
 
 
 
 

Heriot-Watt University 
Research Gateway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

Structural and Radio Frequency Co-Design and Optimization of
Large Deployable Reflectarrays for Space Missions

Citation for published version:
Guarriello, A, Loison, R, Bresciani, D, Legay, H & Goussetis, G 2023, 'Structural and Radio Frequency Co-
Design and Optimization of Large Deployable Reflectarrays for Space Missions', IEEE Transactions on
Antennas and Propagation, vol. 71, no. 5, pp. 3916-3927. https://doi.org/10.1109/tap.2023.3247940

Digital Object Identifier (DOI):
10.1109/tap.2023.3247940

Link:
Link to publication record in Heriot-Watt Research Portal

Document Version:
Peer reviewed version

Published In:
IEEE Transactions on Antennas and Propagation

Publisher Rights Statement:
© 2023 IEEE.  Personal use of this material is permitted.  Permission from IEEE must be obtained for all other
uses, in any current or future media, including reprinting/republishing this material for advertising or promotional
purposes, creating new collective works, for resale or redistribution to servers or lists, or reuse of any
copyrighted component of this work in other works.

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.

Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1109/tap.2023.3247940
https://doi.org/10.1109/tap.2023.3247940
https://researchportal.hw.ac.uk/en/publications/20928361-57e6-45c6-886a-65425dd792fd


1

Structural and Radio-Frequency Co-design and
Optimization of Large Deployable Reflectarrays for

Space Missions
Andrea Guarriello, Renaud Loison, Daniele Bresciani, Hervé Legay, George Goussetis, Senior Member, IEEE

Abstract—The structural and Radio-Frequency (RF) design
and optimization of a large deployable faceted reflectarray (RA)
generating double polarization contour beam are presented in
this work. The issue addressed is the thermoelastic stability of
large RAs and the impact of the thermoelastic deformation (TED)
under transverse thermal gradient on the RA performances.
Finite elements TED analysis are conducted on a deployable
RA with self-standing structures, demonstrating the detrimental
effects of the in-orbit TED impact on the RA performances,
estimated to be above 3 dB losses. To this extent, a novel
structural solution is proposed, based on the employ of reliable
mechanical support capable to mitigate the TED. The mechanical
design reorientation is contingent on the RF design reformulation.
The proposed novel mechanical and RF co-design concept and
methodology allows the conception of a low profile, thermo-
structurally stable RA with compliant radiation patterns and
high cross-polarization discrimination in the worst-case thermal
load. This methodology is based on a direct optimization of nine
panels faceted RA composed of advanced high-order Phoenix
cells directly optimized to fulfill the contoured beam requirements
and by respecting the local periodicity requirements of the layout.

Index Terms—Large Deployable Reflectarray, Thermoelastic
Deformation, Contoured Beam, Satellite Antenna, Optimization,
Phoenix Cells.

I. INTRODUCTION

LARGE space structures are increasingly taking place in
recent past and present space missions. Missions require

more and more challenging communication links. Large an-
tenna reflectors for broadcast link and synthetic aperture radar
for altimeter payloads can be cited as typical examples of large
spacecraft subsystems. The dimensions of these structures do
not allow them to be allocated in the limited volume of a
launcher fairing. Typically, reflectors larger than 4 m cannot
be stowed in the launcher fairing. Therefore, it is necessary to
conceive such antennas as foldable, stow them in the launcher
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fairing during the launch phase, and deploy them while in
orbit.

The alternatives to very large aperture reflectors are deploy-
able reflectarray (RA) antennas [1], [2] and deployable mesh
reflectors [3]. Mesh reflectors require a large hand assembly
and represent a costly solution [4]. Moreover, to generate con-
tour beam radiation patterns, mesh reflectors do not allow high
levels of surface shaping. For this reason, they need a feeding
cluster that increases the cost and the mass of the antenna
system. Current advances show the complexity of a mesh
reflector shaping [5]. Deployable RA antennas allow to design
very large physical aperture single-feed reflectors, typically up
to 6− 7m [1]. They can rely on existing technology, such as
deployable flat panels as for solar generators [1] or deployable
membranes as for solar sails [2]. Deployable RA antennas may
open new frontiers in the design of large space antennas since
they are lightweight, flat, cost-effective and they do not need a
complex feeding network to produce advanced contour beam
patterns [6].

