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A Novel Thermally Stable Segmented Solid Paraboloid Antenna
for High Surface Accuracy
H Li∗ , Q Li† and Z Wu‡
School of Mechanical Engineering and Mechanics, Ningbo University, Ningbo, 315211, People’s Republic of China.

The rapidly growing communication demands in our society require the design of highperformance solid paraboloid antennas with extremely high surface accuracy, which remains
a challenge due to the inevitable thermal deformations. In this study, we proposed a novel
design of thermally stable segmented solid surface antenna with high surface accuracy. In
this novel design, the antenna reflector is divided into a certain number of segmented pieces,
each of which is then individually supported by an innovative Thermally Stable Grid Structure
(TSGS). An analytical model based on Sanders improved first-approximation shell theory is
developed to predict the thermal deformation of antenna surface, with which the proposed
segmenting method in improving the surface accuracy of reflector antenna is theoretically
approved. The working mechanism of the proposed TSGS that the thermal deformations at
the supporting points can maintain a minimum level is verified using finite element analysis. A
case study is performed in a practical environment to demonstrate that a segmented antenna
supported by TSGS can largely suppress the thermal deformation compared with a continuous
surface antenna. This study provides a novel and useful engineering solution for paraboloid
solid surface antennas to achieve extremely high surface accuracy under various thermal
conditions.

Nomenclature
𝐴

=

matrix of in-plane stiﬀness (𝐴𝑖 𝑗 ), N/m

𝐴1 , 𝐴2

=

Lamé parameters of the parabolic revolution surface

𝑐1 , 𝑐2

=

constants resulting from integration

𝐸 11 , 𝐸 22

=

Young’s modulus, Pa

𝑓

=

focal length of an antenna, m

𝐺 12

=

shear modulus, Pa

𝑘

=

Gaussian curvature
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𝑁

=

in-plane resultant forces (𝑁𝑖 𝑗 ), N/m

𝑄¯

=

transformed stiﬀness coeﬃcients (𝑄¯ 𝑚𝑛 )

𝑅1 , 𝑅2

=

radii of principal curvatures of the parabolic revolution surface

𝑈, 𝑉, 𝑊

=

displacements along 𝑥, 𝑦 and 𝑧 axes, respectively, in a Cartesian coordinate system, m

𝑢, 𝑣, 𝑤

=

displacements along the local curvilinear coordinates and

=

the normal direction of the parabolic revolution surface, respectively, m

𝑥, 𝑦, 𝑧

=

axes in a Cartesian coordinate system

𝛼

=

equivalent thermal expansion coeﬃcients (𝛼𝑖 𝑗 )

𝛿

=

angle between the normal of the revolution surface and

=

the axisymmetric axis (one local curvilinear coordinate), rad

=

angle between the meridian plane and the Cartesian coordinate plane 𝑥𝑧

=

(one local curvilinear coordinate), rad

𝜅

=

bending and twisting curvature (𝜅 𝑖 𝑗 )

𝜇

=

Poisson’s ratio

𝜉1 , 𝜉2

=

general variables for curvilinear coordinates

𝜀 11 , 𝜀22 , 𝛾12

=

mid-plane strains

𝜗

=

ply-angle, rad

𝜃

I. Introduction
The increasing use of frequency bands by communications drives both qualitative and quantitative demands of
high performance and high precision antennas in recent years [1–3]. High-precision antennas have been received wide
applications in satellites such as remote sensing, meteorology, communications, telemetry or radio astronomy [1, 4, 5].
Up to date, many forms of antennas have been put forward. In general, the antennas can be categorized into three
types, i.e. solid surface antennas, inﬂatable antennas and cable-net antennas [6]. In recent years, the mesh and inﬂatable
antennas attracted lots of research interests due to their small storage volume [7, 8]. A milestone in development of
inﬂatable antennas is a 14𝑚-diameter and 2.0 × 1.1 × 0.46𝑚 3 folded volume inﬂatable antenna proposed in 1996 [9].
Europe also developed a large-aperture inﬂatable antenna with 12𝑚 diameter [10, 11]. However, the inﬂatable antennas
have relatively poor surface precision, due to the thermal deformation, gas leakage and etc. [6]. In the past decades,
many forms of cable-net antennas with diﬀerent types of supported structure have been developed, manufactured and
tested, such as wrapped rib antenna, radial rib antenna, hoop column antenna, and hoop truss antenna, etc. [12–15].
Among these cable-net antennas, the hoop truss antennas have attracted lots of attentions and research interests in last
two decades [16, 17], and also have been applied in practical communication satellites [18, 19]. The surface accuracy of
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a mesh antenna is often better than that of a inﬂatable antenna, however, the mesh antennas are mainly used in L-band
because of their millimeter–level surface accuracy. With the development of antenna structure, the mesh antennas
with much higher surface accuracy have been achieved. On the other hand, the solid surface antennas remain to be a
preferable technical solution for data transmission of satellites. This is because the solid surface antennas can provide
many favorable advantages, such as high surface accuracy, high directivity, high radiation eﬃciency, low side lobe levels
and permanent working capacity [8, 20, 21].
The change of working environment during the operation period of satellites will inevitably result in the deformation
or even distortion to antenna surface due to various thermal conditions [2]. The temperature of an antenna severely
varies due to diﬀerent working scenarios. The thermal deformation of the antenna reﬂector in turn can cause serious
issues, such as a distorted far-ﬁeld radiation pattern, shift of the aiming point and the increase of the antenna side
lobes etc. [2]. These deleterious eﬀects will eventually cause signals distorted and even incorrect information to be
received or sent [1, 2]. Therefore, accurate prediction of the thermal deformation of the antenna surface and largely
suppressing the thermal eﬀects are of critical importance for the design of high-precision antennas. In general, for a
well-designed antenna reﬂector, the Root Mean Square (RMS) surface error should achieve the precision in a range
of 0.02𝜆 ∼ 0.03𝜆, where 𝜆 represents the wave length [1]. As the working frequency of antennas rapidly grows in
communication applications in the last decade, the high shape stability and surface accuracy against the temperature
variation is a critical design requirement for antennas. The suppression of thermal deformations of antennas now is a
major technical challenge to accomplish a high-precision solid surface antenna.
To suppress the thermal eﬀects for a solid surface antenna, a direct method is to apply the materials with low thermal
expansion coeﬃcients as the main structural components. Therefore, carbon ﬁber reinforced polymer (CFRP) composite
materials are widely used on antennas, as the thermal expansion coeﬃcients of CFRP materials are much low compared
with that of metal materials [3, 22, 23]. Theoretically, a zero equivalent thermal expansion coeﬃcient can be achieved
for CFRP materials if the composite lay-up is well designed. However, unexpected out-of-plane thermal deformation
of CFRP antennas can be easily generated due to the ﬁber orientation errors, the moisture absorption eﬀects or the
other uncertainty factors [23, 24]. Recently, the active control method has been proposed to correct the low-order,
thermally-induced distortions of the antenna using piezoelectric actuators [25]. It is experimentally demonstrated that
the method of using piezoelectric actuator is an eﬀective means for correcting the thermal distortion at a level of 10𝜇𝑚
[25]. However, the major disadvantage of an active control system is that a high precision measuring system is needed,
simultaneously, to monitor the thermal deformation of the antenna. However, active structural elements often cause
mismatch of the coeﬃcients of thermal expansion (CTE) in the structure. This CTE mismatch may result in even
larger thermal distortion to the reﬂectors than that of the conventional designs without using active elements. As a
consequence, the reduced system reliability and the high costs of resources make the active control system become
unacceptable for the thermal deformation control of satellite antennas.
3

