, the extendable truss boom may include a variety of
telescoping poles and/or extendable struts/tapes (collectively, extendable members) that
extend from antenna enclosure 306. As shown in FIG. 3, four extendable members are bound
by a series of battens to form the extendable truss boom 302. In some implementations, truss
boom extenders, positioned in or near the antenna enclosure 306, in the form of a spring

pushing the telescoping longerons to extend the extendable truss boom 302 away from the
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antenna enclosure 306, although alternative trust boom extenders may be employed (e.g., a
motorized screw mechanism to extend the telescoping longerons).

A tape spring 314 and a tape spring 316 are configured to extend outward from the
extendable truss boom 302 as they unfurl the antenna membranes 308. The tape springs may
be or include bi-stable tapes that can be rolled up for stowage and unrolled for deployment to
provide support for the antenna membranes 308. For example, tape dispensers (not
illustrated) associated with each tape spring may be included as part of the multi-direction
deployable antenna 300. In one implementation, the tape dispensers are positioned at a
junction substantially in the middle of the extendable truss boom 302 (e.g., substantially
equidistant between the terminal ends of the one or more extendable truss booms) when it is
extended, although other implementations may position the tape dispensers at other positions
along the extendable truss boom 302. For example, in one implementation, the tape
dispensers are positioned at a junction substantially at least an eighth of the length of the one
or more extendable truss booms from the terminal end of the one or more extendable truss
booms. Tape springs and extendable truss booms are examples of deployable support
structures.

In many implementations, positioning the tape dispensers at a junction with the
terminal ends of the extendable truss boom 302 would not result in a rhombus-shaped
antenna membrane after deployment, so such terminal end junctions are generally not
employed. Nevertheless, the terminal ends of the extendable truss boom 302 may be used in
other implementations to achieve other shapes for the antenna membranes 308.

Upon deployment of multi-direction deployable antenna 300, the tape dispensers
may deploy the tapes from a rolled state to an unrolled state. In this example, the tapes may
be carpenter-style tapes where the tapes extend (e.g., unroll from the tape dispensers) to
expand antenna membranes 308 to their deployed state and provide a level of structural
rigidity to the deployed state of antenna membranes 308.

In some cases, the antenna enclosure 306 includes or is attached to solar panels (or
other power sources) and instrumentation. The antenna enclosure 306 may also include
instrumentation for use in maneuvering the multi-direction deployable antenna 300 and/or the
RF communications operations of the antenna.

The multi-direction deployable antenna 300 may communicate (e.g., emit or
receive) radiofrequency (RF) waves or other energy frequency waves. Such radiofrequency
energy or other electromagnetic radiation may be used to measure the moisture content on the

surface of the Earth or for other radio frequency applications (e.g., a radiometer). In some



10

15

20

25

30

WO 2023/014800 PCT/US2022/039288

implementations, the multi-direction deployable antenna 300 may be employed in radar
applications, such as from UHF and L-band up to X and Ku, possibly as high as Ka.

When deployed, the antenna membranes 308 present substantially in the form of a
rhombus constructed from multiple flexible membrane layers, subject to some tensioning
nonlinearities and strictly nonplanar behaviors. Corners of the rhombus are operably
anchored to or near the terminal ends of the extendable truss boom 302 and the tape
springs 314 and 316.

The antenna membranes 308 present more than one surface. For example, the
antenna membranes 308 can be a multifaceted element with multiple substantially flat and/or
planar surfaces. The antenna membranes 308 may have a shape, for example, a pyramidal,
triangular prismatic, rectangular prismatic (e.g., tent-like or v-shaped), other polygonal
prismatic, spherical, hemispherical, curvilinear, or other shapes. In implementations, the
antenna membranes 308 can have surfaces of the same or different sizes. The arrangements
of the surfaces may be axisymmetrical about a center and/or central axis of the antenna
membranes 308. The antenna membranes 308 can have some surfaces that pass
electromagnetic beams and other surfaces that do not. In implementations, one or more of
multiple facets of the antenna membranes 308 and/or phase-shifting properties of the antenna
membranes 308 can cooperatively or independently cause beam splitting of the beam of
electromagnetic radiation at or within the antenna membranes 308. Beam splitting may cause
portions or elements of the beam of electromagnetic radiation to be emitted in different
directions from the antenna membranes 308.