Nevertheless, RAs suffer from some limitations, such as
the lack of high thermoelastic stability of state-of-the-art low
radio-frequency (RF) losses composite panels. In the case of
large space RAs, thermoelastic stability is a challenging issue,
since large structures are more sensitive to thermal gradients.
The reflecting surface must remain as stable as possible in
terms of deformations in order to preserve the nominal RF
performance. The thermoelastic stability of RAs issue has
been addressed in previous works for small panels (operating
at frequencies above X-band) with multilayer structures [7],
[8], [9] and with single-layer structures [10], [11], [12], [13].
In [7], [8], the RA thermoelastic stability is ensured by
bulky carbon fiber reinforced plastic (CFRP) composite panels
mechanical support on which the multilayer electrical panel is
directly bonded. The reduced panel sizes (1036 × 980 mm)
and the high stiffening panel/RF panel thickness and stiffness
ratio (30mm over 6 mm), united to the similar coefficient of
thermal expansion (CTE) materials employed, allow the direct
bonding without causing, or considerably limiting, the bi-
material effect [14], which causes thermoelastic deformations
(TED) even at room temperature for materials with different
CTE directly bonded together. However, this solution cannot
be envisaged for larger panels since it would dramatically
increase the mass and the volume and a membrane/flexion
coupling may occur [15]. In [9] the considered mechanical
support consists of three layers of Quartz fiber, a 30 mm
Quartz honeycomb core, and another three layers of Quartz
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fiber where the RF panel is directly bonded. Although the
improved stiffness of the whole assembly, TED were severe
because of the quartz CTE, which is quite higher compared to
CFRP. Moreover, important residual TED after thermal cycling
caused non-negligible distortions in the measured radiation
patterns. The residual TED observed even at room temperature
may suggest that the asymmetric composite stack, in which the
mechanical support is directly bonded on the RF panel with
a thickness/stiffness ratio lower than in [7], [8], incurs into
bi-material effect. To avoid bi-material and membrane/flexion
coupling effects, symmetrical stacks with a redundant RF
panel on the stiffening panel back-side have been proposed
[10], [11], [12], [13], where a low CTE CFRP mechanical
support is sandwiched between two identical RF panels. For
lower frequency and large physical aperture applications, this
solution would dramatically increase the volume and the mass
of the deployable RA. Another recent work [16] presents a
large-aperture deployable RA in S-band (5 × 1 m) design
and scaled realization with self-standing structures. The TED
analysis shows important deformations under a transverse
thermal gradient of 10◦C (considered as a worst case) of
roughly 11 mm (0.13 times the RF wavelength), which would
certainly degrade the RF performances. Unfortunately, the
TED impact on RA radiation patterns is not surveyed in this
work.

The scope of this paper is to propose a new suitable and
reliable structural solution for the design of large deployable
RAs. The proposed solution aims to mitigate the TED issue,
surveyed through a TED structural analysis. TED effects on
the RA RF performances are taken into account and the RF
synthesis is adapted to the novel mechanical design. To this
extent, this original approach based on coupled structural/RF
design is applied to conceive a large single-layer deployable
RA. The proposed antenna works in double circular polariza-
tion in S-band for GEO broadcast application.

The paper is structured as follows. Section II presents
the use-case mission requirements, the antenna geometry, the
finite elements model employed in structural analysis and the
considered thermal load cases. In section III the RF/thermo-
mechanical analysis and design of a conventional single-
layer deployable RA with self-standing structures is presented.
Section IV deals with the mechanical solution proposed in this
paper to mitigate the TED and the impact on the RF perfor-
mances and design. The novel RA with a mechanical support
RF/thermo-mechanical design and optimization is presented
in section V, with particular attention to the double circular
polarization requirement in the RF design.

II. MISSION, ANTENNA SYSTEM AND CONSIDERED
THERMAL LOAD

A. Antenna mission

The use-case coverage region is defined by a set of ground-
station distribution covering the Continental United States
geographical region (CONUS). The targeted performances are
summarized in the table I below. They are defined by the far-
field of a 6 m metallic reference reflector previously optimized,
illuminated by a circularly polarized feed.

TABLE I: Target Mission

Orbit/mission Geostationary/broadcast satcom

Coverage type Shaped CONUS beam

Polarization Double circular RHCP-LHCP

Bandwidth 0.85% S-band 2320− 2340 MHz

Central frequency f0 = 2330 MHz

Gmin on conus 25 dB

B. Antenna architecture

The RA geometry considered is depicted in Figure 1. In
Figure 1b the panels gap has been exaggerated in order to
better highlight the 9 panels separation. In practice, the panels
edges are separated by a very small gap, of the order of 5
mm. The faceted RA imitates the conformal shape of the
conventional 6 m reference reflector in order to mitigate the
differential spatial phase delay that should be supplied if the
RA was flat. This choice is adopted for frequency bandwidth
purposes [17]. An offset feed configuration illuminates the RA.
The RA geometrical features are summarized in table II. The
RA is deployable thanks to a system of high-precision hinges
and the deployment scheme presented in [18].

x

z

z
feed

4495 mm

4500 mm

1110 mm

6000 mm

10◦

10◦

51.6◦

26.5◦

(a) Side view of the antenna geometry.

