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The membrane antenna technology is a very promising approach to obtain large aperture with light weight and low stowed
volume. In the past decades, extensive studies have been carried out on active and passive membrane antennas. However, the
practical spaceborne applications are rare due to many challenges, e.g., the surface accuracy maintenance, the on-orbit
reliability, and the environmental compatibility. This paper summarizes the history and state-of-art progresses on spaceborne
membrane antennas. Curved surface reflectors, conformal active membrane antennas, planar array membrane antennas, and
planar reflectarray membrane antennas have been introduced, respectively. Radiofrequency design, deploying mechanism,
material, experiment, application, and analysis method have been presented. By concluding the advantages and challenges of
the current membrane antennas, this paper is aimed at providing a perspective of the existing problems and future trend of
spaceborne membrane antennas.

1. Introduction

Spaceborne antennas are widely used in telecommunication,
navigation, remote sensing, deep space exploration, military,
and other fields [1], and they are developed towards high
gain, high accuracy, lightweight, smart, and reconfigurable
features. Despite the demands of miniaturization for many
radiofrequency equipment, spaceborne antennas are often
expected to have larger aperture. This is to achieve higher sen-
sitivity and smaller terminals on earth. Besides, there are
emerging interests in low-frequency applications, such as
search and rescue at VHF and UHF, biomass synthetic aper-
ture radar (SAR) at VHF, and other military programs. These
trends call for spaceborne antennas with even larger physical
size, e.g., several hundreds of square meters or larger.

Membrane antenna is a very promising approach to
obtain large aperture, since membranes can be designed to
have high areal compaction ratio. Compared with traditional
rigid or umbrella type antennas, membrane antennas usually
have lighter weight and smaller stowed volume. Compared
with mesh antennas, membrane antennas can be designed
to have less parts and higher reliability. In the past decades,
extensive investigations on membrane antennas have been
carried out in the United States [2, 3], Europe [4, 5], China

[6, 7], Japan [8–10], etc. However, in-orbit applications of
membrane antennas are still rare, since many challenges
exist in the membrane antenna study, among which the
most important one is how to maintain high shape accuracy
for a very thin membrane.

Membrane antennas can be divided into two categories:
curved surface membrane antennas and planar membrane
antennas. The curved surface ones are mostly parabolic,
cylindrical, or spherical reflectors. Also, there are some
studies on conformal active antennas with curved surface.
The planar membrane antennas, on the other hand, include
active array antennas and passive reflectarray antennas.
Early explorations are mostly made on curved surface
membrane reflectors. One successful on-orbit application
is the IN-STEP (In-Space Technology Experiments Pro-
gram) project [11–15] in 1996. Recently, planar membrane
antennas have been developed very quickly, and one suc-
cessful example is the R3D2 (Radiofrequency Risk Reduc-
tion Deployment Demonstration) satellite [16] launched
in 2019.

Reviews on membrane antennas and their deploying
structures/mechanisms can be found in the literature [2,
17–20]. Liu et al. [6] compared different types of membrane
reflectors, including inflation [21], elastic rib driven [22, 23],
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shape memory polymer-inflation [24, 25], and electrostatic
forming [26, 27]. In recent years, the planar membrane
antennas, especially the reflectarray antennas, have become
increasingly attractive, but have not yet been discussed much
in previous reviews. Therefore, this paper is aimed at pre-
senting a review on the state-of-art membrane antennas,
including the curved surface reflectors, the conformal mem-
brane antennas, the planar array, and reflectarray antennas.
History, cut-edge techniques, merits, and challenges will be
introduced to present the development and prospect of
spaceborne membrane antennas.

2. Curved Surface Membrane Antennas

2.1. Deployable Reflectors. Early studies of spaceborne mem-
brane antennas were usually on inflatable reflectors. The
first successful on-orbit application is the IN-STEP project
(In-Space Technology Experiments Program) [11–15] in
1996. A 14-meter inflatable parabolic membrane reflector
(Figure 1(a)) was deployed on orbit, and although the
deploying sequence did not realize as planned because of
underestimation of residual gas and strain energy, the reflec-
tor completed its deployment eventually. The objective of
the experiment was mainly to validate the deploying mech-
anism and to measure the surface accuracy and structural
damping. RF performance of this antenna is not available,
but the authors mentioned the potential applications which
include mobile communication, radiometry, microwave
sensing, very long baseline interferometry, and space-based
radar, ranging from 0.3 to 90GHz.