The multi-direction deployable antenna 300 can include a transceiver to receive
and transmit communications between the multi-direction deployable antenna 300 and an
external computing system (e.g., a computing system on Earth). RF elements (see artwork
344) form an array (e.g., an 8x8 array) of conductive dipole/sub-apertures on the active
dipole membrane 340.

The multi-direction deployable antenna 300 can be further adapted to receive a
received beam from the target body in response to the resulting phase-shifted beam. In
alternative implementations, the multi-direction deployable antenna 300 may be a passive
system that receives the received beam that is not responsive to an emitted beam emitted by
the multi-direction deployable antenna 300. The antenna membranes 308 can phase shift the
received beam to redirect the received beam in a direction that is substantially the reverse of
the original direction from which the beam is communicated to or from the antenna feed. The

multi-direction deployable antenna 300 may include an internal computing system (e.g., in or
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attached to the antenna enclosure 306) that includes a processor and a memory, the processor
to execute operations stored in memory. Operations can include receiving data representing
the received RF signals, associating the data representing the received beam geometric
associating data, and transmitting the data representing the received beam and the association
to a different computing system. The computing system can further account, in the
association, for any time between the emitting of the resulting phase-shifted beam (or the
originally emitted beam) and the receiving data representing the received beam. The
accounting may be conducted by a data generation module.

An example payload of a multi-direction deployable antenna 400 includes an
antenna subsystem and a radio frequency (RF) processor subsystem, which may be located in
or attached to the antenna enclosure 408. In one implementation, the RF processor subsystem
outputs a 28 VDC power supply to the antenna subsystem and a deployment enable signal to
the antenna subsystem to trigger deployment of the multi-direction deployable antenna 400.
The RF processor subsystem also controls the RF signaling operation of the deployable
antenna system. A primary network node autonomously connects and controls the satellite
system of which the deployable antenna system is a component and coordinates
communications to/from multiple satellites in a constellation of related satellites.

The generated data may be associated, using a data generation module, with
geometric associating data to associate data representing electromagnetic radiation beams
(e.g., areceived and/or emitted beam(s)) with a relative geometric characteristic of the multi-
direction deployable antenna. Geometric associating data may represent the position and/or
orientation of the multi-direction deployable antenna and/or the antenna membranes 308
relative to one or more of, without limitation, a target, a monitoring station, an external
computing device, a communication array, and nadir. Examples of geometric associating data
include data representing one or more of an orientation of the antenna membranes 308, nadir,
an orbital position of the multi-direction deployable antenna 300, a timestamp for data
transmitted and/or received from and/or by the multi-direction deployable antenna, a rate of
oscillation (or rotational velocity) of an element of the electromagnetic radiation antenna
system, and a rotational velocity of the antenna membranes 308 and/or the multi-direction
deployable antenna 300. The generated data may account for any time or position delay
between transmission of an emitted beam (e.g., from a transmitting operation) to reception of
a responsively received beam (e.g., in a receiving operation).

In summary, FIG. 3 illustrates an implementation of a multi-direction deployable

antenna 300. An extendable truss boom 302 is operably anchored to an edge of the antenna
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membranes 308 to deploy that edge away from the antenna enclosure 306 by extending along
an axis from the antenna enclosure 306. In one implementation, the opposite edge of the
antenna membranes 308 is operably anchored to the antenna enclosure 306 and/or the end of
the extendable truss boom 302. The one or more antenna membranes 308 are operably
anchored to at least one end of the extendable truss boom by a pole 322, although other
anchoring structures may be employed (e.g., fasteners, lanyards, combinations thereof).

The antenna enclosure 306 is shown as open in the deployed configuration of FIG.
3, with a door 330 open to expose the extendable truss boom 302. The extendable truss boom
302 extends in a first direction (e.g., along a first axis) from the antenna enclosure 306,
although other implementations may include a truss boom that extends from the antenna
enclosure 306 in more than one direction (e.g., in opposite directions — see FIG. 4). The
illustrated implementation shows an extendable truss boom 302 including four longerons
(e.g., longeron 332) supported by multiple battens (e.g., batten 334) spaced periodically along
the truss boom 302. In one implementation, the longerons extend in a telescoping manner,
although other extending mechanisms may be employed. In other implementations, the
number of longerons may be greater or less than four.