2400 mm 1828 mm1828 mm

2180
m

m
1940

m
m

1940
m

m

zfeed

(b) Upper view of the antenna geometry.

Fig. 1: Schematic representation of the deployed RA antenna
geometry.
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TABLE II: RA features

RA geometry circular

Number of flat panels 9

Overall physical aperture Dx = Dy = 6m

Focal distance 4500 mm

Offset distance 4350 mm

Clearance 174.5 mm

C. RA in deployed configuration finite elements model for
TED analysis

The finite elements model (FEM) is constructed and post-
processed in commercial software MSC Patran and analyzed in
MSC Nastran [19], which are the industry’s standard tools for
structural FEM analysis. The panels are modeled through two
main elements: shell elements, modeling the panels skins, and
3D solid elements, modeling the panels’ core. Each rectangular
panel mesh is composed of 20 × 20 surface nodes and 5
nodes along the transverse direction. Triangular panels (corner
panels) are discretized with 20 nodes on each side and 5 nodes
along the transverse direction. Each panel node is attached
to the specific panel reference frame, defined as in the RA
electrical model, used in the RF computations. Figure 2 shows
the FEM built in MSC Patran.

Fig. 2: Complete FEM of the nine panel RA in the deployed
configuration. Encircled in red the locking devices.

By looking at Figure 2, we can notice the interfaces
connecting the panels in violet. These interfaces represent
the hinges and locking devices (the latter encircled in red).
The hinges design was not included in this work, but pre-
existing enhanced hinges are considered, coming from the
heritage on deployable solar generators [1]. The locking
mechanism is based on the concept presented in [18] based
on permanent magnets. Indeed, the lateral panels cannot
be connected through the hinges to respect the deploying
mechanisms. Therefore, it is necessary to lock together these
panels through a clever concept, as proposed in [18]. The
hinges and the locking devices are modeled as rigid elements
(Nastran RBE2, option LAGRANGE for the TED analysis)

and elastic interfaces (Nastran CELAS1). The rigid elements
connect 5 slave nodes belonging to each panel’s rear skin
to a master node that represents the interface node between
the two adjacent panels’ faces. The master nodes of the
two interfaced panels are rigidly connected to two coincident
(same position in the same reference frame-hinge local frame)
and distinct nodes. Therefore, these two coincident nodes
are connected through a flexible interface, representing the
hinges’ equivalent elasticity (translational and rotational). The
locking devices are modeled through the same methodology
with adapted elastic constants. For the thermo-elastic study, the
hinges and the locking devices are considered as composed of
a titanium alloy, presenting a CTE close to the ones of the
composite panels (CTE= 9× 10−6◦C−1), aiming to mitigate
pre-tensioning stresses ate the panel/hinges interfaces.

Concerning boundary conditions, the model is constrained
on the feed proximity panel. More specifically, the panel in the
proximity of the feed is constrained by clamping the 6 d.o.f.
on 9 rear surface nodes, covering a surface of roughly 200
mm × 200 mm. This modeling aims to reproduce the reflector
arm holding the RA when deployed through the holding and
release mechanisms. The mechanical FEM takes into account
the deployment scheme presented [18].

D. Thermal load case modeling
The thermal load cases considered in this work are issued

from an in-orbit thermal study and supplied as a conservative
worst-case which takes into account the thermal transients
cycles along an entire geostationary orbit and a passive thermal
control system. It is modeled as a linear transversal thermal
gradient of 20◦ established between the front and the rear
skins of the panels (along the panels thickness). In this study,
we consider that a transversal thermal gradient is uniformly
distributed on the RA panels surfaces by neglecting the
shadowing of other spacecraft components that can take place
during the eclipse entering or exit, or during other orbital
phases. The considered thermal load cases are listed in table
III.