As the active control method is too costly, a passive method becomes a preferable choice for suppressing the thermal
eﬀects of an antenna working in space. In view of the fact that the thermal deformation of the antenna is unavoidable
due to the limitation of available materials, a novel concept for designing thermally stable antennas with high surface
accuracy is proposed in this study. Instead of directly making eﬀorts to suppress the thermal strains of antenna surface
to zero, we reduce the thermal RMS surface error of the antenna reﬂector through segmenting the antenna reﬂector
into a certain number of pieces. Segmenting a solid surface antenna into pieces is not a completely new concept, for
example the Precision Segmented Reﬂector (PSR) proposed in 1990s [26–28]. The aim of this PSR project was to
develop the technology of large aperture solid surface space antenna for future advanced astrophysics missions [29].
Due to the large aperture, in this PSR design, the antenna reﬂector was assembled by a number of segments. The PSR
project mainly concentrated on the development of deployable back support truss structure of the reﬂector [29, 30],
design of the reﬂector panel [27], manufacturing methods and materials etc [26, 30]. The segmented antenna now is a
widely accepted method for developing large aperture antenna. However, most of the previous research and working
eﬀorts mainly concentrated on the manufacturing accuracy for the reﬂector panels [26, 27] and the active adjusting
method [31]. None of these research works studied the functionality of applying a segmenting design method for the
solid antennas to achieve high surface accuracy under various thermal conditions.
In this study, we will demonstrate, both theoretically and numerically, that the surface error of a solid surface antenna
under thermal loadings can be reduced, dramatically, by segmenting the reﬂector surface into pieces. To this end, an
analytical model based on Sanders improved ﬁrst-approximation thin shell theory [32] is developed to predict the RMS
surface error of either continuous or segmented antenna reﬂectors. The mechanism of reducing the thermal surface
error through segmenting the reﬂector surface is discussed and veriﬁed by a parametric study of the RMS surface
error of segmented antenna reﬂectors with respect to the number of segment sections. Subsequently, an innovative
design of Thermally Stable Grid Structure (TSGS) is proposed to support each segmented panel of the antenna reﬂector.
The principle of this TSGS mechanism is based on an innovative design of an irregular-hexagon structural cell, in
which the thermal displacements of CFRP walls along one direction (deﬁned as 𝑥) can be compensated by means of the
thermal expansion or shrink of an internal aluminum web at the other direction (deﬁned as 𝑦). As a consequence, the
induced thermal stresses and deformations of the whole structure have negligible inﬂuence to the positions of mounting
(supporting) points. From simulation results, it approves that applying this thermally stable grid structure to segmented
antenna reﬂector can achieve negligible RMS surface error during temperature variations. At the end of this paper,
the surface accuracy of the novel segmented antenna reﬂector is predicted under diﬀerent working scenarios, and the
prediction results are compared with that of continuous antenna reﬂectors.
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II. Theoretical Model
In this section, an analytical model is developed to predict the thermal deformation of a composite solid surface
paraboloid antenna under uniformly distributed thermal loading. In a Cartesian coordinate system, the thin shell of
revolution for a paraboloid antenna is deﬁned as,

𝑧=

1 2
(𝑥 + 𝑦 2 )
4𝑓

(1)

where 𝑓 denotes the focal length of an antenna. The paraboloid antenna is modeled as an axisymmetric shell structure,
the kinematic equations of which are deﬁned under an axisymmetric coordinate system, as illustrated in Fig. 1-a. At any
point on the surface of this parabolic shell of revolution, we can deﬁne two principal sections on the revolution surface of
the shell, which then creates two plane curves with two local principal radii of curvatures 𝑅1 and 𝑅2 [33], respectively,
as shown in Fig. 1-b. Analogous to the earth, one plane curve is called the meridional curve and the projection of
another curve on the plane perpendicular to the axis of the parabolic shell is the parallel circle. With these two curves,
the angle 𝛿 is deﬁned to represent the angle between the normal of the revolution surface and the axisymmetric axis,
and the angle 𝜃 is deﬁned between the meridian plane and the Cartesian coordinate plane 𝑥𝑧, as shown in Fig. 1-b.
The position of any point on the surface can be determined using these two angle parameters. Therefore, angles 𝛿 and
𝜃 are used to deﬁne as the curvilinear coordinates in the modelling. If we analogize this curvilinear coordinate to a
Geographic coordinate system (GCS), the physical meaning of these two angles can be interpreted as, 𝛿 deﬁnes the
position of a latitude line, whilst 𝜃 is the degree of a meridian (longitude line).
Based on Sanders improved ﬁrst-approximation theory with considering the curvilinear coordinates 𝜉1 = 𝛿 and
𝜉2 = 𝜃, the kinematic equations and the equilibrium equations of a paraboloid antenna take the following forms as
[32, 34],
1 𝜕𝑢
1 𝜕 𝐴1
𝑤
+
𝑣+
𝐴1 𝜕𝛿 𝐴1 𝐴2 𝜕𝜃
𝑅1
1 𝜕 𝐴2
𝑤
1 𝜕𝑣
+
𝑢+
𝜀 22 =
𝐴2 𝜕𝜃 𝐴1 𝐴2 𝜕𝛿
𝑅
 
 2
𝐴1 𝜕 𝑢
𝐴2 𝜕 𝑣
+
𝛾12 =
𝐴1 𝜕𝛿 𝐴2
𝐴2 𝜕𝜃 𝐴1



1 𝜕 1 𝜕𝑤
1 𝜕𝑤
1
𝑢
𝑘 11 = −
−
−
−
𝐴1 𝜕𝛿 𝐴1 𝜕𝛿
𝑅1
𝐴1 𝐴2 𝐴2 𝜕𝜃



1 𝜕𝑤
1 𝜕 1 𝜕𝑤
𝑣
1
𝑘 22 = −
−
−
−
𝐴2 𝜕𝜃 𝐴2 𝜕𝜃
𝑅2
𝐴1 𝐴2 𝐴1 𝜕𝛿




𝐴2 𝜕 1 1 𝜕𝑤
𝑣
𝐴1 𝜕 1
𝑘 12 = −
−
−
𝐴1 𝜕𝛿 𝐴2 𝐴2 𝜕𝜃
𝑅2
𝐴2 𝜕𝜃 𝐴1



1
𝜕 ( 𝐴2 𝑣) 𝜕 ( 𝐴1 𝑢)
1
1
−
−
+
2𝐴1 𝐴2 𝑅2 𝑅1
𝜕𝛿
𝜕𝜃
𝜀 11 =

5


𝑣 𝜕 𝐴1
𝑅2 𝜕𝜃

𝑢 𝜕 𝐴2
𝑅1 𝜕𝛿


1 𝜕𝑤
𝑢
−
𝐴1 𝜕𝛿
𝑅1

(2a)

𝜕 ( 𝐴2 𝑁11 ) 𝜕 ( 𝐴1 𝑁12 ) 𝜕 𝐴1
𝜕 𝐴2
𝐴1 𝐴2
+
+
𝑁12 −
𝑁22 +
𝑄1
𝜕𝛿
𝜕𝜃
𝜕𝜃
𝜕𝛿
𝑅1



1
1
𝐴1 𝜕
−
𝑀12 = 0
+
2 𝜕𝜃 𝑅1 𝑅2
𝜕 ( 𝐴2 𝑁12 ) 𝜕 ( 𝐴1 𝑁22 ) 𝜕 𝐴2
𝜕 𝐴1
𝐴1 𝐴2
𝑄2
+
+
𝑁12 −
𝑁11 +
𝜕𝛿
𝜕𝜃
𝜕𝜃
𝜕𝛿
𝑅2



1
1
𝐴2 𝜕
−
𝑀12 = 0
+
2 𝜕𝛿 𝑅2 𝑅1


𝑁11 𝑁22
𝜕 ( 𝐴2 𝑄 1 ) 𝜕 ( 𝐴1 𝑄 2 )
+
+
− 𝐴1 𝐴2
=0
𝜕𝛿
𝜕𝜃
𝑅1
𝑅2
𝜕 𝐴2
𝜕 ( 𝐴2 𝑀11 ) 𝜕 ( 𝐴1 𝑀12 ) 𝜕 𝐴1
+
+
𝑀12 −
𝑀22 − 𝐴1 𝐴2 𝑄 1 = 0
𝜕𝛿
𝜕𝜃
𝜕𝜃
𝜕𝛿
𝜕 𝐴1
𝜕 ( 𝐴2 𝑀12 ) 𝜕 ( 𝐴1 𝑀22 ) 𝜕 𝐴2
+
+
𝑀12 −
𝑀11 − 𝐴1 𝐴2 𝑄 2 = 0
𝜕𝛿
𝜕𝜃
𝜕𝛿
𝜕𝜃

(2b)

where 𝜀𝑖 𝑗 and 𝑘 𝑖 𝑗 (i,j=1,2) denote the strain and the curvature variation, respectively. 𝑁𝑖 𝑗 (𝑖, 𝑗 = 1, 2) are membrane
resultant forces, and 𝑀𝑖 𝑗 (𝑖, 𝑗 = 1, 2) are bending moment. 𝑄 1 , 𝑄 2 are transverse stress resultants. 𝐴1 and 𝐴2 are Lamé
parameters. 𝑢, 𝑣 and 𝑤 are the displacements along the local curvilinear coordinates (𝜉1 = 𝛿, 𝜉2 = 𝜃) and the normal
direction (𝑚) of the parabolic revolution surface of antenna, respectively. 𝑅1 and 𝑅2 are the radii of principal curvatures,
as shown in Fig. 1-b. For a thin parabolic shell of revolution, Lamé coeﬃcients and radii of principal curvatures are
derived as,
2𝑓
,
cos3 (𝛿)
2𝑓
,
𝑅1 =
cos3 (𝛿)
𝐴1 =

𝐴2 = 2 𝑓 tan(𝛿)
𝑅2 =

Note, in the derivation of Eq. (3), the curvature equation 𝑘 =

2𝑓
cos(𝛿)