Two tape dispensers 336 are also positioned at the junction 337 along substantially
half the length of the extendable truss boom 302 at deployment. In one implementation, the
tape dispensers 336 are configured to deploy after the extendable truss boom 302 is fully
extended, but this timing may be adjusted as desired. In FIG. 3, the tape dispensers 336
deploy two tape springs 314 and 316 perpendicularly away from the extendable truss
boom 302, although other angles may be employed. It should be understood that such tape
dispensers may be active (e.g., motorized) to unroll the tape springs or passive to allow the
tape springs to unroll under their own stored strain energy. In both cases, the tape springs
may be constrained by a latch or other mechanism until the deployment is triggered and the
time for tape spring extension has been reached, at which point the latch releases and the
tapes unroll. (In some implementations, the tape springs are rolled up in opposition to their
own bias to remain unrolled. As such, when a mechanism constraining a rolled tape spring is
released, the stored strain energy will cause the tape spring to unroll, thereby extending the
tape spring to unfurl the antenna membrane.) In addition, in some implementations, the tape
springs and/or the extendable truss may be replaced with other deployable support structures,
such as compression struts, tape springs, extendable truss booms, telescoping booms,
inflatable booms, etc. As shown in FIG. 3, the planar extent of the flexible membranes of the

membrane antenna overlaps the junction 337 at the tape dispensers 336 (e.g., overlapping the
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junction of the extendable truss boom 302 and the tape springs 314 and 316 when observed
along the Z-axis).

In the illustrated implementation, the antenna includes three membrane layers: an
artificial dielectric membrane 338, an active dipole membrane 340, and a ground plane
membrane 342, although the number of membranes may be greater or less than three. Points
on or near the periphery of the membranes are anchored to the extendable truss boom 302 or
the tape springs 314 and 316, causing the membranes to unfurl as the extendable truss
boom 302 and tape springs 314 and 316 extend. In this manner, the stowed membranes are
expanded to provide a larger aperture than would be possible in their stowed condition. The
membrane layers are spatially separated from each other by a distance that this larger than the
thickness of each membrane. For example, in one implementation having three layers (e.g.,
an artificial dielectric layer; an active dipole layer having an 8x8 array of dipoles/sub-
apertures, and a ground layer), the first two layers are separated by 7.5 inches, and the second
two layers are separated by 5.9 inches. Each dipole in the array is separated by 7.52 inches.

RF elements (see artwork 344) form an array (e.g., an 8x8 array) of conductive
dipole/sub-apertures mounted on the active dipole membrane 340. In one implementation, the
individual dipoles/sub-apertures of the array are spaced by 7.52 inches, although such
spacing may depend on the overall size of the antenna membrane and/or the communication
application for which it is used. In other implementations, a sinuous or spiral pattern of RF
elements may be used instead of an array. RF cables (e.g., coaxial or twisted pair cables — not
shown) connect the RF elements to a feed (not shown) at the extendable truss boom 302
(connected to a power supply and RF control system in the antenna enclosure 306 or the RF
processor). The RF cables are stowed in such a way as to deploy without catching or tangling
as the membrane antenna unfurls. Furthermore, the RF elements (and potentially active tape
dispensers, if needed) may be fed by one or more electrical connections running from the
antenna enclosure through or along the extendable truss boom to the artwork 344 and/or the
coax cables. In some implementations, the one or more electrical connectors may be strung
along the extendable truss boom and, in some of these implementations, through the battens
of the extendable truss boom. Accordingly, the described technology may be applied to active
antennas (e.g., having RF elements powered by an electrical connection) and/or passive
antennas (e.g., a reflectarray illuminated by a feed antenna or other RF source).

FIG. 4 illustrates another example multi-direction deployable antenna 400 in a
deployed configuration. This implementation is similar to the implementation depicted in

FIG. 3 but differs in that two extendable truss booms 402 and 404 extend along an axis 406 in
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opposite directions from an antenna enclosure 408 during deployment, rather than a single
extendable truss boom extending in a single direction. Also, rather than being positioned to
one side of the deployed antenna membranes, the antenna enclosure and the junction between
the extendable truss booms 402 and the tape springs 412 are positioned within the bounds of
the antenna membranes 410 when viewed along the Z-axis (e.g., looking down on the
antenna membranes from above in FIG. 4).