TABLE III: List of considered thermal load cases

Thermal load case Transversal thermal gradient
eclipse exit (EX) T front = 20◦C, T rear = 40◦C

eclipse entering (EN) T front = 40◦C, T rear = 20◦C

cold case EX T front = −100◦C, T rear = −80◦C

hot case EX T front = 100◦C, T rear = 120◦C

cold case EN T front = −80◦C, T rear = −100◦C

hot case EN T front = 120◦C, T rear = 100◦C

III. DESIGN AND ANALYSIS OF A CLASSICAL RA WITH
SELF-STANDING STRUCTURE

In this section, the mechanical model construction and
analysis and the RF analysis and design of a large deployable
RA composed of panels with self-standing structure [1] are
addressed. The objective of this classic design is to assess
the impact of in-orbit thermoelastic deformation under a
transverse thermal gradient on the RF performances in terms
of gain losses on the ground stations.
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A. Mechanical features

The materials and the related industrial processes of the
RA with self-standing structure have been deeply surveyed in
previous studies [1], [9], [20]. The composite panels layup
is shown in Figure Figure 3. It consists of a sandwich panel
composed of a low RF losses honeycomb based on quartz
fiber material. The composite panels are composed of a
multi-layer structure characterized by symmetry, necessary to
ensure the panels’ mechanical properties. Composite structures
macro-mechanics [21] demonstrates that symmetric structures
enable to decouple the in-plane to the out-of-plane behavior
in order to fully exploit the composite structure mechanical
properties without incurring in undesired stress-deformation
of different nature coupling, through the stiffness matrices.
In general, for a composite panel, the constitutive relations
between forces/moments and translation/rotation deformations
are written. {

N̄
M̄

}
=

[ ¯̄A ¯̄B
¯̄B ¯̄D

]{
ε̄0
ζ̄

}
(1)

where N̄ is the in-plane or membrane solicitation vector, M̄
is the flexo-torsional solicitation vector, ε̄0 and ζ̄ respectively
the in-plane and out of plane deformations. For a symmetric
stack, the stiffness coupling matrices ¯̄B are null. Some other
terms of the matrices ¯̄A and ¯̄D, linking in-plane solicitation
with out-of-plane deformation (and vice-versa), are null as
well for symmetric and balanced panels, as in our case. To be
more precise, the ground plane layer and the cells metallic grid
are not completely identical. Given the very limited impact of
the copper thin layers on the composite mechanical properties,
we can assume the stack is symmetric. In general, for the
studied case, a symmetric composite stack allows to avoid that
in-plane thermal gradients generate out-of-plane deformations
and, vice-versa, transversal thermal only generates out-of-
plane deformations.

The Astroquartz fabrics [22] are used as low RF losses
stiffening skins, while the copper ground-plane and the copper
cells are directly etched on the sandwich skins. A thin layer
of protecting Kapton is used to avoid direct metal exposure
to the space environment. The panel thickness is roughly 30
mm, which corresponds to λ0/4, where λ0 is the free-space
wavelength at the central operational frequency f0 = 2330
MHz.

B. Phoenix cells lookup table

The RA cells lattice size is fixed to p = 43 mm, cor-
responding to λ0/3. The cell topology is shown in Figure
3. As array element geometric pattern, the square loop/slot
periodic cycle on the bottom of Figure 4 is considered, which
represents first and second-order inductive Phoenix cells [23],
[24]. This cycle allows to avoid sharp geometrical transitions
for adjacent cells showing similar reflection properties. Figure
4 shows the behavior of the cells as a function of the auxiliary
periodic variable ξ defined as a linear periodic parametrization
of the square patch or slot sizes as represented in the inset
of Figure 4. The cells scattering behavior is characterized
by considering each cells as part of a periodic environment,

Protective layer Kapton 25µm

Copper cells 9µm

Astroquartz fabric 2× 125µm

0◦/45◦

Quartz honeycomb
30mm

Copper ground-plane 9µm

Fig. 3: RA composite panels layup.

which implies that the RA layout must be quasi-periodic. In
[25], a systematic study of the global effects of having a
layout composed of sharp geometrical transition on the RA
performance predictability shows that the local periodicity
hypothesis is a constraint in the RA design. The cell samples
composing the lookup table are fully characterized in reflection
by exploiting an industrial in-house spectral domain Method of
Moments software [26], [27]. In Figure 4, the reflection phase
is calculated under oblique plane wave incidence θinc = 25◦,
φinc = −180◦ and displayed as a function of the parameter ξ.
The lookup table is computed for all the incidences relative to
the RA geometry evaluated in the RA analysis. The variation
of the phase curves shows that an almost complete 360◦ phase
cycle is achieved. The maximum and minimum values of d1
and d2 are bounded in order to avoid geometries that would
not be realizable.

In order to preserve the incident field polarization, the
reflecting cells should not have a depolarizing effect, i.e.,
the phase difference between the main reflection matrices
coefficients 6 ΓTETE − 6 ΓTMTM should be as small as
possible. Figure 4b shows this phase difference for each
geometry. We can notice that by increasing the local incidence
angle, the cells show a marked difference between 6 ΓTETE

and 6 ΓTMTM . The region of the RA that mostly reflect
the incident energy is the central panel, which sees the
incident field with an incidence of about θinc = 25◦. The
cells of the lookup table show a light depolarizing effect
((ΓTETE − ΓTMTM )max = ±5◦). In the first instance, we
estimate that it is acceptable to not alter the reflected field
polarization purity. This kind of cell is used also for alternative
applications, such as the reduction of specular reflection [28].