The European Space Agency (ESA) and the Contraves
Space Division [28] studied inflatable-rigidizable antennas
(Figure 1(c)) from the 1980s. The reflectors with diameters
from 3.5m to 12m were made of Kevlar fibers impregnated
with polymer resins and would rigidize under solar radia-
tion. The electromagnetic performances were tested for a
6m reflector [29], which is a scale model (1 : 3) of the very
long baseline interferometry satellite Quasat. Results sug-
gested the antenna has 37.74 dBi gain and 72.4% efficiency
at 1.6GHz, 47.41 dBi gain and 71.7% efficiency at 5.0GHz,
and 60.21 dBi gain and 43.1% efficiency at 22GHz. The sur-
face errors were below 1mm and would bring at most a gain
degradation of 2.3 dB. Other studies on inflatable reflectors
can be found in the following years, such as a 3.2m inflatable
reflector [30], the 35m inflatable reflector for the NEXRAD
(Next Generation Weather Radar) project [31], and an
inflatable parabolic reflector for CubeSats [32]. Wang et al.
from HIT (Harbin Institute of Technology) [33] reported a
3m lattice reinforced inflatable reflector (Figure 1(b)) in
2020. The membrane reflector consists of an inflatable
chamber and a lattice reinforced structure made of shape
memory polymer, while on orbit, it will be deployed by heat-
ing and inflating. After rigidization, the lattice structure can
provide sufficient stiffness and the front membrane is no
longer needed. The stiffness can be improved by over 50%
compared with inflatable antenna.

The main problem of inflatable antennas is the shape
and surface accuracy. The inflated gas will leak slowly, and
potential micrometeoroid impacts will certainly accelerate

this process. Although the rigidization technique and rein-
forced ribs can overcome this problem, a gas storage and
pressurization system cannot be omitted. These factors will
increase the weight and risk. Moreover, it is obviously more
difficult to accurately maintain a curved surface than a pla-
nar configuration.

Using motor driven or strain energy driven truss is
another way to deploy membrane reflectors. Elastic ribs can
be used to deploy the parabolic membrane like an umbrella
[34]. An elastic rib driven 1.5m membrane reflector has been
reported to have a surface accuracy of r.m.s. 2mm [35].
Shape memory polymer (SMP) [24] can also be used as sup-
porting structures of the reflector or to provide deploying
force. TUM (Technical University of Munich) developed an
umbrella-like antenna [36, 37], which is deployed by springs
controlled by one motor. A special material CFRS (carbon
fibers which reinforce a silicone elastomer) was used, and it
is stiffer than metal meshes and softer than solid panels and
has been called shell-membrane. Experiments presented
0.2mm r.m.s. error of this kind of reflector. RF tests from
8GHz to 10GHz suggested the reflection loss is less than
0.1 dB.

From the 1980s, NASA began to study the electrostatic
membrane reflectors, which use an electrode to create Cou-
lomb’s force, and attract the membrane to form a desirable
curved surface [38]. Over the decades, many investigations
have been carried out on electrostatic forming membrane
reflectors, such as a 5m antenna by SRS and Northrop
Grumman [39] and the 0.5m, 2m, and 5m antennas by
Xidian University (Figure 1(d)) [26].

2.2. Conformal Active Membrane Antennas. Membrane
antennas with curved surfaces are mostly passive reflectors;
however, several active membrane antennas with curved
surfaces can be found. They are mainly used as conformal
antennas on stratospheric airships, which are considered as
promising alternatives of satellites in the future.