As described, multiple extendable truss booms are used to deploy edges of the
antenna membranes 410 away from the antenna enclosure 408, thereby unfurling the antenna
membranes (note: artwork similar to the artwork 344 in FIG. 3 is also present in the
implementation of FIG. 4, but it has been removed from the drawing to better present the
underlying antenna enclosure). Likewise, the multi-direction deployable antenna 400 also
includes similar electrical connections to the implementation of FIG. 3, such as the coax
cabling.

In this implementation, one or more doors (e.g., door 411) expose the antenna
membranes 410 to the space environment, allowing the extendable truss booms 402 and 404
to extend from the antenna enclosure. The stowed antenna membranes 410, the extendable
truss booms 402 and 404, the tape springs 412, and associated truss boom extenders and trap
dispensers are raised to clear the open top, and then the truss boom extenders and trap
dispensers extend their corresponding supports, although, in other implementations, the doors
of the antenna enclosure could fold away enough to not require the raising operation.

The two extendable truss booms 402 and 404 are operably anchored to edges (e.g.,
opposite edges) of the antenna membranes 410 to deploy those edges away from the antenna
enclosure 408 by extending along an axis in opposite directions from the antenna enclosure
408. Likewise, tape springs 412 unfurl the antenna membranes 410 along another axis (e.g.,
an orthogonal axis to the extendable truss booms 402 and 404). The one or more antenna
membranes 410 are operably anchored to the extendable truss booms 402 and 404 and to the
tape springs 412 by poles (e.g., the pole 414), although other anchoring structures may be
employed (e.g., fasteners, lanyards, combinations thereof).

Two tape dispensers 436 are also positioned at a junction 437 along substantially
half the length of the extendable truss booms 402 and 404 at deployment. In one
implementation, the tape dispensers 436 are configured to deploy after the extendable truss
booms 402 and 404 are fully extended, but this timing may be adjusted as desired. In FIG. 4,
the tape dispensers 436 deploy two tape springs 412 perpendicularly away from the
extendable truss booms 402 and 404, although other angles may be employed. As shown in
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FIG. 4, the planar extent of the flexible membranes of the membrane antenna overlaps the
junction 437 at the tape dispensers 436 (e.g., the junction of the extendable truss boom 404
and the tape springs 412 when observed along the Z-axis). It should be understood that such
tape dispensers may be active (e.g., motorized) to unroll the tape springs or passive to allow
the tape springs to unroll under their own tensional force. In both cases, the tape springs may
be constrained by a latch or other mechanism until the deployment is triggered and the time
for tape spring extension has been reached.

FIG. 5 illustrates an example extendable truss boom 500 in an undeployed state.
The extendable truss boom 500 includes four telescoping longerons (e.g., as shown by the
ends or end caps of telescoping longerons 502, 504, 506, and 508) that are bound by
numerous battens (e.g., a batten 510 and a batten 512). The telescoping longerons and the
battens are collapsed for stowage in an antenna enclosure (not shown).

FIG. 6 illustrates an example extendable truss boom 600 in a deployed state. The
extendable truss boom 600 includes four telescoping longerons 602, 604, 606, and 608 that
are bound by numerous battens (e.g., a batten 610 and a batten 612). The telescoping
longerons and the battens are extended along an extension axis 614, which is substantially
parallel to the axis of each longeron in the illustrated implementation, for deployment from
an antenna enclosure (not shown). The battens improve the rigidity and strength of the
extendable truss boom 600 as and after it is extended

FIG. 7 illustrates example operations 700 for deploying a multi-direction
deployable antenna. In a space environment, a deployment operation 702 opens an antenna
disclosure that stows a membrane antenna. In one implementation, one or more doors of the
antenna disclosure open to expose the membrane antenna to the space environment.

A truss deployment operation 704 extends one or more extendable trust booms
along a first axis from the antenna enclosure. At least a first point of the membrane antenna is
operably anchored to a point on the one or more extendable truss booms, such that extension
of the extendable trust boom(s) partially unfurls the antenna membranes, at least along the
first axis.

A tape spring deployment operation 706 extends one or more tape springs along a
second axis from one or more tape dispensers operably anchored to the one or more
extendable truss booms during deployment. At least a second point of the membrane antenna
is operably anchored to a point on the one or more tape springs, such that the extension of the

tape springs partially unfurls the antenna membranes, at least along the second axis. In
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combination, the extension of the one or more extendable truss booms and one or more tape
springs unfurls the membrane antenna along the first axis and the second axis.