C. RA synthesis methodology and results

The RA design is performed by considering the RA surface
as a 2D distribution of the ξ periodic parameter.

The process is performed in two steps. The first step is
based on a classical phase-only (PO) synthesis. For each cell,
the ideal phase of the two aperture field components Erefl

x
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(a) Lookup table 1 cells reflection phase with respect to different
frequencies at incidence θinc = 25◦ and φinc = −180◦.
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(b) Lookup table 1 cells depolarizing behavior with respect to
different local incidence angles θinc at fixed φinc = −180◦.

Fig. 4: Lookup table 1 behaviour as function of the periodic
parameter ξ describing the geometry. In the inset of (A) the
relevant parameters defining the cell geometry.

and Erefl
y is matched one-by-one with a cell included in the

lookup table able to reproduce a local reflected field with a
minimum quadratic phase error compared to the ideal one.

The second step aims to minimize the amplitude error on
the scattered far-field components through a multi-objective
optimization of the RA layout [29], [30], [31]. It is done by
describing the RA preliminary geometry distribution (obtained
with the PO synthesis) with an unwrapped 2D ξ distribution.
The ξ distribution on the RA surface is described through
continuous tensorial spline representation [31], [32], and the
optimization variables are therefore the bi-cubic splines coef-
ficients, with the following advantages:

1) Continuous modulation of cells geometries: this de-
scription naturally avoids sharp geometric transitions
on the RA surface. The quasi-periodicity constraint is,
therefore, naturally respected.

2) Reduction of the optimization problem d.o.f.: the
RA layout is described on a very limited set of knots
compared to the actual number of cells composing the
layout. The number of knots is directly related to the
dimensions of the B-spline coefficients tensor whose
elements are the optimization variables.

In the lookup tables, a local cubic interpolation of the
scattering properties against the index of the cells (see section
III-B) is performed to have fast access to the reflection
matrices during the optimization process. The RA far-field
components radiation pattern is computed through an in-
house modified physical optics software [33]. The modified
physical optics computation is performed by considering the
local periodicity hypothesis, namely by characterizing the
reflection matrix of each cell composing the database through
the spectral domain MoM. This analysis technique has been
successfully validated in several previous works from authors
with respect to full-wave simulations [31] and measurements
[17], [25], [34].

A general flowchart for the RF-mechanical coupled design
is shown in Figure 5. This flowchart aims to give an overview
of the RF-structural co-design and optimization illustrated in
previous sections.

The RA1 (layout in Figures 6) radiation pattern in terms
of LHCP component projected on Earth as seen from the
satellite position are shown in Figure 7 and compared to
the radiation pattern of a theoretic reference metallic shaped
reflector. The results for the RHCP component are very similar
and we omit the contour plot for brevity. Table IV summa-
rizes the performances on stations comprised in the CONUS
coverage region. GCOmax

and GXmax
, are respectively the

maximum co-polarization and cross-polarization gain on the
stations, GCOmin

is the minimum gain in the coverage region,
XPDmin is the minimum cross-polarization discrimination
on the stations, while XPD is the average cross-polarization
discrimination evaluated on the ensemble of the stations. The
performances of the RA1 are comparable with the reference
reflector ones.

D. Impact of TED on the radiation pattern

Figure 8 shows the TED out-of-plane displacements of
the complete RA in the deployed configuration, withstanding
the transversal thermal gradient. The analysis is performed
through the commercial finite elements method [19].

The impact on the radiation pattern is shown in Figure 9.
The eclipse entering and eclipse exit load cases are almost
equivalent in terms of the displacements’ magnitude and the
global impact on RF performances. The eclipse entering cold
case is more critical compared to the other cases with out-
of-plane displacement RMS = 3.91 mm. Nevertheless, the
orders of magnitude are comparable among the four thermal
load cases surveyed. The results obtained through the TED
analysis of the RA FEM model point out that, at the present
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Fig. 5: Flow chart defining the RF/structural analysis and design process.

state, the RA shows about 3 dB losses in the coverage region in
the worst-case TED configuration. The present analysis makes
clear the necessity of a reorientation of the RA structural
design, which in turns implies a reorientation of the RF design.
To this extent, a structural and RF co-design is proposed in
the next sections.

