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Abstract: The concept of synthetic aperture radar (SAR) has the advantage of being able to
obtain high-quality images even when the target area is at night or covered with obstacles
such as clouds or fog. These imaging capabilities have led to a rapid increase in demand
for space SAR imagery across a variety of sectors, including government, military, and
commercial sectors. The SAR-based deployable reflector antenna was developed in this
series of paper. The satellite performance is influenced by the aperture size of an antenna.
To improve the image acquisition performance, the SAR antenna has the configuration
of several foldable CFRP reflectors. In this paper, the experimental investigation of the
Structural-thermal model deployable reflector antenna is performed. During the launch
condition, the satellite and payload are subjected to the dynamic load. In the STM phase, the
acoustic test was conducted to evaluate the structural stability of the deployable reflector
antenna within the acoustic environment. The sinusoidal vibration test was implemented
to investigate the fundamental frequency for inplane/normal directions and evaluate
the structural stability of reflector antenna. By using experimental data obtained from
the thermal-balance test, the well-correlated thermal analysis model was established to
execute the orbital thermal analysis. The experimental results of the environmental test
in STM phase show that the deployable reflector antenna has structural stability for the
structural/thermal environments. The configuration of the deployable reflector antenna
determined in STM phase can be applied to the qualification model.

Keywords: deployable reflector antenna (DR-A); structural-thermal model (STM); environment
test; sinusoidal vibration test; acoustic load test; thermal-balance test

1. Introduction

Synthetic aperture radar (SAR), proposed in the 1960s is able to obtain high-quality
images regardless of day/night or whether condition of the target area [1,2]. Due to
this image acquisition performance, the demand for SAR imaging technology is rapidly
increasing in various sectors including government, military, and commercial sectors [3,4].
In general, the image acquisition performance of a satellite antenna is determined by the
dimension of the antenna aperture, because the antenna transmits electromagnetic waves
and receive backscattered signals from the target object. However, SAR-based antennas are
mounted on a moving platform and receive backscattered signals at a moving location, the
distance between the original and new position make a virtual antenna size that is wider
than the size of the physical antenna. Therefore, the SAR-based antenna is advantageous to
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obtain the precise satellite image. Because the diameter of the physical antenna is also very
important, the configuration of the satellite antenna should be the deployable configuration
that is launched in the fairing of a limited volume. This type of antenna has the advantage of
having high storage efficiency because it may be loaded in a storage state even in physically
limited projectile pairing [5-8].

Several studies have been conducted to develop a deployable reflector antenna. In 1999,
Thomson proposed a ring-truss type of deployable mesh antenna [9]. In 2003, Meguro et al.
proposed the beam steering method of mesh antenna and performed experimental ver-
ification for the beam steering performance [7]. In addition, Sun et al. designed and
verified the deployment mechanism of the ring-truss type mesh antenna numerically and
experimentally [8]. The mesh antenna studied in the above three literatures can be used
in the satellite antenna with a large diameter relative to its weight, but has the low stiff-
ness property of the reflective surface, it is possible to cause relatively high surface error.
The high surface error of the mesh antenna deteriorates the quality of satellite images, and
the low dynamic stiffness causes a problem of delaying the photographing preparation
time by causing large vibrations during the attitude controls [10]. From this point of view, it
is necessary to develop a solid type deployable reflector antenna using a CFRP honeycomb
sandwich structure [11,12].

The deployable reflector antennas require high reliability for not only the deployment
mechanism in the orbital environment but also the restriction force for the stowed condition
in the launch environment. The deployable reflector antenna proposed in the series of
papers is operated by the deployment mechanism with the constant force spring (CFS)
of the hinge part in the orbital environment and maintains the stowed condition by the
hold-and-release synchronizing mechanism (HRSM) at the top and the hold-and-release
belt mechanism (HRBM) in the middle. Therefore, the three types of the hold-and-release
mechanisms consisting of metallic material and the main reflector and main structure,
which are composite material should ensure structural stability for the launch environment.