In some aspects, an example antenna system for space applications is provided,
including: a membrane antenna including one or more flexible membranes; an antenna
enclosure configured to store the membrane antenna during stowage; one or more first
deployable support structures configured to extend along a first axis from the antenna
enclosure during deployment, at least a first point of the membrane antenna being operably
anchored to a point on the one or more first deployable support structures; and one or more
deployment mechanisms operably anchored at a junction with the one or more first
deployable support structures, the one or more deployment mechanisms being configured to
extend one or more second deployable support structures along a second axis from the one or
more first deployable support structures during deployment, at least a second point of the
membrane antenna being operably anchored to a point on the one or more second deployable
support structures, wherein extension of the one or more first deployable support structures
and one or more second deployable support structures unfurls the membrane antenna along
the first axis and the second axis to overlap the junction.

In some aspects, another example antenna system of any preceding antenna system
is provided, wherein the one or more first deployable support structures include at least one
first deployable support structure extending along the first axis away from the antenna
enclosure and the one or more second deployable support structures include at least second
deployable support structures along the second axis in opposite directions from the at least
one first deployable support structure.

In some aspects, another example antenna system of any preceding antenna system
is provided, wherein the one or more first deployable support structures include at least two
first deployable support structures extending along the first axis in opposite directions from
the antenna enclosure and the one or more second deployable support structures include at
least two second deployable support structures along the second axis in opposite directions
from the antenna enclosure.

In some aspects, another example antenna system of any preceding antenna system
is provided, wherein the membrane antenna unfurls during deployment along at least two
axes to substantially form a rhombus, wherein two opposing corners of the rhombus are
operably anchored to the one or more first deployable support structures and two other
opposing corners of the rhombus are operably anchored to the one or more second deployable

support structures.
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In some aspects, another example antenna system of any preceding antenna system
is provided, wherein the one or more first deployable support structures include one or more
extendable truss booms.

In some aspects, another example antenna system of any preceding antenna system
is provided, wherein the one or more first deployable support structures include one or more
tape springs.

In some aspects, another example antenna system of any preceding antenna system
is provided, wherein the one or more deployment mechanisms include one or more tape
dispensers.

In some aspects, another example antenna system of any preceding antenna system
is provided, wherein the first axis and the second axis are substantially orthogonal to each
other.

In some aspects, another example antenna system of any preceding antenna system
is provided, wherein the one or more flexible membranes of the membrane antenna are
deployed substantially into one or more planes that are parallel to the first axis and the second
axis to overlap the junction.

In some aspects, another example antenna system of any preceding antenna system
is provided, wherein the one or more deployment mechanisms are positioned between
terminal ends of the one or more first deployable support structures and at least an eighth of a
length of one of the one or more first deployable support structures from the terminal ends of
the one or more first deployable support structures.

In some aspects, another example antenna system of any preceding antenna system
is provided, wherein the one or more deployment mechanisms are positioned substantially
equidistant between terminal ends of the one or more first deployable support structures.

In some aspects, another example antenna system of any preceding antenna system
is provided, wherein the first point of the membrane antenna is operably anchored at a
terminal point on the one or more first deployable support structures.

In some aspects, another example antenna system of any preceding antenna system
is provided, wherein the one or more deployment mechanisms are further configured to
extend the one or more second deployable support structures from the one or more first
deployable support structures in opposite directions.

In some aspects, another example antenna system of any preceding antenna system

is provided, wherein the membrane antenna includes at least three flexible membrane layers.
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In some aspects, another example antenna system of any preceding antenna system
is provided, wherein the at least three flexible membrane layers include a dielectric layer, an
active dipole layer, and a ground layer.

In some aspects, another example antenna system of any preceding antenna system
is provided, wherein at least two of the membrane layers are spatially separated from each
other by a distance greater than a thickness of each membrane layer.

In some aspects, another example antenna system of any preceding antenna system
is provided, wherein the membrane antenna is fed by electrical connections strung along the
one or more first deployable support structures.