IV. RA ARCHITECTURE REORIENTATION

This section proposes a new solution to solve the TED issue
by making the deployable panels more stable with respect to
the transverse thermal gradient load case. The idea is based on
the use of highly reliable and stable structures, such as carbon
fiber reinforced polymers (CFRP) based sandwich panels, to
support the RA reflecting panels (Figure 10a). The novel
design implies, therefore, a separation of the mechanical and
RF functions. To this extent, the backing structure ensures
the thermo-mechanical stability of the RA, while the RA
electric panel ensures the beam shaping. At a system level,
this solution should respect one fundamental requirement, i.e.,
the equivalence in terms of the panels volume size in the folded
configuration compared to the previous configuration (RA1).
To this extent, the introduction of mechanical support has the
remarkable consequence of considering the RA electric panels
thinner than before.

From a structural dynamics requirement study performed
through commercial software [19], the mechanical backing
structure support should be 20 mm thick in order to be stiff
enough and not interfere with the launcher/payload dynamics
(antenna first structural eigenfrequency above 28 GHz). The
mechanical support drives the overall panel stiffness, as can be
expected. The electrical sandwich should be therefore reduced
to 10 mm, in order to keep the same volumetric size of the
RA in the folded configuration.

Figure 10a shows the new laminate layers structures. The
same plies as in Figure 3 compose the RF sandwich, but with
a reduced honeycomb spacer thickness (reduced here from
λ0/4 = 30 mm to λ0/12 = 10 mm) and with only one ply
of Astroquartz fabric, since the panel stiffening is provided
by the mechanical support. The backing structure (that we
also call "mechanical stage" from now on) is composed of
a conventional sandwich panel characterized by two CFRP
fabric skins on each side of an aluminum honeycomb. The
advantage of the carbon fiber-based composite is that they
are extremely stable with the temperature since their CTE is
very low (average CFRP CTE ≈ 0.5 × 10−6◦C−1, while for
Astroquartz fabrics CTE ≈ 13× 10−6◦C−1 ).

An important aspect is how to connect the RF stage to the
mechanical stage. Indeed, the direct bonding of the RF stage
on the mechanical stage would not be acceptable since it would
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(a) RA1 layout composed of first and second order inductive
Phoenix cells.

(b) Zoom.

Fig. 6: RA1 layout.

make the composites highly non-symmetric and would cause
a bi-material effect that would result in a TED deformation
even at room temperature [14], [21]. In this work, a solution
based on the fragmentation of the RF stage in smaller panels
the fixing to the mechanical stage through a system of bolts
and in-plane sliding fixation is proposed (Figure 10b). The
fragmentation is made to reduce the RF panels size to reduce
the panels TED sensitivity. The fragmentation is conceived by
letting a small gap of 5 mm between the adjacent panel to
allow in-plane deformations. The sliding bolts are a heritage
employed and demonstrated on a faceted Ku-band RA [17].
The sliding bolts allow the decoupling of the panels’ in-plane
deformations to the out-of-plane deformations, avoiding also
the bi-material effect. Moreover, they allow the RA in-plane
deformation, resulting in inhibited out-of-plane deformations,
which, as indicated in the previous section III-D, is very
degrading for the RA RF performances.

A. FEM of the RA architecture reorientation

The deployed RA is composed of nine CFRP
skins/aluminum core honeycomb sandwich panels on
which a total of thirty-two RF tiles are fixed. The hinges
connect the backing structures, which become the support

(a) Co-polarization component contour plot. Solid lines repre-
sent the RA1 far-field, dashed lines reference reflector far field.

(b) Cross-polarization component contour plot. Solid lines rep-
resent the RA1 far-field, dashed lines reference reflector far
field.

Fig. 7: RA1 performances.

Fig. 8: TED on the deployed RA with self-standing structures
under transversal gradient issued from the eclipse entering.

of the RA reflecting panels. The hinges and locking devices
modeling is the same as reported in the previous section II-C.
Once again, each panel is defined and analyzed in its local
reference frame. Also, the boundary conditions are the same
as presented in section II-C. The fixations and the sliding
bolts connecting the mechanical stage and the RF stage are
modeled through elastic interfaces (CELAS1 in Nastran). A
highlight on the FEM interfaces for the rectangular and the
corner panels is depicted in Figure 11.

B. The thermal load

The thermal load cases presented in section II-D are adapted
to this new architecture by considering the worst-case and
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Fig. 9: Impact of the TED on the radiation pattern on the co-
polarization component. RA1 in the deformed configuration
solid line, RA1 in nominal configuration dashed lines.

CFRP fabric 2× 125µm, 0◦/45◦

Aluminium honeycomb
20mm

RF stage Mechanical support

RF sandwich 10mm

see Figure 3

(a) RF stage and mechanical support composite panels layup.