Satellites are subjected to the high-level dynamic loads during the launch process.
During the launch process, the combustion noise of the launch vehicle is reflected on
the ground surface and transmitted into the launch vehicle, and the flow-induced noise
caused by friction between the outer surface of the launch vehicle and the air is also
transmitted into the fairing of the launch vehicle. This noise creates a severe reverberation
sound field inside the fairing in the vehicle. In addition, this wideband air-born noise
creates random vibrations in the satellite and payload. Because of the pitch maneuver
to enter the mission orbit, the launch vehicle experiences a periodic load due to the fuel
injection cycle of the sub engine. This periodic load causes a sinusoidal load on the
satellite and payload. In order to evaluate the structural stability of the satellite/payload,
an experimental verification process is required at the structural-structural model (STM)
phase for the acoustic/vibration loads. Also, the satellites that enter the mission orbit are
exposed to severe thermal environment as the satellite operates between the Earth and
the Sun at regular intervals during the mission life. Therefore, orbital thermal analysis
should be implemented to confirm the temperature range of the satellite/payload. Before
performing orbital thermal analysis, the material properties of the thermal analysis model
and the thermal conductivity coefficient between components must be corrected, and the
temperature data for the model correction must be experimentally obtained to be used in
the correlation of the thermal analysis model.

In this study, the sine vibration tests and acoustic load tests are performed to verify
the structural stability of the STM of the deployable reflector antenna under the dynamic
loads in the launch environment. In addition, the temperature data for constructing the
orbital thermal analysis model was obtained from the thermal balance tests. Based on
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the Environmental test performed in this paper, we confirm the detailed design of the
deployable reflector antenna. These experimental results will be used in the qualification
model (QM) phase.

2. An Overview of the Deployable Reflector Antenna Based on CFRP
Honeycomb Sandwich Structure

Figure 1 shows the general development process of the satellite/payload. First of all,
in the development model (DM) phase, the function and performance tests are performed
on the partially simplified models from a mechanical perspective. For example, the DM
phase includes the deployment of solar panels in orbit, verification of assembly, and spec-
imen testing. In the structural-thermal model (STM) phase, the environmental tests are
performed to evaluate the structural stability against the acoustic and vibrational loads.
In the STM phase, the verification for the deployment mechanism is not required, because
the satellite/payload should maintain the stowed condition in the launch environment.
However, the center of gravity (CoG) of the STM needs to be aligned to mimic the mass
properties of the real model. Therefore, in the STM stage, the hinge, synchronization,
and belt mechanisms are designed by dummy structure without the functionality of the
deployment. The qualification model (QM) is designed /manufactured reflecting the envi-
ronmental results performed in the STM phase. The QM has the function/performance
same with the flight model. The experimental verification in QM phase includes not only
the several dynamic structural tests same with STM phase but also the thermal vacuum
test for the orbital environment.
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Figure 1. General flow chart for the development of the satellite/payload.

Figure 2 shows the deployable reflector antenna model under development. In pre-
vious papers of this series, we dealt with the design [5] and fabrication [13] of the main
reflector composed of YSH70A [11], which is a space-grade carbon composite, and aramid
core [12], which is a lightweight material. In this study, we manufacture the reflector
antenna components including the main reflector, main structure, base plate and the three
types of hold-and-release mechanism and integrate STM of the reflector antenna under the
stowed condition. Finally, we performed the environmental test for the launch environment.
The deployment mechanism structure (deployment, synchronizing, belt mechanism) of
STM was developed as the dummy structure using Aluminum (AL6061) material, which
does not provide a deployment functionality. The experimental results are used in the
verification of structural stability for the vibration/acoustic load and the model correlation
of the thermal analysis model of the antenna.
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Figure 2. Conceptual diagram of the deployable reflector antenna in STM phase.

3. Sinusoidal Vibration Test of the Deployable Reflector Antenna
in STM Phase

Figure 3 shows the test configuration and procedure of the sinusoidal vibration test at
the STM phase. The sinusoidal vibration test is to evaluate the structural stability against
the sinusoidal load propagated to the payload through launch adaptor during the launch
process. Unlike the computer analysis that numerically calculates the acceleration response
of each component according to the set test specifications, the test is started at a relatively
low-level input load. And then, the input acceleration level is gradually increased to protect
the reflector antenna prototype during the environmental test. The sinusoidal vibration
test is performed for each of the x, y, and z axes in the test environment of Figure 3a—c,
and the test procedure is as shown in Figure 3d. The sinusoidal vibration test starts at
1/3 level of the test specifications and is performed stepwise up to the full level-el test, and
a low-level sine sweep test (LLSST) is performed before/after each step of the intermediate
level to calculate the frequency and amplitude shift of the fundamental mode frequency.
Two shift values are the pass/fail criteria of the sinusoidal vibration test. Generally, if the
frequency and amplitude shift of the fundamental mode is more than 5% before/after
each test, it is considered that there is a problem, such as a crack, loosening of a bolt or
permanent deformation, with the test specimen [13]. The sinusoidal vibration test of the
reflector antenna in STM phase was conducted with the dummy structure of X- and S-band
antenna assembly located in the top side to express the structural behavior property of the
reflector antenna.