In some aspects, another example antenna system of any preceding antenna system
is provided, wherein the membrane antenna includes radio frequency elements mounted on a
membrane and further including: an electrical connection running from the antenna
enclosure; and one or more radio frequency cables connecting the electrical connection to the
radio frequency elements mounted on the membrane.

In some aspects, an example method for deploying an antenna system from
stowage for space applications is provided, including: opening an antenna enclosure storing a
membrane antenna during stowage; extending one or more first deployable support structures
along a first axis from the antenna enclosure, at least a first point of the membrane antenna
being operably anchored to a point on the one or more first deployable support structures; and
extending one or more second deployable support structures along a second axis from one or
more deployment mechanisms operably anchored at a junction with the one or more first
deployable support structures during deployment, at least a second point of the membrane
antenna being operably anchored to a point on the one or more second deployable support
structures, wherein extension of the one or more first deployable support structures and one
or more second deployable support structures unfurls the membrane antenna along the first
axis and the second axis.

In some aspects, another example method of any preceding method is provided,
wherein the one or more first deployable support structures include at least one first
deployable support structure extending along the first axis away from the antenna enclosure
and the one or more second deployable support structures include at least two second
deployable support structures along the second axis in opposite directions from the at least
one first deployable support structure.

In some aspects, another example method of any preceding method is provided,

wherein the one or more first deployable support structures include at least two second
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deployable support structures extending along the first axis in opposite directions from the
antenna enclosure and the one or more second deployable support structures include at least
two second deployable support structures along the second axis in opposite directions from
the antenna enclosure.

In some aspects, another example method of any preceding method is provided,
wherein the membrane antenna unfurls during deployment along at least two axes to
substantially form a rhombus, wherein two opposing corners of the rhombus are operably
anchored to the one or more first deployable support structures and two other opposing
corners of the rhombus are operably anchored to the one or more second deployable support
structures.

In some aspects, another example method of any preceding method is provided,
wherein the one or more first deployable support structures include one or more extendable
truss booms.

In some aspects, another example method of any preceding method is provided,
wherein the one or more first deployable support structures include one or more tape springs.

In some aspects, another example method of any preceding method is provided,
wherein the one or more deployment mechanisms include one or more tape dispensers.

In some aspects, another example method of any preceding method is provided,
wherein the first axis and the second axis are substantially orthogonal to each other.

In some aspects, another example method of any preceding method is provided,
wherein the membrane antenna includes one or more flexible membranes of the membrane
antenna that are deployed substantially into one or more planes that are parallel to the first
axis and the second axis to overlap the junction.

In some aspects, another example method of any preceding method is provided,
wherein the one or more deployment mechanisms are positioned between terminal ends of
the one or more first deployable support structures and at least an eighth of a length of one of
the one or more first deployable support structures from the terminal ends of the one or more
first deployable support structures.

In some aspects, another example method of any preceding method is provided,
wherein the one or more deployment mechanisms are positioned substantially equidistant
between terminal ends of the one or more first deployable support structures.

In some aspects, an example system for deploying an antenna system from
stowage for space applications is provided, including: means for opening an antenna

enclosure storing a membrane antenna during stowage; means for extending one or more first
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deployable support structures along a first axis from the antenna enclosure, at least a first
point of the membrane antenna being operably anchored to a point on the one or more first
deployable support structures; and means for extending one or more second deployable
support structures along a second axis from one or more deployment mechanisms operably
anchored at a junction with the one or more first deployable support structures during
deployment, at least a second point of the membrane antenna being operably anchored to a
point on the one or more second deployable support structures, wherein extension of the one
or more first deployable support structures and one or more second deployable support
structures unfurls the membrane antenna along the first axis and the second axis.

In some aspects, another example system of any preceding system is provided,
wherein the one or more first deployable support structures include at least one first
deployable support structure extending along the first axis away from the antenna enclosure
and the one or more second deployable support structures include at least two second
deployable support structures along the second axis in opposite directions from the at least
one first deployable support structure.

In some aspects, another example system of any preceding system is provided,
wherein the one or more first deployable support structures include at least two second
deployable support structures extending along the first axis in opposite directions from the
antenna enclosure and the one or more second deployable support structures include at least
two second deployable support structures along the second axis in opposite directions from
the antenna enclosure.