The Integrated Sensor Is Structure project [40] by
DARPA (Defense Advanced Research Projects Agency) is
aimed at flying a stratospheric airship at altitudes above
20,000m, which carries an integrated radar sensor for battle-
field surveillance, tracking, and fire-control. The unmanned
airship is designed to be a persistent, maintenance free
satellite-like system, which never lands once aloft, and will
work for over 10 years. The radar system adopts UHF and
X-band dual-frequency membrane phased-array antennas
with a conformal design. The antenna has a low areal density
(<2kg/m2) and is mounted on the surface of a cylindrical
helium balloon, which is at overpressure than the airship
to create a stable configuration. The antenna of the objective
system has a diameter of 50.5m and a height of 36m, with
over tens of millions of elements, and the demonstration sys-
tem is smaller. The cylindrical antenna can commutate the
selection of subarrays to match the beam azimuth and to
track all air, ground, and sea targets in 360°. Since tremen-
dous amount of T/R modules are needed, a 5mm × 6mm
SiGe IC chip with a mass of less than 60mg is designed for
the X-band module, and the long-term goal is to develop a
sub-$10 cost element.
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The East China Research Institute of Electronic Engi-
neering [41] presented a conformal membrane antenna on
airships. The membrane patch antenna array with inflatable
cavity is mounted on the surface of the airship and has a
density of 0.6 kg/m2. The size of the P-band phased array
is about 2:96m × 7:92m. Tests suggested the antenna has
40% band width at the center frequency of 375MHz, and
the gain is about 10 ~ 12 dB. The 8 × 24 conformal array
can scan 30° in the elevation plane and 45° in the Azimuth
plane.

Other types of conformal antenna can be found, which
use membranes to deploy. Tokyo Institute of Technology
presented a 3U CubeSat OrigamiSat-1 [42], with a 1m × 1
m multifunctional deployable membrane, which integrates
film solar cells and shape memory alloy dipole antennas.
The antennas were connected to the UHF transmitter and
VHF receiver. The CubeSat was launched in 2019 but then
lost communication after six days.

3. Planar Membrane Antennas

3.1. Membrane Array Antennas. With the rapid develop-
ment of phased-array antennas, the spaceborne platform
calls for electronically steerable, large aperture, and light-
weight antennas. Traditional phased-array antenna usually

has a mass density of 8~15 kg/m2 including antenna array,
electronics, and mechanical structures. This cannot meet
the requirements of future large aperture SAR (synthetic
aperture radar). To achieve large aperture (several hundreds
of square meters) with a small stowed volume, deployable
membrane active array antennas have been developed.

In 1990s, JPL developed the first inflatable membrane
array antenna. ILC Dover Inc. and L’Garde Corp con-
structed the L-band 1/3 size functional model (3:3m × 1m
). The antenna consists of a rectangular inflated-tube frame
and three-layer membranes with microstrip patch elements
and circuits. The membrane is made of 50μm Kapton with
5μm copper etchings. The top layer has 6 × 16 microstrip
patches and power dividing lines to provide horizontally
polarized field; the middle layer is the ground plane with
slots; the bottom layer has microstrip lines to provide a ver-
tically polarized field. The antenna in average has a density
of 1.7 kg/m2 and has a 25.2 dB peak gain at 1.25GHz and a
52% aperture efficiency. CSA (Canadian Space Agency)
[43–46] designed a membrane antenna, which can be used
for sea-surface height altimeters and C-band synthetic aper-
ture radars in low-Earth or planetary orbit. A 1:6m × 3m
model tensioned by catenary system was presented.
Dynamic simulation and tension optimization have been
carried out on the membrane antenna. DLR (German

(a) (b)

(c) (d)

Figure 1: The curved surface deployable membrane reflectors. (a) The inflatable antenna experiment in 1996, first of its kind on-orbit.
Image credit: NASA. (b) The SMP lattice reinforced inflatable reflector. Image credit: HIT [33]. (c) The 10m inflatable membrane
antenna. Image credit: ESA. (d) The electrostatic forming membrane reflector. Image credit: Xidian University.
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Aerospace Center) [47–49] designed a 12m × 3m SAR
membrane antenna supported by X-shape deployable CFRP
(Carbon Fiber Reinforced Plastics) booms.