Figure 4 shows the modal analysis of the deployable reflector antenna in the stowed
condition. The antenna developed in this study is mounted to the satellite body using eight
bolts on the base plate. As shown in Figure 4a, the analysis model of the reflector antenna
connects the eight-bolting hole to a rigid body element, and a fixed boundary condition is
imposed to the independent nodes of the rigid body element. Figure 4b,c shows that the
vibration modes of the reflector antenna for the x and y directions are 24.6 Hz (2nd mode) and
24.5 Hz (1st mode), reflectively. The z-directional mode is 121.1 Hz (160th mode). Because
the modal effective mass fraction of the vibration modes in Figure 4a—c is more than 0.5,
three modes represent the dynamic behavior for each direction (inplane/out-of-plane). The
out-of-plane vibration mode appears at a higher frequency band than the in-plane mode.
It means that the reflector antenna has high dynamic stiffness in the out-of-plane direction.
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Figure 4. Modal analysis of the deployable reflector antenna under the stowed condition; (a) analysis
configuration; analysis results of mode shapes, frequencies, and effective modal mass along (b) x-,
(c) y-, and (d) z-axes, respectively.

Before the sinusoidal vibration test, the structural stability of the STM of the reflector
antenna was evaluated by using the finite element analysis. Figure 5 shows the sinusoidal
test configuration and result for the reflector antenna in STM phase. Figure 5a shows the
test configuration of the sine vibration. As mentioned above, the bottom part of the reflector
antenna is connected to the satellite body by eight bolts. The excitation forces in the in-plane
and out-of-plane directions are as shown in the vibration specification in Figure 5b. As
shown in Figure 5¢, the test specification relaxation was applied to the sinusoidal vibration
test for the in-plane direction. In the sinusoidal vibration test, a tri-axial load cell (Kistler
type 9377C) with a calibrated range of —30 kN to 30 kN was used at eight interfaces
to measure the interface load transmitted from the satellite body [14]. The maximum
allowable load of the calibrated load range of the loadcell is 60 kN. Because the interface
forces calculated from the original specification exceed the maximum allowable measuring
force, the test specification for in-plane direction is reduced as the notched specification
as shown in Table 1. For the out-of-plane direction, the interface load is not exceeding the
calibrated range of the loadcell. The reason why the z-directional interface load is relatively
small is that the CoG of STM is located near the center.

In the sinusoidal vibration test performed by the acceleration input profile of the
notched specification, the interface load measured by the loadcell falls within the calibrated
range. LLSST was performed before and after the intermediate level vibration test to
evaluate the frequency and amplitude shift. LLSST, so-called modal searching, is a test
that excites a wide frequency band at a relatively low and constant level to identify the
vibration mode. Conventional LLSST has been performed in the frequency range of 5 to
2000 Hz. However, since the vibration modes for the in-plane and out-of-plane directions
are 121.1 and 24.5 Hz, respectively, the frequency range of the LLSST performed in the
sinusoidal test is the relatively narrow frequency range from 5 to 200 Hz. As shown in
Figure 5c,d, the responses of the control accelerometer for the full level test show that the
sinusoidal vibration test was performed satisfying the specifications defined in Table 1.
In addition, Figure 5e and f show the comparison of the 1st to 4th LLSS results. The in-plane
and out-of-plane modes calculated in Figure 4 show a frequency shift of less than 5% and
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an amplitude shift of less than 10% [15]. These values of two shift mean that there was any
misassemble or mechanical defect during the sinusoidal vibration test.
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Figure 5. Sinusoidal vibration test; (a) test setup for the inplane direction; (b) required environmental
test specification; the test specifications for (c) inplane and (d) out-of-plane directions; the result of
the low-level sine sweep (LLSS) for (e) inplane and (f) out-of-plane directions; The frequency and
amplitude at the peak frequency of dashed circle in (e,f) are used for the reference of the modal survey.

Table 1. Required specification of sinusoidal vibration test.