Sliding bolts

RFstage
Fixed bolt

y

x

z

x Mechanical stage

(b) Mechanical design proposition of the reoriented architecture.
Upper view of the rectangular panel on the top left, and of the
triangular corner panel on the top right. Side view on the bottom.

Fig. 10: Mechanical design reorientation of the deployable RA
panels.

neglecting the composite materials’ conductivity properties.
The new load cases are an equal distribution of the total
thermal gradient of ∆T = 20◦C on the two stages.

C. TED analysis of the reoriented RA architecture

Figure 12 shows the complete RA model’s TED with
backing structures. The worst-case RMS out-of-plane displace-
ments are reduced to 0.7 mm. The proposed solution allows

(a) Rectangular panel FEM.

(b) Triangular corner panel FEM.

Fig. 11: FEM with the bolts interfaces highlight.

for thermoelastically stabilize the RA panels in the deployed
configuration. The TED analysis shows a radical reduction of
the out-of-plane maximum displacements. The TED impact on
the RF performances is evaluated after presenting the new RA
RF design in the next section.

Fig. 12: TED on the deployed RA with a mechanical support
under transversal gradient issued from the eclipse entering.

V. RA WITH A MECHANICAL SUPPORT DESIGN

A. New array constitutive elements and lookup table handling

By characterizing the cells of Figure 4, computed this time
with a substrate thickness of λ/12 = 10 mm, we can notice a
drastic change in the responses of the cells (Figure 13). The
set of cells becomes more dispersive (a slight variation of the
geometry implies a substantial reflection phase variation) and
unstable in the region ξ ∈ [2;π]. Therefore, it is necessary
to consider new cell geometries to grant the 360◦ reflection
coefficient phase range while keeping the cells stability.
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Fig. 13: The reflection phase of the cells geometries com-
posing the lookup table 1 with a reduced substrate thickness
(λ0/12) as a function of the periodic parameter ξ describing
the geometry.

The new Phoenix cycle adopted is composed of 2nd and 4th

order inductive Phoenix cells. It is selected in order to avoid
sharp geometrical transitions and to guarantee a full phase
shift coverage. Figure 14a shows the behavior of the cells as
a function of a new auxiliary periodic variable ξ defined as
a linear parametrization of the four geometrical parameters
of the Phoenix cells, d =

[
d1 d2 d3 d4

]
, as shown in

the inset of Figure 14a. This allows the reduction of the cells
degrees of freedom to just one. The lattice of the unit cell is
λ0/3, which corresponds to 43 mm.

In Figure 14a, the reflection phase is calculated under
oblique plane wave incidence θinc = 25◦, φinc = −180◦ and
displayed as a function of the parameter ξ. The phase variation
shows that an almost complete 360◦ phase cycle is achieved,
and the cells are clearly more stable with respect to the
geometry variations (i.e. the parameter ξ). Since the cells are
more influenced by the substrate impedance by considering a
thinner substrate, it is worth evaluating the cells behavior under
oblique incidence. To do so, we evaluate the cells principal
reflection coefficient phase difference 6 ΓTETE − 6 ΓTMTM

for different θinc and φinc = −180◦. The resulting plot is
shown in Figure 14b where we can notice that cells have a
strong depolarizing effect at increasing incidence angles that
affects the polarization purity of the far-field as shown in the
next section. The increased depolarizing effect that the new
lookup table cells globally experience is due essentially to the
reduction of the substrate thickness imposed by mechanical
design constraints. Analytical derivations of this phenomenon
are available in [35], [36]. Indeed, the depolarization of the
reflection on a bare grounded dielectric slab increases with a
substrate thickness reduction. Therefore, independently from
the considered PC geometry, the substrate impedance globally
affects the depolarization of the reflected field components.
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-300
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(a) Lookup table 2 cells reflection phase with respect to different
frequencies at incidence θinc = 25◦ and φinc = −180◦.

-3 -2 -1 0 1 2 3
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10

(b) Lookup table 2 cells depolarizing behavior with respect to
different local incidence angles θinc at fixed φinc = −180◦.

Fig. 14: Lookup table 2 behaviour as function of the periodic
parameter ξ describing the geometry. In the inset of (A) the
relevant parameters defining the cell geometry.

B. New RA electrical design

The reduced thickness RA composed of the cells presented
in the previous section is called RA2. Its performances are
reported in table IV in comparison with the reference reflector
performances. The cross-polarization levels of the RA2 design
are very high and make the RA2 not competitive with respect
to the reference reflector.
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C. Improved cross-polarization new RA electrical design

By considering rectangular elements, it is possible to com-
pensate for slight depolarizing effects [37].