To achieve more flexible and lightweight active membrane
antennas, new architectures and membrane-compatible
transmit/receive (T/R) modules are needed. JPL developed
an L-band membrane active phased array [50, 51] in 2011.
The 2:3m × 2:6m antenna has 16 × 16 elements and use very
light T/R modules for electronic beam steering. The top layer
integrates T/R electronics, the RF and DC distribution net-
works, and the ground plane. The bottom layer has bare
dielectric on one side and radiating patches on the other side.
The RF characteristics at 1.26GHz were tested, and good
results have been achieved up to 30° scan angle.

East China Research Institute of Electronic Engineering
(ECRIEE) [7] presented a P-band dual circular polarization
membrane antenna. The antenna consists of three layers
with up and down radiating patches and ground plane.
The 4:8m × 21:6m antenna has 12 × 36 elements, which
forms a transceiver subarray and two receiver subarrays.
Tests suggested 27% bandwidth of the antenna, and good
results were achieved up to 15° scan angle. Aerospace System
Engineering Shanghai [52] presented a 5m × 20m mem-
brane antenna in 2018. The antenna array has five layers:
two layers with patches, a gap layer, a feed layer, and a reflec-
tion layer. Test results suggested the required ±10mm flat-
ness has been met. The RF performance of this antenna is
unavailable in the literature.

The planar membrane array antenna technology is devel-
oping towards large aperture, steerable, and lightweight,
with miniaturized and membrane-compatible T/R modules.

3.2. Membrane Reflectarray Antennas. A reflectarray
antenna uses a spatially illuminated feed and a planar reflec-
tor instead of a parabolic reflector in traditional antennas. By
printing metal patches with different phase shifting charac-
teristics on the substrate, the planar reflector can focus elec-
tromagnetic beam like a parabolic surface. On the one hand,
compared with active array antennas, reflectarray antennas
eliminate complex dividers, feed network, and phase shifters;
thus, these can be simple and have light weight. On the other
hand, compared with traditional reflector antennas, their
design freedom is greatly improved through patch design,
multilayer design, and other techniques, which can be help-
ful for low sidelobe and other technical requirements.
Reflectarray antennas combine the advantages of reflectors
and array antennas and have a very promising prospect.

For spaceborne uses, reflectarray patches can be conve-
niently printed on a planar membrane, and there is no need
to maintain a complicated curved surface. In this way, the
membrane can be designed to be folded in a very small
stowed volume. Also, the deployable frames can be designed
to have larger compaction ratio than parabolic antennas.

The concept of reflectarray antennas was introduced at
1963 by Berry et al. [53], but it has not been applied in space
until very recently. The early reflectarray antenna consists of
a feed and a short-circuited metal waveguide array. By
adjusting the length of the waveguide, impedance and phase
can be tuned. The early reflectarray is large and heavy and

did not draw much attention in a long time. Phelan [54]
introduced a four-arm spiral phase reflectarray concept in
1977 and used diodes to adjust phases. Malagisi [55] used
circular patches with diodes to achieve beam steering abili-
ties. In the 1980s and 1990s, with the rapid development of
microstrip techniques, the reflectarray antennas became
lightweight and had extensive applications. Many types of
reflectarray antennas appeared, such as foldable reflectarray
[56], full metal reflectarray [57, 58], inflatable reflectarray
[59], beam forming reflectarray [60, 61], multifrequency
reflectarray achieved by multilayer frequency selective struc-
ture designs [62–64], multifrequency reflectarray achieved
by patch designs [65, 66], and multibeam reflectarray [67].
Microstrip reflectarray antennas can be designed to be flexi-
ble and suitable for mass production. Meanwhile, the costs
can be effectively reduced by printing or etching microstrip
elements on substrates. One important drawback of reflec-
tarray antennas is that the bandwidth is narrow (usually
3% to 5%). However, in recent years, many new techniques
have emerged to solve this problem, such as multilayer
designs [68], phase delay stub designs, [69], broadband
patch designs [70], dual-frequency, or multifrequency com-
binations [71]. The bandwidth has been improved to over
10%, even 30%.