In some aspects, another example system of any preceding system is provided,
wherein the membrane antenna unfurls during deployment along at least two axes to
substantially form a rhombus, wherein two opposing corners of the rhombus are operably
anchored to the one or more first deployable support structures and two other opposing
corners of the rhombus are operably anchored to the one or more second deployable support
structures.

In some aspects, another example system of any preceding system is provided,
wherein the one or more first deployable support structures include one or more extendable
truss booms.

In some aspects, another example system of any preceding system is provided,
wherein the one or more first deployable support structures include one or more tape springs.

In some aspects, another example system of any preceding system is provided,

wherein the one or more deployment mechanisms include one or more tape dispensers.
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In some aspects, another example system of any preceding system is provided,
wherein the first axis and the second axis are substantially orthogonal to each other.

In some aspects, another example system of any preceding system is provided,
wherein the membrane antenna includes one or more flexible membranes of the membrane
antenna that are deployed substantially into one or more planes that are parallel to the first
axis and the second axis to overlap the junction.

In some aspects, another example met system hod of any preceding system is
provided, wherein the one or more deployment mechanisms are positioned between terminal
ends of the one or more first deployable support structures and at least an eighth of a length
of one of the one or more first deployable support structures from the terminal ends of the
one or more first deployable support structures.

In some aspects, another example system of any preceding system is provided,
wherein the one or more deployment mechanisms are positioned substantially equidistant
between terminal ends of the one or more first deployable support structures.

While this specification contains many specific implementation details, these
should not be construed as limitations on the scope of any inventions or of what may be
claimed, but rather as descriptions of features specific to particular embodiments of a
particular described technology. Certain features that are described in this specification in the
context of separate embodiments can also be implemented in combination in a single
embodiment. Conversely, various features that are described in the context of a single
embodiment can also be implemented in multiple embodiments separately or in any suitable
subcombination. Moreover, although features may be described above as acting in certain
combinations and even initially claimed as such, one or more features from a claimed
combination can in some cases be excised from the combination, and the claimed
combination may be directed to a subcombination or variation of a subcombination.

Particular embodiments of the subject matter have been described. Other
embodiments are within the scope of the following claims. In some cases, the actions recited
in the claims can be performed in a different order and still achieve desirable results. In
addition, the processes depicted in the accompanying figures do not necessarily require the
particular order shown, or sequential order, to achieve desirable results.

A number of implementations of the described technology have been described.
Nevertheless, it will be understood that various modifications can be made without departing

from the spirit and scope of the recited claims.
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Claims
WHAT IS CLAIMED IS:

1. An antenna system for space applications, the antenna system comprising:

a membrane antenna including one or more flexible membranes;

an antenna enclosure configured to store the membrane antenna during stowage;

one or more first deployable support structures configured to extend along a first axis
from the antenna enclosure during deployment, at least a first point of the membrane antenna
being operably anchored to a point on the one or more first deployable support structures; and

one or more deployment mechanisms operably anchored at a junction with the one or
more first deployable support structures, the one or more deployment mechanisms being
configured to extend one or more second deployable support structures along a second axis
from the one or more first deployable support structures during deployment, at least a second
point of the membrane antenna being operably anchored to a point on the one or more second
deployable support structures, wherein extension of the one or more first deployable support
structures and one or more second deployable support structures unfurls the membrane

antenna along the first axis and the second axis to overlap the junction.

2. The antenna system of claim 1, wherein the one or more first deployable
support structures include at least one first deployable support structure extending along the
first axis away from the antenna enclosure and the one or more second deployable support
structures include at least second deployable support structures along the second axis in

opposite directions from the at least one first deployable support structure.

3. The antenna system of claim 1, wherein the one or more first deployable
support structures include at least two first deployable support structures extending along the
first axis in opposite directions from the antenna enclosure and the one or more second
deployable support structures include at least two second deployable support structures along

the second axis in opposite directions from the antenna enclosure.

4. The antenna system of claim 1, wherein the membrane antenna unfurls during
deployment along at least two axes to substantially form a thombus, wherein two opposing
corners of the rhombus are operably anchored to the one or more first deployable support
structures and two other opposing corners of the thombus are operably anchored to the one or

more second deployable support structures.
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5. The antenna system of claim 1, wherein the one or more first deployable

support structures include one or more extendable truss booms.

6. The antenna system of claim 1, wherein the one or more first deployable

support structures include one or more tape springs.