To reduce the cross-polarization levels, the objective is now
to minimize the maximum error between the radiation pattern
and the prescribed mask by distorting the square cells geom-
etry into rectangles (dx 6= dy). The RA layout is described
through a continuous and derivable spline projection of the
parameter ξ, identifying the cell index in the lookup table, and
a cell distortion parameter h. The optimization variables are
therefore the spline coefficients of the two surfaces describing
the parametrized cells distribution [32]. A minimax algorithm
allows minimizing the maximum of the vectorial cost function
described as the error on the radiation pattern amplitude with
respect to the mask and the maximization of the XPD levels.
The initial condition is the single polarization design of section
V-B.

TABLE IV: Performances comparison.

Reference reflector RA1 RA2 RA3

GCOmax 35.14 dB 34.98 dB 34.75 dB 34.66 dB

GCOmin
25.44 dB 25.71 dB 25.25 dB 24.52 dB

GXmax 5.28 dB 5.69 dB 18.07 dB 6.09 dB

XPDmin 24.18 dB 21.15 dB 9.46 dB 21.98 dB

XPD 34.54 dB 33.39 dB 19.74 dB 34.16 dB

The radiation pattern in terms of 2D contour plots projected
on Earth as seen from the satellite position associated with the
new RA3 layout of Figure 15a is shown in Figure 16 in com-
parison with those obtained with the reference reflector. The
cross-polarization levels have maximum values comparable to
the reference reflector. Moreover, from Table IV the average
XPD distribution on the stations has been improved by 14 dB
with respect to the RA2 layout composed of square cells. We
can notice that the reduction of the cross-polarization levels is
accompanied by a slight degradation of the co-polarization
component. Table IV presents the RA3 performances. The
maximum levels of the co-polarized, and cross-polarization
components gain are comparable with those obtained with the
reference reflector.

The impact of the TED previously presented in section
IV is now evaluated. From Figure 17 we can see that the
radiation pattern is not affected by the surface displacements
issued from the thermo-elastic deformations of section IV,
demonstrating the effectiveness of the concept. Moreover, the
total surface mass of the RA with mechanical support is 3.02
Kg/m2, while the RA with self-standing structures shows a
total surface mass of 2.99 Kg/m2. The mass budgets of the
two structural configurations are therefore comparable, such
as their volumetric sizes in the stowed configuration.

VI. CONCLUSIONS

This paper proposes a novel RF-mechanical coupled de-
sign approach in order to mitigate the in-orbit thermo-elastic
distortions of large deployable RA. This concept is based on
introducing a mechanical support conceived with simple and
reliable structures, less sensitive to TED. This mechanical

(a) RA3 layout composed of second and fourth order rectangular
Phoenix cells.

(b) Zoom.

Fig. 15: RA3 layout.

design reorientation has shown a radical reduction of the
TED, and therefore their impact on the RA performances. The
main drawback of the proposed mechanical reorientation is the
reformulation of the electrical architecture of the RA. Indeed
a reduced thickness RF panel is needed in order to keep the
same total thickness of the panels in the stowed configuration
for the novel solution compared to the conventional one.

The three S-band deployable RAs designed in this paper
have shown interesting features. The RA1 has been designed
by considering a RA with a classical self-standing structure,
with a substrate thickness of λ0/4 = 30 mm. In this config-
uration, first and second-order inductive Phoenix cells have
been employed, resulting in a RA layout presenting good
features compared to the reference reflector. On the other
hand, the RF design presents added complexity for the RA
with the new mechanical support. Indeed the RA substrate
reduction to λ0/12 = 10 mm implies a dispersive behavior
of the first and second-order Phoenix cells. This issue is
addressed by employing second and fourth-order inductive
Phoenix cells. The resulting new lookup table cells have
shown a depolarizing effect when withstanding an oblique
incident field, resulting in high cross-polarization levels for
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(a) Co-polarization component contour plot. Solid lines repre-
sent the RA3 far-field, dashed lines reference reflector far field.
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(b) Cross-polarization component contour plot. Solid lines rep-
resent the RA3 far-field, dashed lines reference reflector far
field.

Fig. 16: RA3 performances.
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Fig. 17: Impact of the TED on the radiated co-polarization
component. RA3 in the deformed configuration solid line, RA3
in nominal configuration dashed lines.

RA2 design. An enhancement of the cells lookup table is
then proposed to mitigate the cross-polarization increase. A
supplementary degree of freedom is added in the elementary
cell design by considering square Phoenix cells deformed into
rectangles. The RA3 layout shows reduced cross-polarization
levels compared to the previous low-profile RA design with
mechanical support. The average XPD is enhanced by 14 dB
compared to the layout composed of square cells. Moreover,
the new RA architecture is very stable to TED phenom-
ena demonstrating the effectiveness of the proposed coupled
RF/mechanical design.
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