𝑧 ′′
(1+(𝑧 ′ ) 2 ) 3/2

(3)

rather than its approximation form 𝑘 = 𝑧 ′′ must

be used.
In this study, the antenna reﬂector is constructed by sandwich composite curved panels with Aluminum honeycomb
core. The thickness of the antenna reﬂector is relatively small compared with the radii of principal curvatures of the
reﬂector, therefore, it can be modelled as a thin shell structure. A symmetric and balanced lay-up for the sandwich
composite shell typically denoted by [±𝜗/∓𝜗/core/±𝜗/∓𝜗] is applied, in which 𝜗 is the lay-up angle of unidirectional
ﬁber reinforced composite ply with respect to the meridional curve of the antenna reﬂector. A paraboloid antenna, which
is mounted at the vertex and under a uniformly distributed temperature loading is in axisymmetric membrane state. As a
result, the curvature variations of the membrane equal to zero. The displacements 𝑢, 𝑣 and 𝑤 and the Lamé coeﬃcients
𝐴1 and 𝐴2 merely depend on the ﬁrst coordinate parameter 𝛿. Thus, the kinematic functions of the paraboloid antenna
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reﬂector of Eq. (2b) can be further simpliﬁed as,
1 𝑑𝑢 𝑤
+
𝐴1 𝑑𝛿 𝑅1
𝑤
1 𝑑𝐴2
𝑢+
=
𝐴1 𝐴2 𝑑𝛿
𝑅2
 
𝐴2 𝑑 𝑣
=
𝐴1 𝑑𝛿 𝐴2

𝜀 11 =
𝜀 22
𝛾12

(4)

𝑘 11 = 𝑘 22 = 𝑘 12 = 0
Based on the thin shell theory (Love 1927, [35]), applying the Kirchhoﬀ-Love hypothesis and assuming that the
stress along the thickness direction is negligible, the constitution equation of the antenna shell is expressed as,

 𝜎𝑖
 11


 𝜎𝑖
 22


 𝜎𝑖
 12


  𝑖
  𝑄
  11
 
  𝑖
= 𝑄
  21
 
  𝑖
  𝑄
  16
 


𝑖
𝑄 16   𝜀 11 − 𝛼𝑖11 Δ𝑇


𝑖  
𝑄 26   𝜀 22 − 𝛼𝑖22 Δ𝑇


𝑖  
𝑄 66   𝛾12 − 𝛼𝑖12 Δ𝑇


𝑖

𝑄 12
𝑖

𝑄 22
𝑖

𝑄 26

𝑖














(5)

where the superscript 𝑖 denotes the 𝑖-th ply, 𝑄 𝑚𝑛 and 𝛼𝑖𝑚𝑛 (m,n=1,2) are the transformed stiﬀness coeﬃcients and the
thermal expansion coeﬃcients, respectively. Integrating the stresses along the shell thickness, the in-plane resultant
forces for the composite shell with symmetric lay-ups take the following form,

 𝑁
 11


 𝑁
 22


 𝑁
 12


 
  𝐴
  11
 
 
= 𝐴
  12
 
 
  𝐴
  16
 


𝐴16   𝜀 11 − 𝛼11 Δ𝑇


𝐴26   𝜀 22 − 𝛼22 Δ𝑇


𝐴66   𝛾12 − 𝛼12 Δ𝑇


𝐴12
𝐴22
𝐴26














(6)

where 𝑁𝑖 𝑗 (𝑖, 𝑗 = 1, 2) are the in-plane resultant forces, 𝐴𝑖 𝑗 (𝑖, 𝑗 = 1, 2, 6) are the stretching stiﬀness of composite
laminates, 𝛼𝑖 𝑗 are equivalent thermal expansion coeﬃcients. The derivation of 𝛼𝑖 𝑗 is presented in Appendix-II. Eqs. (4),
(5) and (6) indicate that, the in-plane resultant forces 𝑁𝑖 𝑗 are merely the functions of 𝛿. Thus, for a thin shell reﬂector
antenna in axisymmetric membrane state, the equilibrium equations (2b) of the paraboloid antenna reﬂector then can be
simpliﬁed as,
𝑑𝐴2 𝑁11 𝑑𝐴2
−
𝑁22 = 0
𝑑𝛿
𝑑𝛿
𝑑𝐴2 𝑁12 𝑑𝐴2
+
𝑁12 = 0
𝑑𝛿
𝑑𝛿
𝑁11 𝑁22
+
=0
𝑅1
𝑅2
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(7)

The three unknown variables given by Eqs. (7) are determinable with analytical solutions, which are 𝑁𝑖 𝑗 = 𝑐 × 𝑒 𝑓𝑖 𝑗 ( 𝛿)
with an unknown coeﬃcient 𝑐. At the edge of this antenna reﬂector, the resultant forces 𝑁12 = 𝑁11 = 0, which indicate
that the unknown parameters 𝑐 in the expressions of 𝑁𝑖 𝑗 also equals to zero. Thus, 𝑁𝑖 𝑗 = 0 (i,j=1,2). According to Eq.
(6), the following expressions are obtained,
𝜀11 = 𝛼11 Δ𝑇
𝜀 22 = 𝛼22 Δ𝑇

(8)

𝛾12 = 𝛼12 Δ𝑇
Substituting Eq. (8) into Eq. (5) and making some necessary simpliﬁcation, the following governing equations for a
membrane state antenna reﬂector under a uniformly distributed temperature loading are obtained as,
1 𝑑𝑢 𝑤
= 𝛼11 Δ𝑇
+
𝐴1 𝑑𝛿 𝑅1
1 𝑑𝐴2
𝑤
𝑢+
= 𝛼22 Δ𝑇
𝐴1 𝐴2 𝑑𝛿
𝑅2
 
𝐴2 𝑑 𝑣
= 𝛼12 Δ𝑇
𝐴1 𝑑𝛿 𝐴2

(9)

Substituting the expressions of Lamé coeﬃcients and radii of principal curvatures in Eq. (3), and combining the ﬁrst
two equations to eliminate the variable 𝑤, we can arrive,
 3

cos3 𝛿 𝑑𝑢
cos 𝛿
−
cot 𝛿 𝑢 − 𝛼11 Δ𝑇 + 𝛼22 Δ𝑇 cos2 𝛿 = 0
2 𝑓 𝑑𝛿
2𝑓
 3 
sin 𝛿 𝑑 cos 𝛿
𝑣 − 𝛼12 Δ𝑇 = 0
2𝑓
cos2 𝛿 𝑑𝛿
2𝑓
𝑑𝑢
𝑤−
𝛼11 Δ𝑇 +
=0
𝑑𝛿
cos3 𝛿

(10)

where 𝑢 and 𝑣 can be obtained from the ﬁrst two equations, and the displacements 𝑤 can be determined by 𝑢. As this is
an axisymmetric problem with respect to geometry, loading and boundary conditions, the displacements 𝑢, 𝑣, 𝑤 are
independent of 𝜃. The general solution of Eq. (10) can be expressed as,
𝑢(𝛿) = 𝛼11 Δ𝑇 𝑓 sin 𝛿 sec2 𝛿 + 2 𝑓 Δ𝑇 (𝛼11 − 𝛼22 ) ln(tan 𝛿) sin 𝛿 + 𝑐 1 sin 𝛿
𝑣(𝛿) = 2 𝑓 Δ𝑇 𝛼12 [ln (tan 𝛿/2) + sec 𝛿] tan 𝛿 + 2𝑐 2 𝑓 tan(𝛿)

(11)

𝑤(𝛿) = −𝑐 1 cos(𝛿) − 2 𝑓 (𝛼11 − 𝛼22 )Δ𝑇 (cos 𝛿 ln (tan 𝛿) + sec 𝛿) + 𝑓 𝛼11 Δ𝑇 sec 𝛿
In Eq. (11), 𝑐 1 and 𝑐 2 are unknown coeﬃcients. If the antenna is mounted at its vertex, the unknown coeﬃcient
𝑐 1 can be determined from the boundary conditions, namely, 𝑤(0) = 0. However, the term ln tan(𝛿) in Eq. (11) will
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give rise to a singularity when 𝛿 = 0. To avoid this singularity, we impose an artiﬁcial boundary condition to the
antenna instead of directly applying the vertex mounting constraint, as 𝑤(0.01) cos(0.01) − 𝑢(0.01) sin(0.01) = 0,
which indicates that the displacement component of the circle 𝛿 = 0.01 along the 𝑧 axis (vertical direction) of Cartesian
coordinate system equates to zero. Note, this modiﬁed boundary condition is only used to simulate a similar constraint
with the vertex mounting boundary condition of 𝑤(0) = 0, and has barely inﬂuence to the simulation results on the
thermal deformation of the antenna. On the other hand, this singularity also exists in the FEM simulation, for which the
axisymmetric meshes with a further reﬁnement around the vertex must be applied to achieve the convergent results.
However, the mesh quality has no inﬂuence on the results of composite layup with 45-degree ply-angle (as presented
in Figs. 14-15, 20-21), because this singularity is not existed at the vertex of the antenna for the case of 45-degree
ply-angle. The composite layup with 45-degree ply-angle has equivalent thermal expansion coeﬃcients 𝛼11 = 𝛼22 ,
which leads to the elimination of all the singularity terms ln tan 𝛿 in the analytical model.
After applying the modiﬁed boundary condition, 𝑤(0.01) cos(0.01) − 𝑢(0.01) sin(0.01) = 0, the coeﬃcient 𝑐 1 in
Eq. (11) is derived as,
𝑐 1 ≈ 𝑓 Δ𝑇 𝛼11