In-Plane Specification Out-of-Plane Specification
Frequency Acceleration Tolerance Frequency Acceleration Tolerance
5-8 Hz £0.00 mm +3dB 5-12 Hz £0.00 mm +3dB
8-30 Hz 0.00g +3dB 12-70 Hz 0.00g +3dB
30-55 Hz 0.00g +3dB 70-110 Hz 0.00g +3dB
55-80 Hz 0.00g +3dB
80-110 Hz 0.00g +3dB

Maximum acceleration: 9 g or more Maximum acceleration: 4 g or more




Appl. Sci. 2025, 15, 1436

8 of 13

4. Acoustic Loading Test of the Deployable Reflector Antenna
in STM Phase

Figure 6 shows the test configuration and procedure of the acoustic load test in STM
phase. The acoustic load test is a test to evaluate the structural integrity of the satellite or
payload against the high-level reverberation field formed inside the launch vehicle fairing
during the launch process. To mimic the reverberation field generated inside the launch
vehicle fairing, a high sound pressure is created in the reverberation room environment
using an acoustic modulator. The required specification of the acoustic load test defined in
Table 2 can be realized by feedback control by several control microphones. As mentioned
in Section 2, the acoustic load test is performed with —4 dB level of required specification
before the full level test to protect the test sample and prevent damage to the equipment.
The acoustic load test is conducted in two stages, and a low-level acoustic random test
(LLART) is performed with —8 dB level of the original specification before/after each test as
shown in Figure 6b. The pass/fail of the acoustic load test is determined by calculating the
frequency and amplitude shift of the fundamental mode frequency caused by the acoustic
load through the LLART. Similar with the sinusoidal vibration test, if the frequency and
amplitude shift of the fundamental mode is more than 5% before/after each test, it is
considered that there is a problem with the test specimen [15].

Acoustic chamber test

\

1st low-level run
(-8 dB)

2nd [ow-level run
(-8 dB)

3rd low-level run
(-8 dB)

Test
end-up

(@) (b)

Figure 6. Concept of the acoustic load test; (a) Test configuration with the acoustic zig; (b) Test procedure.

Table 2. Required specification of the acoustic load test.

Center Frequency

(1/1 Octave Band) Sound Pressure Level Tolerance
31.5 0.00 dB —-2dB/+4 dB
63 0.00 dB —1dB/+3dB
125 0.00 dB —1dB/+3 dB
250 0.00 dB —-1dB/+3dB
500 0.00 dB —-1dB/+3dB
1000 0.00 dB —-1dB/+3 dB
2000 0.00 dB —1dB/+3dB
4000 0.00 dB N/A
8000 0.00 dB N/A
OASPL 144 dB or more —1dB/+3dB

Duration: 2 min
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However, since it is difficult to control the sound pressure level (SPL) in the high-
frequency range, there is any tolerance requirement of the SPL in the 4000-8000 Hz fre-
quency band. Therefore, pass/fail of the acoustic load test is determined by not only
SPL within the frequency band of 31.5~2000 Hz but also the overall sound pressure level
(OASPL). In the acoustic load test conducted in this study, the sound pressure level used
in the test was measured by the reference microphone as shown in Figure 7a. As shown
in Figure 7b, the acoustic load test satisfies the test tolerance in the frequency range of
31.5-2000 Hz, and the measured OASPL showed an output that was 0.35 dB higher than
the sound pressure level of the required specification. As shown in Figure 7c, the results of
LLART before/after the full-level acoustic load test show a frequency shift of less than 5%
and an amplitude shift of less than 10% [15].

O & Required spec
. -t _+ Test spec
= == g
Acoustic B g =" “"\\\\\
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o~ 2 -
Microphone e ® 10dB \\;{\\ N
0 N 1}
5 p ety
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10’ 10% 10°
Frequency [Hz)

(c)

Figure 7. Acoustic load test; (a) the required environmental specification and the measured sound
pressure level; (b) the result of the low-level acoustic random test before and after acoustic load test
of the full level; There is no tolerance guideline in the high frequency range for the center frequency
of 4k, 8 kHz (black dashed circle in subfigure (b)); (c) the result of the low level acoustic random test
before/after the acoustic load test; The frequency and amplitude at the 1st peak frequency is used for
the reference of the modal survey (black dashed circle in (c)).