The first successful on-orbit reflectarray antenna is the
antenna of the ISARA (Integrated Solar Array and Reflectar-
ray Antenna) CubeSat [72, 73] by JPL in 2017. The antenna
is integrated with the solar panels and consists of three
33:9 cm × 8:26 cm panels. The Ka-band reflectarray provides
33.5 dBi gain and ~24W power within a mass of 0.5 kg. It
uses spring-loaded hinges to fold the panels and is stowed
in a volume of 3U (10 × 10 × 33:5 cm3). The second reflec-
tarray ever flown in space is the antenna of the MarCO
(Mars Cube One) mission [74] in 2018. The twin CubeSats
were deployed to provide a data relay for the InSight space-
craft from a Mars distance of 160 million kilometers. Each
antenna works with 29 dBi at 8.4GHz and has an aperture
of 59:7 cm × 33:5 cm, which is formed by three foldable
panels. Other foldable reflectarray designs can be also be
found, such as the dual polarized Ku-band antenna [75]
for radar altimeter by JPL, which consists of five panels,
and has a 2:16m × 0:35m aperture. RF tests suggested
37 dB H-pol gain, and the efficiency is 25%. The SWOT
(Surface Water Ocean Topography) project [76] also
planned to use a 5m × 0:25m aperture reflectarray. Chahat
et al. designed a 98:6 cm × 82:1 cm Cassegrain reflectarray
antenna, which consists of 14 panels, works at Ka-band with
48 dBi gain for atmospheric measurement [77, 78].

In order to get higher compaction ratio and lower areal
density, membranes are considered to be used as substrates
of the spaceborne reflectarray antennas. Early investigations
of membrane reflectarray antennas can be found in the
1990s. Huang et al. from JPL [79, 80] developed a 1m X-
band inflatable reflectarray antenna. The two-layer mem-
branes were tensioned by an inflated torus tube, and the feed
horn was supported by tripod struts. The tubes are made of
Kevlar with urethane coating. The spacing between two
layers was 1.3mm and was separated by many small foam
discs. The membrane was made of 0.05mm Kapton, with
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5μm copper coating. RF tests suggested the circularly polar-
ized antenna has 33.7 dB gain at 8.3GHz and a -1 dB band-
width of 3%. The sidelobe level is -18 dB, which is higher
than the expected -25 dB. The 37% efficiency was also not
as expected (50%). This is due to the manufacturing and
other errors. Another 3m inflatable membrane reflectarray
antenna [81] was also designed by JPL and ILC Dover Inc.
The frame was a horse-shoe shaped inflatable tube and was
connected to the membrane with 16 adjustable points. A sin-
gle layer 0.13mm thick polyimide membrane was used, with
one side clad with etched copper and the other side unetched
copper as ground plane. Also, inflatable-rigidizable frames
were designed to support the membrane reflectarray. RF
tests suggested a 50dBi gain at 32GHz, with a -3 dB band-
width of 2%. The measured efficiency is only 10% (far from
expected 40%), which was due to a design flaw. A Ka-band
3m antenna was presented by JPL [82]. The rectangular
frame can be rolled up and down as a movie screen, and
the tubes were made of rigidizable aluminum reinforced
spring-tape. Once the booms were inflated in space, they will
soon rigidize and no longer need the inflation gas.

Since these approach needs a system for gas storage and
inflation, which has no benefits for lightweight and reliabil-
ity, new deploying mechanisms have been proposed. Nor-
throp Grumman and MMA Design LLC [83] designed the
DaHGR (Deployable High Gain Reflectarray) antenna. Four
motors are used to drive the bistable composite tapes and to
control the rate and sequencing of the deployment. The
membrane is supported and tensioned by a spring driven
octagonal pantograph assembly. Antennas from 0.8m to
3.6m were studied, and folding and deploying experiments
presented 0.6mm to 0.9mm r.m.s. surface errors. MMA
Design LLC later reported a 2.25m demonstration design
(45.4 dBi gain and 68% aperture efficiency), a 5m prototype
design, and a 4.2m RF design [84]. Also, the deployment is
conducted by 4 motors, tapes, and tensioning lanyards.
The pantograph around the membrane provides support
and tension. MMA Design LLC also designed a 1m T-
DaHGR antenna for the MAXWELL (Multiple Access X-
band Wave Experiment Located in LEO) project [85], which
is a 6U CubeSat as a part of the Air Force Research Labora-
tory’s University Nanosat Program 9.