(𝛼11 − 𝛼22 )
[ln tan(0.01)] + 1
1−2
𝛼11



(12)

For a continuous surface antenna with symmetric and balanced composite lay-ups under a membrane state, the equivalent
thermal coeﬃcient 𝛼12 = 0, and 𝑣(0) = 0, from which the other unknown coeﬃcient 𝑐 2 is determined, as 𝑐 2 = 0.
Equation (11) indicates that the thermal deformations of a composite paraboloid antenna reﬂector with symmetric
lay-ups only depend on the thermal expansion coeﬃcients and the focal length. Therefore, for minimizing the thermal
deformations of antenna reﬂector, the key is to decrease the thermal expansion coeﬃcients. Eq. (11) highlights the
potential advantages of applying composite materials for the design of antenna reﬂector, as the equivalent thermal
expansion coeﬃcients of which can be suppressed through the optimization of lay-ups. In addition to the ply angles,
the thermal expansion coeﬃcients of composite can be aﬀected by many other factors, such as the material properties
of carbon ﬁber and matrix, the volume ratios of carbon ﬁber and matrix, and the ply thickness etc. However, zero
equivalent thermal expansion coeﬃcients hardly can be achieved for practical composite materials. In this study, instead
of seeking for such structural materials with extremely low thermal expansion coeﬃcients, we focus on the study of
applying the proposed segmenting method to achieve high surface precision for a paraboloid antenna. Obviously, the
surface accuracy of the antenna reﬂector can be further improved if we apply this segmenting method and low thermal
expansion structural materials, simultaneously.
The analytical solutions of the thermal displacements predicted by Eq. (11), i.e.

p
𝑢 2 (𝛿) + 𝑤 2 (𝛿), are obtained

and used to compare with the results given by the ﬁnite element analysis (FEA), for the purpose of veriﬁcation, as

shown in Fig. 2. The material properties of the sandwich composite shell for the antenna reﬂector are listed in Table. 1.
The composite properties used in this study are given by CFRP T700/5428, which is manufactured using the standard
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prepreg/autoclave process. T700 denotes the type of carbon ﬁber (with a high tensile strength around 700 ksi) and
5428 indicates the type of bismaleimide resin. The composite type of T700/5428 is selected in this work because
T700/5428 has been widely used in industrial/commercial applications and it has stable mechanical performance in
high temperature environment. The antenna reﬂector is modeled using the commercial ﬁnite element analysis software
Abaqus with shell elements S4R. A uniform temperature ﬁeld of 0◦ is applied on the model of antenna reﬂector, and is
elevated in a subsequent “static” analysis step. The analytical solution of thermal deformation predicted by Eq. (11)
coincide well with FEA results.
Table 1 Material properties of sandwich composite shell
Aluminum honeycomb core

Composite laminates

Aluminum

𝐸 11 = 8 × 104 Pa, 𝐸 22 = 8 × 104 Pa,
𝐺 12 = 1.5 × 104 Pa, 𝜇12 = 0.33,
𝛼1◦ = 20 × 10−6 /◦ C, 𝛼2◦ = 20 × 10−6 /◦ C,
◦ = 0 × 10−6 /◦ C, thickness = 20 mm
𝛼12
𝐸 11 = 145 GPa, 𝐸 22 = 9 GPa,
𝐺 12 = 5.69 GPa, 𝜇12 = 0.312,
𝛼1𝑜 = −0.5 × 10−6 /◦ C, 𝛼2𝑜 = 25 × 10−6 /◦ C,
◦ = 0 × 10−6 /◦ C, thickness = 0.1 mm
𝛼12
𝐸 = 70 GPa, 𝜇 = 0.3,
𝛼◦ = 23 × 10−6 /◦ C

In a Cartesian coordinate system, the displacements of any a point on the antenna mid-surface take the following
form as,
𝑈 (𝑥, 𝑦) = (𝑢(𝛿) cos(𝛿) + 𝑤(𝛿) sin(𝛿)) cos(𝜃) − 𝑣(𝛿) sin(𝜃)
𝑉 (𝑥, 𝑦) = (𝑢(𝛿) cos(𝛿) + 𝑤(𝛿) sin(𝛿)) sin(𝜃) + 𝑣(𝛿) cos(𝜃)

(13)

𝑊 (𝑥, 𝑦) = −𝑤 (𝛿) cos 𝛿 + 𝑢(𝛿) sin(𝛿)
where 𝑈 (𝑥, 𝑦) , 𝑉 (𝑥, 𝑦) and 𝑊 (𝑥, 𝑦) denote the displacements along 𝑥, 𝑦 and 𝑧 axes, respectively. The relationships
between the curvilinear coordinates (𝛿, 𝜃) and the Cartesian coordinates (𝑥, 𝑦, 𝑧) are given by,

−1

𝛿 = tan

"p
#
𝑦
𝑥2 + 𝑦2
, 𝜃 = tan−1
2𝑓
𝑥

(14)

In this paper, a two-step procedure method is applied to accurately evaluate the surface accuracy of a paraboloid
antenna reﬂector under a thermal loading [33]. Firstly, a new paraboloid surface is ﬁtted according to the displacements
evaluated by Eq. (13) and the original surface of the antenna reﬂector given by Eq. (1). Secondly, the Root Mean
Square (RMS) value of the surface error between the deformed antenna mid-surface and the new ﬁtted paraboloid
surface is calculated, which is termed as RMS[Δ𝑖 ] hereinafter. A full derivation process for this evaluation method of
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RMS[Δ𝑖 ] is presented in Appendix-I.
Under a uniformly temperature thermal loading, the values of RMS[Δ𝑖 ] of the paraboloid antenna reﬂectors with
diﬀerent ﬁber angles 𝜗 in the composite lay-up are predicted and presented in Fig. 3. For this case, the RMS[Δ𝑖 ] of the
paraboloid antenna reﬂector with the ﬁber angle of 45◦ gives a minimum value, which is 145 𝜇𝑚. Fig. 3 also indicates
that the values of RMS[Δ𝑖 ] is sensitive to the ﬁber angle 𝜗. If the 𝜗 has an error of +1◦ or −1◦ , the value of RMS[Δ𝑖 ]
increases to 652 𝜇𝑚 and 371 𝜇𝑚, respectively. This implies that an uncertainty analysis may be necessary for the
prediction of the surface accuracy RMS[Δ𝑖 ] of antenna reﬂector, however, this is out of the research scope of this paper.

III. The Segmented Paraboloid Antenna Reflector
The parametric study in the above section indicates that, for a continuous paraboloid antenna reﬂector, minimizing
the equivalent thermal expansion coeﬃcients of the composite shell is the most direct and eﬀective means to improve
the surface accuracy, i.e., lowering the RMS[Δ𝑖 ]. However, in practical, the equivalent thermal expansion coeﬃcients
of composite materials can hardly achieve zero [24, 36]. Consequently, instead of lowering the thermal expansion
coeﬃcients, in this study we propose another design concept to suppress the value of RMS[Δ𝑖 ] and achieve high-precision
reﬂector, i.e. segmenting the antenna reﬂector into a certain number of separate parts.
For example, as illustrated in Fig. 4, an antenna reﬂector is segmented symmetrically into 6 pieces, each of which is
mounted at its own geometric center for the antenna reﬂector. The segmented antenna reﬂectors remain in a membrane
state under a uniform temperature thermal loading, and the internal stress state is identical with that of a continuous
surface antenna reﬂector mounted at its vertex. For each piece of an individual segmented reﬂector, the displacement
ﬁelds 𝑢, 𝑣, and 𝑤 are also derived in a similar way as the last section. We assume that 𝑢 and 𝑤 are independent with
𝜃, while 𝑣 depends on both 𝛿 and 𝜃 due to the segmenting. Note, in the analysis of segmented reﬂector, the angle 𝜃
herein indicates a local rotation angle 𝜃 for each segmented piece. For the case of 6 segmented pieces shown in Fig. 4,
the angle 𝜃 is in the range of [−30◦ ≤ 𝜃 ≤ 30◦ ] for each piece, whilst the angle 𝜃 is [0◦ ≤ 𝜃 ≤ 360◦ ] for a continuous
antenna reﬂector. The expressions for 𝑢, 𝑣 and 𝑤 are obtained by solving Eq.(10). Note, without losing much accuracy,
we assumed that 𝑣 is linearly varying with respect to the angle 𝜃 from Eq. (9) as,

𝑣 (𝛿, 𝜃) = 𝐴2

∫

𝐴1
𝛼12 Δ𝑇 𝑑𝛿 + 𝐴2 𝑐 2 𝜃
𝐴2

(15)

where 𝑐 2 is an unknown coeﬃcient. Substituting Eq. (15) into Eq. (10), the displacement ﬁelds for each segment 𝑢, 𝑣,
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and 𝑤 are obtained to take the following form as,
𝑢(𝛿) = 𝛼11 Δ𝑇 𝑓 sin(𝛿) sec (𝛿) 2 + 2 𝑓 (Δ𝑇 𝛼11 − Δ𝑇 𝛼22 + 𝑐 2 ) ln tan(𝛿) sin(𝛿) + 𝑐 1 sin(𝛿)