5. Thermal Balance Test of the Deployable Reflector Antenna
in STM Phase

This section deals with the results of the thermal balance test of the STM of the deploy-
able reflector antenna. The thermal balance test of the reflector antenna was conducted
in the Dirty Thermal Vacuum Chamber of the Korea Institute of Construction Technology
(KICT). This chamber is a lunar surface environment simulator for various tests on the con-
struction environment on the lunar surface, and we decided to use this equipment because
the thermal balance test in STM phase does not have any requirement for cleanliness of
test facilities. To develop a satellite antenna, a thermal analysis should be performed to
evaluate the temperature range of the antenna for the orbital thermal environment and to
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confirm the thermal stability. To construct the reliable thermal analysis model, the optical
properties of the reflector antenna components and the thermal conductivity coefficient
between the assembly interfaces should be correlated. First of all, the thermal analysis
model is constructed based on the general optical properties and thermal conductivity
coefficients. Using this thermal analysis model, thermal analysis of the ground test is
numerically performed, and then numerical optimization is performed using the tem-
perature data measured in the thermal balance test. By using numerical optimization to
minimize the difference between the temperature data obtained from the test and the results
of the thermal analysis, a well-correlated thermal model is constructed. For the model
correlation, we use the thermal desktop® which is thermal analysis software in Ansys
2023 R2. In this program, the error between the numerically computed and experimentally
measured temperature data of each component is minimized based on the reduced order
modeling. Using the reduced-order model, computational cost is efficiently reduced, and
the reliability of the thermal analysis mode is improved [16,17]. Figure 8 shows the test
configuration and procedure of the thermal balance test to measure the temperature data
used for the model correlation.

STM installation into the Tvec chamber
& Evacuation

\/

Transfer to
cold condition

Transferto
hot condition

Transfer to
normal condition

\/

Test
end-up

(@) (b)

Figure 8. Concept of the thermal balance test; (a) Test configuration with thermal vacuum chamber;

(b) test procedure.

Figure 9 shows the test configuration and the time history of shroud temperature
and vacuum pressure during the thermal balance test. As shown in Figure 9a, the STM of
the reflector antenna was located in the center of thermal vacuum chamber with a semi-
deployed condition during the thermal balance test. Since the temperature data measured
by the thermal balance test is used as the reference data for correlating the optical properties
and the thermal conductivity of the thermal model for the ground test simulation, it is
important to measure the thermal distribution with a clear temperature difference in the
cold/hot balance condition. To impose the clearly deferent thermal source, the patch heaters
were attached to three of the 24-unit main reflectors, as shown in Figure 9b. For the cold/hot
balance conditions, three main reflectors are powered by 550 W and 1650 W respectively.
As shown in Figure 9¢,d, the thermal equilibrium tests were conducted in a thermal vacuum
chamber with the vacuum pressure lower than 1~ torr and shroud temperature lower than
—196 °C, respectively. Except for Phase III that the test was briefly paused, the vacuum
pressure and shroud temperature satisfy the test requirements. The temperature data for
cold/hot balance condition measured by the thermal balance test will be used to construct
a reliable thermal analysis model. In QM, using the well-correlated thermal analysis model,
the orbital thermal analysis will be conducted to define the operational temperature range.
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Figure 9. Result of the thermal balance test; (a) the test configuration of the thermal balance test;
(b) thermal mathematical model (TMM) with three patch heaters; the time history of (c) vacuum
pressure and (d) shroud temperature within the duration of test consisting of I. the evacuation and
transient phase into the cold condition II. the cold balance condition; III. the break time without test
and transient phase into the hot condition, IV. the hot balance condition and V. the transient phase
into the ambient condition.

6. Conclusions

In this paper, we performed environmental tests on the deployable reflector antenna,
which is the core payload of the SAR satellite, in STM phase. The environmental tests of
the deployable reflector antenna are divided into structural tests to simulate the launch
environment and thermal tests to simulate the orbital environment. The structural tests of
the STM phase are divided into sinusoidal vibration and acoustic load tests to verify the
structural stability for the launch process at the qualification level. The thermal balance
tests to verify the thermal stability under the cold/hot balance conditions and obtain the
temperature data for the correlation of the thermal analysis model. During each test, visual
inspection was performed to check for damage to the specimen before/after each test. A
series of low-level sine sweep test and low-level acoustic random test were performed to
calculate the frequency and amplitude shift of the fundamental modes in each direction,
during each test. Using these environmental tests, the structural /thermal stability of the
deployable reflector antenna could be verified with respect to the environment specification.
The result of environmental tests conducted at STM Phase will be applied to the correlation
of structural/thermal analysis models to design and manufacture the qualification models
of the deployable reflector antennas.
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