7. The antenna system of claim 1, wherein the one or more deployment

mechanisms include one or more tape dispensers.

8. The antenna system of claim 1, wherein the first axis and the second axis are

substantially orthogonal to each other.

0. The antenna system of claim 1, wherein the one or more flexible membranes
of the membrane antenna are deployed substantially into one or more planes that are parallel

to the first axis and the second axis to overlap the junction.

10. The antenna system of claim 1, wherein the one or more deployment
mechanisms are positioned between terminal ends of the one or more first deployable support
structures and at least an eighth of a length of one of the one or more first deployable support

structures from the terminal ends of the one or more first deployable support structures.

11. The antenna system of claim 1, wherein the one or more deployment
mechanisms are positioned substantially equidistant between terminal ends of the one or

more first deployable support structures.

12.  The antenna system of claim 1, wherein the first point of the membrane
antenna is operably anchored at a terminal point on the one or more first deployable support

structures.

13. The antenna system of claim 1, wherein the one or more deployment
mechanisms are further configured to extend the one or more second deployable support

structures from the one or more first deployable support structures in opposite directions.

14.  The antenna system of claim 1, wherein the membrane antenna includes at

least three flexible membrane layers.

15.  The antenna system of claim 14, wherein the at least three flexible membrane

layers include a dielectric layer, an active dipole layer, and a ground layer.
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16.  The antenna system of claim 14, wherein at least two of the membrane layers
are spatially separated from each other by a distance greater than a thickness of each

membrane layer.

17.  The antenna system of claim 1, wherein the membrane antenna is fed by

electrical connections strung along the one or more first deployable support structures.

18.  The antenna system of claim 1, wherein the membrane antenna includes radio
frequency elements mounted on a membrane and further comprising:

an electrical connection running from the antenna enclosure; and

one or more radio frequency cables connecting the electrical connection to the radio

frequency elements mounted on the membrane.
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19. A method for deploying an antenna system from stowage for space
applications, the method comprising:

opening an antenna enclosure storing a membrane antenna during stowage;

extending one or more first deployable support structures along a first axis from the
antenna enclosure, at least a first point of the membrane antenna being operably anchored to
a point on the one or more first deployable support structures; and

extending one or more second deployable support structures along a second axis from
one or more deployment mechanisms operably anchored at a junction with the one or more
first deployable support structures during deployment, at least a second point of the
membrane antenna being operably anchored to a point on the one or more second deployable
support structures, wherein extension of the one or more first deployable support structures
and one or more second deployable support structures unfurls the membrane antenna along

the first axis and the second axis.

20. The method of claim 19, wherein the one or more first deployable support
structures include at least one first deployable support structure extending along the first axis
away from the antenna enclosure and the one or more second deployable support structures
include at least two second deployable support structures along the second axis in opposite

directions from the at least one first deployable support structure.

21. The method of claim 19, wherein the one or more first deployable support
structures include at least two second deployable support structures extending along the first
axis in opposite directions from the antenna enclosure and the one or more second deployable
support structures include at least two second deployable support structures along the second

axis in opposite directions from the antenna enclosure.

22. The method of claim 19, wherein the membrane antenna unfurls during
deployment along at least two axes to substantially form a rhombus, wherein two opposing
corners of the rhombus are operably anchored to the one or more first deployable support
structures and two other opposing corners of the rhombus are operably anchored to the one or

more second deployable support structures.

23. The method of claim 19, wherein the one or more first deployable support

structures include one or more extendable truss booms.
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24, The method of claim 19, wherein the one or more first deployable support

structures include one or more tape springs.

25. The method of claim 19, wherein the one or more deployment mechanisms

include one or more tape dispensers.

26. The method of claim 19, wherein the first axis and the second axis are

substantially orthogonal to each other.

27. The method of claim 19, wherein the membrane antenna includes one or more
flexible membranes of the membrane antenna that are deployed substantially into one or

more planes that are parallel to the first axis and the second axis to overlap the junction.

28. The method of claim 19, wherein the one or more deployment mechanisms are
positioned between terminal ends of the one or more first deployable support structures and
at least an eighth of a length of one of the one or more first deployable support structures

from the terminal ends of the one or more first deployable support structures.

29. The method of claim 19, wherein the one or more deployment mechanisms are
positioned substantially equidistant between terminal ends of the one or more first deployable

support structures.
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