𝛿
𝑣(𝛿, 𝜃) = 2 𝑓 Δ𝑇 𝛼12 ln tan + sec 𝛿 tan 𝛿 + 2 𝑓 𝑐 2 𝜃 tan 𝛿
2

(16)

𝑤(𝛿) = −𝑐 1 cos 𝛿 − 2 𝑓 (Δ𝑇 𝛼11 − Δ𝑇 𝛼22 + 𝑐 2 ) (cos 𝛿 ln tan 𝛿 + sec 𝛿) + 𝑓 𝛼11 Δ𝑇 sec 𝛿
To eliminate the singularity in the expressions of 𝑢 and 𝑤 at 𝛿 = 0, we assume that 𝑐 2 = − (Δ𝑇 𝛼11 − Δ𝑇 𝛼22 ), and
Eq.(16) is further simpliﬁed as,
𝑢(𝛿) = 𝛼11 Δ𝑇 𝑓 sin 𝛿 sec2 (𝛿) + 𝑐 1 sin 𝛿


𝛿
𝑣(𝛿, 𝜃) = 2 𝑓 Δ𝑇 𝛼12 ln tan + sec 𝛿 tan 𝛿 − 2 𝑓 Δ𝑇 (𝛼11 − 𝛼22 ) tan(𝛿)𝜃
2

(17)

𝑤(𝛿) = −𝑐 1 cos 𝛿 + 𝑓 𝛼11 Δ𝑇 sec(𝛿)
Since there exits no singularity in Eq.(17), 𝑐 1 can be derived directly from the boundary conditions 𝑤(0) = 0, which
gives 𝑐 1 = 𝑓 𝛼11 Δ𝑇. Then, the displacement solution for each segment antenna in Eq. (17) is further expressed as,


𝑢(𝛿) = 𝛼11 Δ𝑇 𝑓 sin 𝛿 sec2 𝛿 + 1

𝑣(𝛿, 𝜃) = −2 𝑓 Δ𝑇 (𝛼11 − 𝛼22 ) (tan 𝛿) 𝜃


𝑤(𝛿) = 𝛼11 Δ𝑇 𝑓 cos 𝛿 sec2 𝛿 − 1

(18)

p
Applying Eq. (17), the magnitudes of the displacement ﬁelds 𝑢 2 (𝛿) + 𝑣 2 (𝛿) + 𝑤 2 (𝛿) of one piece segment of antenna
reﬂector (the diameter is 2 m, the focal length is 𝑓 = 0.5 m, and Δ𝑇 = 200 ◦ C) are predicted and compared with the

FEA results, as shown in Fig. 5. Note, the results for the case of composite ply-angle 𝜗 = 45◦ are not presented in Fig.
5, as they are identical with that of a continuous surface reﬂector presented in Fig. 2. In Fig. 5, the prediction results
given by Eq. (17) match well with the FEA results, which also approve that the assumption of 𝑐 2 = − (Δ𝑇 𝛼11 − Δ𝑇 𝛼22 )
is appropriate. For the cases of composite ply angles 𝜗 = 30◦ and 𝜗 = 60◦ , the magnitudes of the thermal displacement
ﬁelds for the segmented antenna reﬂector at 𝜃 = 0◦ and 𝜗 = ±30◦ as presented in Fig. 5 signiﬁcantly decreased compared
with the numerical results shown in Fig. 2.
We further segment the antenna reﬂector along the meridional direction resulting 12 segmented pieces, each of
which is mounted at their own individual central, as illustrated in Fig. 6. The membrane state of the antenna reﬂector
remains, thus Eq.(17) together with Eq.(13) can be used to compute the displacement ﬁelds of each segment of the
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antenna reﬂector in a Cartesian coordinate system, by introducing an additional translation components as,
𝑈 (𝑥, 𝑦) = 𝑈 (𝑥, 𝑦) − 𝑈 (𝑥𝑖 , 𝑦 𝑖 )
𝑉 (𝑥, 𝑦) = 𝑉 (𝑥, 𝑦) − 𝑉 (𝑥𝑖 , 𝑦 𝑖 )

(19)