Arya et al. [86] from JPL presented a LADeR (Large-
Area Deployable Reflectarray) antenna. The X-band reflec-
tarray has 4340 cross-dipole elements. It is deployed by four
booms and a cleverly designed mechanism. The substrate is
neither a membrane, nor a solid panel. It is a collapsible
composite structure with substantial bending stiffness. The
antenna consists of several strips, which is made of epoxy
reinforced with woven quartz fabric, and is wrapped to four
S-shape springs in a star folding way. Polyimide films with
copper etching are attached to the composite substrates as
the microstrip layer and ground layer. The 1:5m × 1:5m
antenna has a real density of 779 g/m2 and presents a
r.m.s. surface error of 0.5mm in experiments. RF tests sug-
gested 39.6 dBi gain at 8.4GHz, and the peak gain dropped
by 0.3 dB after stowed.

The Capella-1 (Denali) satellite [87, 88] used an X-band
SAR origami-like antenna with 8m2 area. The total mass of

the satellite is below 40kg and was launched in 2018. It
was the 1st satellite (for technology demonstration only) in
a 30-satellite constellation designed by Capella Space. The
design information is very limited in public literature, but
it looks like a passive or active membrane antenna. However,
Capella Space abandoned this design and used mesh anten-
nas for Capella-2 (Sequoia) and the following satellites,
which actually started to provide SAR imagery.

The first successful on-orbit membrane reflectarray is
the antenna of the R3D2 (Radiofrequency Risk Reduction
Deployment Demonstration) satellite by DARPA in 2019.
The antenna designed by MMA Design LLC has a 2.25-
meter aperture and was deployed by motors and panto-
graph. This mission successfully demonstrated and verified
the feasibility of membrane reflectarray antennas for space-
borne applications. The antenna works at UHF to Ka-
band; however, detailed RF performance is unavailable.

4. Analysis, Prediction, and
Maintenance of Accuracy

Shape and surface accuracy is the most challenging problem
in membrane antenna studies. Except for antenna uses, large
deployable membrane structures can also be found in other
aerospace areas, such as solar sails or drag deorbiting
devices. However, none of these membrane structures
require higher surface accuracy than membrane antennas,
due to the direct relation between surface distortion and
electromagnetic performance. Therefore, very careful inves-
tigations on the accuracy of membrane antennas are defi-
nitely necessary.

4.1. Mechanics of Wrinkles and Creases. The wrinkling phe-
nomenon is caused by instability of thin membranes and is a
typical failure in spaceborne membrane structures [89].
Wrinkles will lead to large surface distortion and deteriora-
tion of the antennas’ electromagnetic performance. Theoret-
ical and numerical studies on wrinkles are mainly based on
the following two approaches:

4.1.1. Tension-Field Theory. This theory was initially studied
by Wagner et al. [90]. It neglects the bending stiffness of
membranes and assumes wrinkles occur in compressive
area. Based on the tension-field theory, several approaches
appeared including the modified constitutive matrix
approaches [91–95] and the modified deformation tensor
approaches [96, 97]. These models have been applied in
finite element algorithms [98, 99] and can predict in-plane
wrinkling regions. However, the tension-field theory cannot
obtain out-of-plane details of wrinkles and their evolution-
ary features; therefore, it is usually not suitable for accurate
membrane deformation calculation in spaceborne antenna
analysis.