𝑊 (𝑥, 𝑦) = 𝑊 (𝑥, 𝑦) − 𝑊 (𝑥 𝑖 , 𝑦 𝑖 )
where (𝑥𝑖 , 𝑦 𝑖 ) denotes the central coordinates of reﬂector segments. Eq. (19) illustrates a physical translation procedure
that the deformation of each piece of segmented antenna reﬂector is initially computed with respect to the mounted
paraboloid vertex, and then the computation is translated with respect to a position that the displacements of its
own central point are zero. The magnitudes of the displacement ﬁelds for the antenna reﬂector shown in Fig. 6 are
predicted via both the theoretical model and the FEA simulation, and the results are presented and compared in Fig.
7. Due to a further segmenting along the meridional direction, the displacement ﬁelds are piece-wise functions and
the deformation results presented in Fig. 7 are apparently further reduced compared with the results shown in Fig. 5.
The preliminary analysis results presented in Fig. 5 and Fig. 7 clearly demonstrate that the segmenting design method
provides an eﬀective means to lower the thermal deformation of the antenna reﬂector. It is also interesting to note that
the displacement in Fig. 7-(b) for the case of ply-angle 𝜗 = 45◦ is a one order of magnitude less than that of both Fig.
7-(a) and 7-(c), which present the results given by the ply-angle of 𝜗 = 30◦ and 𝜗 = 60◦ , respectively. This phenomenon
can also be observed from the RMS[Δ𝑖 ] trend varying with respect to the ply angles 𝜗 as shown in the following Fig. 8,
and it also matches with the conclusion drawn from the analysis based on our analytical model (as discussed in the later
paragraph).
From the mechanical response point of view, there are two major reasons that the segmented antenna reﬂector can
successfully suppress the thermal deformations compared with a continuous surface antenna, as demonstrated in the
above simulation results. Firstly, the radial edges of a circular section in a continuous surface antenna are constrained
𝑣(𝛿) = 0, which can be considered as the virtual boundary condition of each circular section. In contrast, the radial
edges of a circular section (one-piece segment) of the segmented antenna are completely free. The release of the
constraints along the radial edges for each segment results in an overall mitigation of thermal deformations for the
segmented antenna. This mechanism is much more obvious when non-uniform temperature ﬁelds are applied, as shown
in Figs. 20-21 in section V. Based on our theoretical model derived from the thin shell theory, it indicates that the terms
related to (𝛼11 − 𝛼22 ) in Eq. (17) result in the main thermal displacement diﬀerence between a continuous antenna and
a segmented antenna. Secondly, for the segmented antenna, each piece of segment has its own mounting point, at which
the deformation is constrained to be zero. Around the local region of these mounted points, the thermal deformations
are suppressed to a great extent. As a result, the thermal deformations of the entire region of the segmented antenna are
decreased, signiﬁcantly. Note, for the computation of the deformation ﬁelds of each segment of the antenna reﬂector
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requires an additional physical translation procedure given by the above Eq. (19), with which the deformation of each
piece of segmented antenna reﬂector is initially computed with respect to the mounted paraboloid vertex, and then
translated with respect to its own mounting point. Eq. (19) for the translation procedure is the mathematical reason that
leads the thermal deformation for each piece of segmented antenna reduced, signiﬁcantly.
Applying the theoretical model, the RMS[Δ𝑖 ] values of the segmented antenna reﬂector in Fig. 6 with diﬀerent ply
angles are predicted using the analytical model, and the obtained results are presented in Fig. 8. The variation of the
RMS[Δ𝑖 ] values with respect to the ply angles (𝜗) presented in Fig. 8 for the segment antenna reﬂector has a similar
trend with that presented in Fig. 5 for the continuous surface reﬂector. However, the RMS[Δ𝑖 ] values become much
lower than for all the cases of ply angles after the antenna reﬂector is segmented.
The RMS[Δ𝑖 ] for the segmented antenna reﬂector meets the lowest value 44 𝜇𝑚 when 𝜗 = 45 ◦ , which oﬀers 70.1%
decrease compared with the corresponding value of a continuous surface antenna reﬂector. Both Fig. 3 and Fig. 8
show that the ply angle 𝜗 = 45◦ for the composite shell lay-up [±𝜗/∓𝜗/𝑐𝑜𝑟𝑒/±𝜗/∓𝜗] gives the lowest surface error of
RMS[Δ𝑖 ]. The surface accuracy of the segmented antenna reﬂector is further analyzed to investigate the eﬀects given
by the number of segments. Note, for a segmented antenna reﬂector, each segment is mounted on its own central. An
analysis for the surface accuracy with respect to the number of segment is carried out using a parametric study. The
results, as shown in Fig. 9, clearly show that the surface accuracy of a segmented antenna reﬂector can be substantially
elevated through increasing the number of segments, and also illustrates that RMS[Δ𝑖 ] is more sensitive to the segment
number along the meridional direction. With a segment number of 8 × 6, the RMS[Δ𝑖 ] of the antenna reﬂector achieves
as low as 9.83 𝜇𝑚.
In this study, the development of theoretical model based on Sanders improved ﬁrst-approximation thin shell theory
is not only used to verify our ﬁnite element model (with each other), but also provide us an alternative and eﬃcient tool
to perform the analysis during the preliminary design process for segmented antennas, for example, the parametric
studies for the RMS surface error that have been presented in the Figs. 8 and 9. In addition, this theoretical model
enables us to obtain a deep understanding for the physical mechanism of this problem, as well as the relevant parameters
in relation with the thermal deformations of either a continuous or a segmented antenna surface. For example, for a
membrane state antenna reﬂector under a uniformly distributed temperature loading, the magnitudes of the thermal
deformation are approximately linear with the temperature variation Δ𝑇 or its focal length 𝑓 . There are quite many
terms of (𝛼11 − 𝛼22 ) that are involved in the analytical solutions for the antenna-surface thermal deformations given by
Eqs. (11) and (18). This indicates that the (composite) materials with two equal coeﬃcients of thermal expansions,
namely 𝛼11 = 𝛼22 , will lead to relatively low thermal deformations. This conclusion is also veriﬁed by the cases of
composite ply-angle 𝜗 = 45◦ in Figs. 2 and 5.
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IV. Thermally Stable Grid Structure (TSGS)
In all of the above analysis, we assumed that the central points of the antenna segments are mounted as ﬁxed points.
However, in practice, the antenna segments are usually mounted on a supporting structure. Therefore, it is expected that
the supporting structure has no thermal deformation, or at least there is no thermal displacement at the mounting point.
To this end, a novel thermally stable grid structure is proposed and designed, which is introduced in this section.
In principle, the CFRPs can be designed to possess zero equivalent thermal expansion coeﬃcient, however, in the
practical manufacturing process, it is very diﬃcult to control the volume ratio of matrix and carbon ﬁbers, the ﬁber
angles and ply thicknesses precisely. Therefore, in practice, CFRP materials with zero thermal expansion coeﬃcients
are hardly to be achieved. This is also a major reason that many research works make eﬀort in suppressing thermal
deformations for space antennas [3, 22, 24]. Instead of directly applying unrealistic materials with perfect zero thermal
expansion coeﬃcient, our strategy is to design a novel thermal-insensitive structural form, namely Thermally Stable
Grid Structure (TSGS). With the design of TSGS, the thermal deformation of the mounting center of each antenna
segment will maintain a minimum level under various thermal loading conditions.
The basic design principle of this TSGS is illustrated with a typical cell structure, which is a symmetric yet irregular
hexagon composite box, as shown in Fig.10. A cell structure of TSGS consists of a hexagon CFRP frame and an
internal Aluminum web. The working mechanism of this hexagon cell structure is that its thermal deformations (either
expansion or shrink) along one direction (deﬁned as 𝑥) can be largely compensated by the thermal deformation of the
Aluminum web and internal structural coupling. For instance, when the temperature is increased, the whole CFRP
frame will expand along both directions if the internal Aluminum web is not applied. However, due to the existence of
this Aluminum web and its thermal expansion, both of the top two side-walls and the bottom two side-walls will be
expanded outward and the inner angles between them are decreased, which will then pull back the vertical side-walls to
the original positions for a certain extent. As a consequence, the thermal expansion of the whole hexagon frame along
the 𝑥 direction is largely suppressed. Similarly, the thermal shrink of the hexagon cell along the 𝑥 direction is prevented
by the Aluminum web when the temperature is decreased.
To further validate the working mechanism of this proposed TSGS, the thermal deformations of a cell structure
under the temperature variation of 200 ◦ C and −200 ◦ C are predicted by ABAQUS, and are presented in Fig. 11. The
lay-up of the composite frame is [00.5mm /900.5mm /900.5mm /00.5mm ]. The cell of TSGS is modeled by shell element
S4R, and a symmetric boundary condition is applied. The hexagon cell structure is allowed to deform freely except that
the rotation of its corners are restrained, as illustrated in the ﬁrst plot of Fig. 11. Under the temperature variation of
±200 ◦ C, although the cell structure has obvious shrink or expansion along the 𝑦 direction, its thermal deformation
along the 𝑥 direction is almost negligible. FEA results show that the thermal deformation of the internal Aluminum
web is much larger than that of the CFRP frame walls. When the cell structure is heated, the expansion of the internal
Aluminum web will push out both of the top and the bottom side-walls and then give rise to compressive forces to the
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frame, which then shrink back the expanded CFRP frame along the 𝑥 direction. Consequently, the elastic shrinks of the
vertical side-walls caused by the compressive force of the Aluminum wall compensate the thermal expansion of the
entire CFRP frame along the 𝑥 direction. Conversely, if the cell structure is cooling down, the internal Aluminum web
will give rise to tension forces on the CFRP frame, which will prevent the elastic shrinks of the CFRP frame resulting in
negligible overall deformation along the 𝑥 direction. Furthermore, a parametric study has also been carried out with
FEA to obtain the optimal dimensions for this proposed thermal stable mechanism as presented in Fig. 10. In this
parametric study, the wall thickness of 2 mm and the frame height of 30 mm along the 𝑧 direction, and the frame length
of 50 mm along the 𝑥 direction are ﬁxed, whilst the Aluminium web length along the 𝑦 direction is adjustable. After a
series of simulations, the dimension of 53 mm along the y direction for the Aluminium web is found to be an optimal
value for minimizing the thermal deformation along the 𝑥 direction.
Based on this thermal stable hexagon cell structure, a complete form of Thermally Stable Grid Structure (TSGS) is
designed to support each segment of the segmented antenna reﬂector, as presented in Fig. 12. A segmented antenna
with 12 pieces is supported by 6 TSGS structures, each of which can support two segmented parts. The diameter of
the antenna is 2 m, and the focal length 𝑓 = 0.5 m. The TSGS are mounted on a CFRP ring, which is mounted onto
a spacecraft or a satellite. A TSGS has a short arm and a long arm for supporting the inner side and the outer side
antenna segmented parts, respectively. The short and long arms of the TSGS are constituted by 3 and 12 hexagon cells,
respectively. For each hexagon cell, its boundary condition is identical with that illustrated in Fig. 11. The thermal
deformations of a typical TSGS are predicted by FEA. The geometry and the composite layups for this ﬁnite element
model are shown in the ﬁrst plot of Fig. 13, and the thin-walled structures in this TSGS are modeled using the shell
elements S4R. The thermal displacement-contours of this TSGS under a temperature variation 200 ◦ C and -200 ◦ C are
presented in Fig. 13, respectively. The FEA results clearly demonstrated that the thermal deformations at the supporting
points of both the short arm and the long arm are very small, only about 23 𝜇m and 10 𝜇m, respectively.
To further validate the static stiﬀness of this proposed TSGS, a modal analysis is carried out on a one-sixth part of
the antenna supported by a single TSGS, as shown in Fig. 14. The TSGS is mounted at the buttons. The lay-up of
the antenna reﬂector is [45/−45/−45/45/core/45/−45/−45/45]. The thickness of the CFRP skin is 0.4 mm and the
thickness of honeycomb core is 19.2 mm. The mass of the complete antenna reﬂector is 8.21 Kg and the mass of a
single TSGS is 0.533 Kg. The antenna reﬂector is also modeled by shell elements S4R. The fundamental frequency of
the antenna is 2.56 Hz. The modal analysis results given by FEA demonstrated that the TSGS has enough stiﬀness for
supporting the reﬂector.
In this section, the thermal deformation of TSGS under a uniform temperature thermal loading is analyzed, and it
approves the proposed design principle of TSGS, which has excellent thermal stability at the mounting points of antenna
segments. In the next section, the surface accuracy of the complete antenna which composes of the antenna reﬂector
and the supporting TSGS is analyzed and discussed.
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V. Antenna Surface Accuracy Analysis
The thermal deformation of the segmented antenna is predicted using FEA. Both of the antenna reﬂector and the
TSGS are modeled by shell elements S4R. Note, in this section, an antenna reﬂector with 2 m diameter and 𝑓 = 0.5 m
focal length is studied. Under a uniform temperature thermal loading of 200 ◦ C, the predicted contours of the thermal
deformations of a complete segmented antenna supporting by TSGS and a segmented antenna with each segment that is
artiﬁcially mounted at their own central are presented and compared in Fig. 15. Note, the gaps between each reﬂector
segments are 5 mm. FEA shows that the displacement magnitudes at the supporting points of the segmented antenna are
very small, only about 10 ∼ 20 𝜇𝑚. The calculated RMS surface errors RMS[Δ𝑖 ] of the complete segmented antenna
and the artiﬁcially mounted reﬂector are 69.6 𝜇𝑚 and 59.6 𝜇𝑚, respectively. It approves that applying the designed
TSGS to support the segmented antenna results in very limited inﬂuence on the thermal deformations, and thus the
surface accuracy of the segmented antenna.
The antenna is manufactured at room temperature, i.e., 20 ◦ C. When it is launched into the orbit, the temperature
variation of the antenna is usually not uniform, due to the non-uniform projection of sun heating ﬂux or earth infrared
radiation. To quantitatively investigate the inﬂuence of non-uniform temperature variation, we predict the thermal
deformation of the segmented antenna with diﬀerent non-uniform temperature variations. The surface errors RMS[Δ𝑖 ]
of the antenna reﬂector under six diﬀerent settings of the non-uniform temperature variation are studied, as illustrated
in Fig. 16. The region marked by red has a temperature variation of 200 ◦ C. The thermal deformations of both the
continuous surface antenna and the segmented antenna are predicted using FEA, and the corresponding values of
RMS[Δ𝑖 ] are computed and presented in Fig. 16. The variation of the RMS surface error is nonlinear for the continuous
surface antenna. A local temperature variation may lead to the increased RMS surface error, since the local thermal
stress may induce severe local distortions in a continuous reﬂector due to the structural continuity. In other words, for a
continuous surface antenna reﬂector, the temperature variation should be well suppressed in the whole region of the
antenna reﬂector for achieving the small RMS surface error. On the contrary, the surface error of the segmented antenna
almost linearly varies with the percentage of the high temperature region, because the thermal deformations of reﬂector
segments are uncoupled. The thermal deformation that occurs on one reﬂector segment has no inﬂuence on the other
segments. As a consequence, the segmented antenna reﬂector has another advantage, namely in a complex thermal
environment, the inﬂuence of a local temperature variation is limited, and will not cause severe degradation of overall
surface accuracy of reﬂector.
To simulate the RMS surface error of the segmented antenna in real space environment, a segmented antenna and a
continuous surface antenna are installed on a simple cube satellite, respectively, and launched into the geosynchronous
orbit. The thermal analysis of the satellites are conducted by the commercial software NX[37], and Fig. 17 presents the
thermal analysis model of the satellite. The orbit setup for the satellite is illustrated in Fig. 18. The temperature ﬁeld of
the antenna is calculated at an interval of every 1.5 hour. In this thermal analysis model, the detailed setups for thermal
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parameters are presented in Table. 2.
Table 2 (Surface) Thermal parameters used in thermal analysis model
Antenna reﬂector
Satellite main structure
Solar panel

CFRP structure material

Surface thermal absorptivity 0.4
Surface infrared emittance 0.87
Surface thermal absorptivity 0.4
Surface infrared emittance 0.68
Front surface thermal absorptivity 0.7
Front surface infrared emittance 0.92
Back surface thermal absorptivity 0.88
Back surface infrared emittance 0.92
Speciﬁc heat 0.712 kJ/kg·K
Heat conductive coeﬃcient 10 W/m· k

The temperature ﬁelds of the satellites with both of segmented and continuous surface antenna under a same space
thermal environment are predicted and analyzed. The variances of the temperature ﬁeld and the average temperatures
of the segmented and continuous surface antenna reﬂectors during the days of winter solstice and vernal equinox are
calculated and presented in Fig. 19. The average temperature and the temperature variances of the segmented antenna
reﬂector are similar with those of the continuous surface antenna reﬂector in both winter solstice and vernal equinox. At
the time 18 : 00, the temperature of the antenna is nearly uniform, the average temperatures are the lowest, which are
about −115 ◦ C. At the time 4 : 30 and 21 : 00, the variances of temperature ﬁelds reach local maximum points, which
indicate the temperature ﬁelds at the time of 4 : 30 and 21 : 00 are much more non-uniform than the other time.
The temperature ﬁelds at 4 : 30, 18 : 00 and 21 : 00 in winter solstice are also predicted and presented in Fig.
20. However, the temperature ﬁeld of the segmented antenna is much diﬀerent from that of the continuous surface
antenna, this is because that the thermal conduction between each antenna segment is impeded due to the segmenting
gaps. Applying the ﬁnite element analysis (FEA), the thermal deformations of both the segmented and continuous
surface antennas at the time 4 : 30, 18 : 00 and 21 : 00 are predicted by mapping the temperature ﬁelds to the ﬁnite
element analysis models, respectively. The predicted displacement contours of segmented and continuous surface
antennas in winter solstice are presented in Fig. 21. Compared the contour plots in left-hand side (the segmented
antenna) with that in right-hand side (the continuous surface antenna) in Fig. 21, the majority regions of the segmented
antenna-surface show much lower magnitudes of thermal deformation (indicated by a large amount of blue areas) than
that of the continuous antenna-surface. In other words, Fig. 21 clearly demonstrated that applying a segmented antenna
can largely suppress the thermal deformation in a practical space environment compared with a continuous surface
antenna. FEA results also indicate that, for a segmented antenna, the thermal displacements at the mounting points are
very small, thus the inﬂuence of TSGS is very limited and negligible. The displacement contours during the period of
vernal equinox are similar with those in winter solstice, and are not presented herein. The RMS surface errors of the two
antenna reﬂectors are calculated and presented in Table. 3. In the geosynchronous orbit, although the temperature
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ﬁelds of the two antennas are similar, the surface accuracy of the segmented antenna is much better than that of the
continuous surface antenna. The maximum RMS surface error of the segmented antenna is only about 37.7𝜇𝑚, whilst
the maximum RMS surface error of the continuous surface antenna is about 94𝜇𝑚.
Table 3 RMS surface errors of antenna reflectors at different times, predicted by finite element method. The
temperature fields of the antenna reflectors in the geosynchronous orbit are applied.
Day
Time
RMS[Δ𝑖 ] (𝜇𝑚)
for a segmented antenna reﬂector
RMS[Δ𝑖 ] (𝜇𝑚)
for a continuous surface antenna reﬂector

winter solstice
4:30 18:00 21:00
9.5
29.8
18.3

vernal equinox
4:30 18:00 21:00
13.7
37.7
18.2

23.1

28.2

92.2

52.7

94.0

47.0

VI. Conclusion
In this study, a novel design method is proposed to elevate the surface accuracy of paraboloid solid surface antenna
reﬂector through dividing the antenna reﬂector into a certain number of segments. To approve the design principle
and working mechanism of this proposed segmenting method, a simpliﬁed analytical model for predicting the thermal
deformation of both the segmented antenna reﬂector and the continuous surface reﬂector is developed. Based on this
analytical model, the RMS surface errors of a segmented antenna reﬂector and a continuous antenna reﬂector with
the diameter of 2 m are calculated and compared. The predicted results demonstrated that the RMS surface error of a
segmented antenna reﬂector with 2 × 6 pieces oﬀers at least 70% improvement on surface accuracy compared with that
of a continuous surface antenna reﬂector. The RMS surface error can be further decreased if the antenna reﬂector is
divided into more pieces of segments. Furthermore, a novel design of Thermally Stable Grid Structure (TSGS) with
one short arm and a long arm is proposed to support each piece of the segmented antenna reﬂector. The most distinct
advantage of this novel TSGS is that it can largely suppress the thermal deformations at the joints (supporting points), by
means of using an internal Aluminium web to compensate the thermal deformations along the mounting-point direction.
The design principle and working mechanism of this TSGS is approved numerically using ﬁnite element analysis. The
numerical results show that the segmented antenna reﬂector supported by the TSGS outperforms the continuous antenna
reﬂector for all the cases of working scenarios. The FEA results further show that, in the geosynchronous orbit, the
maximum RMS surface error of a continuous antenna reﬂector with the diameter of 2 m is 95 𝜇m, whilst the maximum
RMS surface error of the segmented antenna reﬂector with 12 segments is only about 20 𝜇m. In summary, the proposed
segmenting method along with the TSGS technique can largely suppress the RMS surface error of antenna reﬂector in a
passive manner, which oﬀers a number of advantages in practical applications over an active control based system. The
novel design of both the segmented antenna reﬂector and the TSGS have a great potential to be extended for applying in
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other forms of antennas, e.g. deployable antennas.