4.1.2. Shell Buckling Theory. This theory assumes the mem-
brane to be a thin shell with small bending stiffness, and insta-
bility will occur when compressive stress reaches the limit.
The amplitude and wavelength of wrinkles can then be
obtained by buckling analysis of the membrane [100–102].
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In numerical applications, implicit algorithms [103, 104] and
explicit schemes [105, 106] are used to achieve the out-of-
plane details of wrinkles. Challenges exist in this method,
such as its sensitivity to spatial discretization and difficulties
in convergence, but it is still a very important approach to
predict the mechanical behaviors of spaceborne membranes.

Creases are irrecoverable plastic deformation of the
membranes, which will greatly affect the mechanical perfor-
mance. Most of the studies on creases are based on the beam
model. Early in 1966, MacNeal and Robbins [107] intro-
duced an elastic-plastic beam model to analyze the deploy-
ment of a creased membrane. With the increasing
deploying force, deformation will transfer from elastic to
plastic region. Murphey [108] developed array beam models
with triangular/rectangular patterns and sine/linear shapes,
to study the random creases on deployable surfaces. Other
investigations can be found on the deformation of stretching
membranes with creases using the beam model [109–112],
large deformation, crease rotational stiffness, and hinged
beam connection model.

4.2. Structural Dynamics and Multiphysics Analysis. Due to
the inherently nonlinearity of thin film structures, there are
challenges in both theoretical and numerical approaches in
structural dynamic analysis. Numerical nonlinear dynamic
and stability analysis on large complex flexible membranes
can be found [46, 113, 114], for deployed membrane struc-
tures, while to simulate the deploying process, a rigid-
flexible coupling model considering hinge contact is needed.
Moreover, for inflation deployment, a fluid-structural inter-
action algorithm based on arbitrary Lagrangian-Eulerian
(ALE) method or particle method is necessary. The deploy-
ing analysis can be found in [115, 116].

The electromagnetic performance of membrane anten-
nas is influenced by the on-orbit environment, which is a
light-electromagnetic-thermal-structural coupling fields.
Multiphysics analysis of antennas is mostly carried out by
numerical methods [117–121] and usually focuses on the
influence caused by structural deformation on the radiation
pattern. Zhang et al. [122] studied the coupling effect
between electromagnetic and structural field for a 14m
parabolic membrane antenna. Lu et al. [123] numerically
studied a planar phased-array antenna in space thermal
environment. Other researches include multiphysics cou-
pling effect of planar active phased-array antennas [124,
125] and the structure-electronic synthesis design [126].

4.3. Experiments, Measurement, and Controlling Methods. At
present, the main measurement methods for aerospace flex-
ible structures are the digital photogrammetry method
[127–129] and the laser scanning method [130]. Both static
shape and vibration process can be measured. The photo-
grammetry tests on inflatable antenna in NASA Langley
Research Center were reviewed [131].

For inflatable and mechanical driven membrane anten-
nas, it is not easy to actively control the shape and surface
accuracy of the reflector, once deployed on-orbit. Passive
vibration control method usually uses dampers and cables.
The electrostatic membrane reflectors mentioned above are

a feasible real-time active control method. Other active con-
trol methods include boundary or cable controls [132, 133].
Fang et al. [134] from JPL (Jet Propulsion Laboratory) pre-
sented a piezoelectric membrane control method. PVDF
(polyvinylidene fluoride) membrane actuators were attached
on the membrane reflector and provide driven force to con-
trol the shape of antenna. Both the electrostatic forming
method and the piezoelectric actuators need very high volt-
age (>1 kV), which greatly limit the their practical space-
borne applications.

4.4. Materials and Environmental Compatibility. Polyimide
is the most commonly used candidate for spaceborne mem-
brane antennas, due to its good mechanical properties, ther-
mal stability, and antiradiation ability. Gouzman et al. [135]
reviewed the advances of polyimide materials for space
applications. During service in space, membranes are
exposed to ultrahigh vacuum, ultraviolet radiation, ionizing
radiation, and potential impacts from micrometeoroids and
space debris [136]. At LEO (low Earth orbit), atomic oxygen
can cause significant deterioration of polymers. Studies on
mechanical properties degradation of polyimide membranes
irradiated by atomic oxygen have been carried out [137,
138]. Other environmental effects include electrostatic
charge and discharge, thermal cycles (usually from -100 to
100°C), and collision of space debris or meteoroids with
ultrahigh velocity of ~10 km/s. A typical survivability
improvement method for polyimide membrane is to add
various protective coatings. For instance, SiO2 coating can
be used to prevent atomic oxygen, and indium tin oxide
(ITO) can be used for electrostatic discharge protection.
Other coatings such as TiO2, SnO2, Al2O3, NH3, and H2O
can be found [135, 139–141].

In addition to polyimide, other materials can be found
for membrane antennas, such as the aforementioned epoxy
reinforced with woven quartz fabric [86] and silicone elasto-
mer reinforced with carbon fibers [37]. The materials for
membrane antennas are developing towards better mechan-
ical properties (high stiffness and low density) and better
environmental compatibility (endurance of the various space
hazards).

5. Concluding Remarks

Up until now, most of the membrane antennas are still in
the stage of conceptual design and ground test. Compared
to mature rigid surface antennas and metal mesh antennas,
many techniques in membrane antennas still need to be val-
idated and verified. However, as a new trend in spaceborne
application, the membrane antenna technology, which can
achieve large aperture with light weight and low storage vol-
ume, has a very promising future.

5.1. Challenges. The current difficulties in membrane anten-
nas can be concluded as follows:

5.1.1. Theoretical Prediction and Design Method. Theoretical
models, including analytical and numerical methods, are
need to solve the nonlinear dynamic and multiphysics
behaviors of membrane antennas. Considering wrinkles,
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creases, large deformation, and coupling effects of mem-
brane antennas, a theoretical model which can accurately
predict the on-orbit performance is definitely not easy to
establish. Moreover, for very large aperture antennas, the
ground test usually uses a smaller scaled model, and nondi-
mensional and equivalent analysis is very challenging.

5.1.2. Monitoring, Maintaining, and Controlling of Shape
and Surface Accuracy. Since a thin membrane has barely
no bending stiffness, it will deform and vibrate under small
disturbance and tends to vibrate for a long time due to a lack
of damping. On-orbit real-time monitoring of the shape and
surface accuracy is the first step to actively control the mem-
brane. As mentioned above, the current control techniques
are premature.

5.1.3. High Compaction Ratio Folding and Deploying
Method. Folding and packing method with high compaction
ratio is always desirable. The packing method should also
cause less irrecoverable creases. Meanwhile, deploying
mechanisms should be carefully designed, with less energy
consumption, smooth and controllable process, and high
reliability.

5.1.4. Lightweight and Reliable Substrates and Electronics.
Materials for membrane should be light and environmental
compatible, with sufficient stiffness and controllable thermal
expansion. Also, materials and architectures of electronics
should be optimized to achieve thin, light, and reliable
modules.

5.2. Outlook. Based on current techniques, the future possi-
ble directions of spaceborne membrane antennas can be
concluded as follows:

5.2.1. Towards Both Large-Scale and Small-Scale. Large aper-
ture membrane antennas with high precision are in urgent
need, in deep space exploration, high resolution earth obser-
vation, military, and other areas. Meanwhile, the develop-
ment of small satellite and CubeSats also calls for flexible
and multifunctional membrane antennas.

5.2.2. Towards Highly Predictable and Controllable. Theoret-
ical tools to predict on-orbit behaviors of antennas are devel-
oping towards fast and accurate. The digital twin technology
is among the new prediction methods. Also, membranes
using new smart materials will achieve real-time and active
control of the configuration and functions.

5.2.3. Towards Rigid-Flexible Combination. Current mem-
brane antennas are coupled systems with flexible antennas
and rigid frames. With the development mentioned above,
structures with semirigidness, tunable stiffness, and other
new features can be designed. Future membrane antennas
may be flexible enough to be packed into a very small vol-
ume and achieve sufficient stiffness and surface accuracy
after deployment.
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