A. Appendix
A. The derivation of a new formula for RMS[Δ𝑖 ]
To derive the RMS[Δ𝑖 ], a new paraboloid surface is ﬁtted according to the thermal deformation of the antenna
reﬂector. A new Cartesian coordinate is established for this new ﬁtted paraboloid surface, as illustrated in Fig. 22. This
new coordinate system has a translation of (𝑢 𝑎 , 𝑣 𝑎 , 𝑤 𝑎 ) from the origin of the old Cartesian coordinate system along
each axis, respectively, and also rotates an angle of 𝜑 𝑥 , 𝜑 𝑦 and 𝜑 𝑧 to each original 𝑥, 𝑦 and 𝑧 axis, respectively. The
relationship between the new and the old coordinate system is given by,

𝑥1 = 𝑥 − 𝑢 𝑎 − 𝑧𝜑 𝑦
𝑦 1 = 𝑦 − 𝑣 𝑎 + 𝑧𝜑 𝑥

(20)

𝑧1 = 𝑧 − 𝑤 𝑎 + 𝑥𝜑 𝑦 − 𝑦𝜑 𝑥
In the deviation of Eq. (20), the rotation with respect to 𝑧 axis is omitted, because this paraboloid surface is
axisymmetric with respect to 𝑧 axis. Since the rotation angles 𝜑 𝑥 and 𝜑 𝑦 are very small, the small-angle approximation
cos 𝜑 𝑥 = cos 𝜑 𝑦 ≈ 1, sin 𝜑 𝑥 ≈ 𝜑 𝑥 and sin 𝜑 𝑦 ≈ 𝜑 𝑦 is applied to simplify our derivation. In this new coordinate system,
assuming the focal length of the ﬁtted paraboloid surface has a change of Δ 𝑓 , the ﬁtted paraboloid surface is deﬁned by
the following expression,
𝑧1 =



1
𝑥12 + 𝑦 21
4( 𝑓 + Δ 𝑓 )

(21)

Substituting Eq. (20) into Eq. (21), the ﬁtted paraboloid surface expressed in terms of the old Cartesian coordinate
system is derived as,

𝑥 2 + 𝑦 2 + 2𝑧𝑦𝜙 𝑥 − 2𝑧𝑥𝜙 𝑦 − 2𝑥(𝑢 𝑎 + 2 𝑓 𝜙 𝑦 ) − 2𝑦(𝑣 𝑎 − 2 𝑓 𝜙 𝑥 ) − 4𝑧( 𝑓 + Δ 𝑓 ) + 4 𝑓 𝑤 𝑎 = 0

(22)

Note, in Eq. (22), the high order terms are neglected. The direction cosine of the normal vector for the original
paraboloid surface at the node (𝑥𝑖 , 𝑦 𝑖 , 𝑧𝑖 ) are,
𝑥𝑖
cos 𝛼1 = − p
2 𝑓 ( 𝑓 + 𝑧𝑖 )
𝑦𝑖
cos 𝛼2 = − p
2 𝑓 ( 𝑓 + 𝑧𝑖 )
𝑓
cos 𝛼3 = p
𝑓 ( 𝑓 + 𝑧𝑖 )
20

(23)

If the translation vector of the node (𝑥𝑖 , 𝑦 𝑖 , 𝑧𝑖 ) is (𝑢 𝑖 , 𝑣 𝑖 , 𝑤 𝑖 ), the distance between the node (𝑥𝑖 , 𝑦 𝑖 , 𝑧𝑖 ) after deforming
and the ﬁtted paraboloid surface is Δ𝑖 ,
𝑥 − (𝑥𝑖 + 𝑢 𝑖 ) = ±Δ𝑖 cos 𝛼1
(24)

𝑦 − (𝑦 𝑖 + 𝑣 𝑖 ) = ±Δ𝑖 cos 𝛼2
𝑧 − (𝑧𝑖 + 𝑤 𝑖 ) = ±Δ𝑖 cos 𝛼3

where 𝑥, 𝑦, 𝑧 are the coordinates of a node on the ﬁtted paraboloid surface. Substituting Eq. (24) into Eq. (22), the
expression for Δ𝑖 is derived,
1
[𝑥𝑖 (𝑢 𝑖 − 𝑢 𝑎 ) + 2 𝑓 (𝑤 𝑖 − 𝑤 𝑎 ) − 2𝑧𝑖 ℎ+
Δ𝑖 = ± p
2 𝑓 ( 𝑓 + 𝑧𝑖 )

𝑦 𝑖 (2 𝑓 + 𝑧 𝑖 ) 𝜙 𝑥 − 𝑥𝑖 (2 𝑓 + 𝑧𝑖 ) 𝜙 𝑦

(25)

Applying the least squares method, the unknown parameters of the ﬁtted paraboloid surface can be solved by a
group of linear algebraic equations as,
𝑁

Õ
𝜕𝐺
𝜕𝐺
𝜕𝐺
𝜕𝐺
𝜕𝐺
𝜕𝐺
Δ2𝑖
=
=
=
=
=
= 0, 𝐺 =
𝜕𝑢 𝑎 𝜕𝑣 𝑎 𝜕𝑤 𝑎 𝜕𝜙 𝑥 𝜕𝜙 𝑦
𝜕ℎ
1

(26)

Substituting Eq. (26) into Eq. (25), a new formula for RMS[Δ𝑖 ] is ﬁnally derived and given by,

RMS[Δ𝑖 ] =

r

𝐺
𝑁

(27)

B. The derivation for equivalent thermal expansion coefficients of a composite shell
The equivalent thermal expansion coeﬃcients 𝛼11 , 𝛼22 and 𝛼12 are obtained by solving the following linear equations,
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(28)

where 𝑡𝑖 denotes the thickness of the 𝑖-th ply. 𝛼𝑖𝑖 𝑗 (𝑖, 𝑗 = 1, 2) are the thermal expansion coeﬃcients of the 𝑖-th ply. For
composite laminates, 𝛼𝑖𝑖 𝑗 (𝑖, 𝑗 = 1, 2) are determined from the following transformation equation,
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(29)

where 𝛼1𝑜 and 𝛼2𝑜 denote the thermal expansion coeﬃcients of an orthotropic lamina in principal material coordinates,
and the values that are used in this study have been given in Table 1. Matrix [𝑇] is the standard transformation matrix
for composite laminates, e.g. deﬁned by Eq. (2.76) (page 75) in [12].
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Fig. 1 The co-ordinate system of a paraboloid shell of revolution
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Fig. 2 Comparison of theoretical and FEA results on magnitude of displacement, the composite lay-up of
the antenna shell is [±𝜗/∓𝜗/𝑐𝑜𝑟𝑒/±𝜗/∓𝜗], the diameter of the antenna is 2𝑚, the focal length 𝑓 = 0.5𝑚, the
temperature variation is uniform and Δ𝑇 = 200◦ C.
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Fig. 3 RMS[Δ𝑖 ] of a paraboloid antenna with different ply-angle of the composite lay-up [±𝜗/∓𝜗/𝑐𝑜𝑟𝑒/±𝜗/∓𝜗],
the diameter of the antenna is 2𝑚, the focal length 𝑓 = 0.5𝑚, Δ𝑇 = 200◦ C.
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Fig. 4 A segmented paraboloid antenna reflector, the antenna reflector is segmented into 6 pieces, uniformly.
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Fig. 5 Comparisons between theoretical prediction and FEA simulation results on the magnitudes of displacement fields for one piece of the segmented antenna reflector as shown in Fig. 4. The composite lay-up is
[±𝜗/∓𝜗/𝑐𝑜𝑟𝑒/±𝜗/∓𝜗], the diameter of the antenna is 2𝑚, the focal length 𝑓 = 0.5𝑚, Δ𝑇 = 200◦ C.
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Fig. 6 A segmented paraboloid antenna reflector, the antenna reflector is segmented into 12 pieces (2×6)
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Fig. 7 Comparisons between theoretical prediction and FEA simulation results on the magnitudes of displacement fields for one piece of the segmented antenna reflector as shown in Fig. 6. The composite lay-up is
[±𝜗/∓𝜗/𝑐𝑜𝑟𝑒/±𝜗/∓𝜗], the diameter of the antenna is 2 m, the focal length 𝑓 = 0.5 m, Δ𝑇 = 200◦ C.
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Fig. 8 RMS[Δ𝑖 ] of a segmented paraboloid antenna with 12 pieces predicted by theoretical model. The
composite lay-up is [±𝜗/∓𝜗/𝑐𝑜𝑟𝑒/±𝜗/∓𝜗], the diameter of the antenna is 2 m, the focal length 𝑓 = 0.5 m,
Δ𝑇 = 200◦ C.
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Fig. 9 Parametric study on the effects of the number of segments on the RMS surface error. The lay-up is
[±45/∓45/𝑐𝑜𝑟𝑒/±45/∓45], the diameter of the antenna is 2 m, the focal length 𝑓 = 0.5 m, Δ𝑇 = 200◦ C
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A symmetric hexagon cell in the Thermally Stable Composite Structure.
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Fig. 11 Predicted thermal deformation of a cell of TSGS with symmetric boundary conditions. The thermal
deformation of the cell is 10 times scaled for presentation.
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Fig. 12 An illustration of supporting thermally stable composite structure for a segmented antenna with 2 × 6
segments.
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Fig. 14

Modal analysis of one-sixth of the segmented antenna.
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Fig. 15 Thermal deformation contour maps of a complete segmented antenna and a mounted antenna reflector.
The lay-up is [±45/∓45/𝑐𝑜𝑟𝑒/±45/∓45], the diameter of the antenna is 2 m, the focal length 𝑓 = 0.5 m,
Δ𝑇 = 200◦ C.
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A quantitatively analysis of the influence of non-uniform temperature variation on RMS surface error.
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Fig. 17 An illustration of the thermal analysis model of the satellites with a segmented antenna and a continuous
surface antenna.
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Fig. 19

Predicted average temperature and variance of the temperature of the antenna reflectors.
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Fig. 20 Finite element analysis results of the temperature field of segmented and continuous surface antennas
in geosynchronous orbit on winter solstice, predicted by NX [37].
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Fig. 21 Finite element analysis results of displacement magnitude contours of segmented and continuous
surface antennas in geosynchronous orbit on winter solstice.
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The transition of Cartesian coordinate systems for the original and the fitted paraboloid surface.
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