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Abstract

This paper presents a systematic qualification process for an electronic beam-steering
antenna assembly for a low-Earth orbit (LEO) communication satellite. The transmit-
ting /receiving antenna for the LEO communication satellite is based on a cavity-backed
slot radiator, which has improved radiation efficiency and low mutual coupling compared
to conventional PCB patch structures. In order to verify the electrical performance and
reliability of the manual soldering process in a tightly spaced array structure with nar-
row element spacing and densely connected multi-channel RF modules, a reduced model
was designed and fabricated and qualification tests were conducted under launch and
on-orbit environments. The integration equipment was developed to ensure precise me-
chanical alignment and integration/disassembly between the radiating element arrays of
the transmitting and receiving antenna modules and the RF modules, thereby establishing
a manufacturability strategy for the antenna module and RF integrated module, which com-
prise a large array structure. Finally, the qualification tests of the transmitting and receiving
antenna were performed to evaluate the structural and thermal stability considering the
launch and orbital environments. The systematic qualification process proposed in this
paper can be used in the development of the antenna system of the communication satellite.

Keywords: environment test; qualification; cavity-backed slot radiators; phased array antenna

1. Introduction

The advent of the ICT revolution fueled by the contemporary digital transformation is
driving a surge in global demand for satellite-based communications. The explosive growth
in digital data demand driven by cloud computing, Internet of Things (IoT) devices, and
the proliferation of remote work has created a situation where terrestrial networks alone
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cannot meet the demand. Satellite communications are playing an increasingly crucial
role, particularly in remote areas, maritime, and aviation where terrestrial communication
infrastructure is unavailable. Furthermore, military /defense satellite communication re-
quirements are also on the rise [1,2]. The small satellite communications market is expected
to grow at a compound annual growth rate of 25.2% between 2025 and 2030, with the
market size projected to increase from $5.95 billion in 2025 to $18.34 billion in 2030 [3]. This
rapid growth is increasing the technological demand for the development of large-scale
satellite constellations comprised of low-Earth orbit (LEO), medium-Earth orbit (MEO),
and geostationary Earth orbit (GEO) satellites. The development of communication satel-
lites goes beyond the simple design and construction of satellite platforms; it requires
the implementation of highly reliable payload systems. Satellites are exposed to extreme
vibration and shock during launch, as well as the extremely low temperatures and vacuum
environments of orbit, requiring all electronic and mechanical equipment to operate reliably
under these conditions. In particular, the antenna system, the core of the communication
payload, is a key element in determining satellite reliability. Past incidents, such as SARah-
Passiv, SkyTerra-1, and Viasat-3, which resulted in the total loss of multi-billion-dollar
satellites due to antenna deployment failures, highlight the importance of proper design
and certification [4,5].

An antenna system is a key payload for signal transmission between communication
satellites and ground stations, and its design and performance determine communication
performance, coverage, capacity, and reliability. Communication satellite antennas are
primarily categorized by their intended use and frequency band. These include reflector
antennas, which provide regional coverage; horn antennas, which possess high directivity;
and phased array antennas, which enable electronic beam steering. Recently, phased array
antennas with multi-beamforming capabilities have emerged as a core technology for
next-generation satellite communication systems, enabling high-speed satellite tracking
of LEO/MEO constellations and communications with terrestrial mobile systems (ships,
aircraft, and vehicles) [6-8].

Phased array antennas are classified into linear arrays and planar arrays based on their
configuration. Linear arrays have low manufacturing complexity but are limited to beam
scanning in a single plane, whereas planar arrays can steer beams in both orthogonal planes,
providing high flexibility and performance. In particular, planar phased array antennas
can electronically steer beams by controlling the phase and amplitude of the signal through
phase shifters arranged at each element and can achieve high reliability and lightweight
design without the need for a mechanical drive device [9,10].

A cavity-backed slot-coupled patch antenna is a hybrid antenna structure that trans-
mits signals through a slot placed behind a conductive cavity and places a microstrip
patch radiating element on the slot. The ground plane provided by the cavity suppresses
surface wave propagation and controls/confines the radiation directionality, while allow-
ing free signal excitation through the slot [11]. Cavity-coupled slot patch antennas offer
several significant advantages over conventional PCB-based microstrip patch antennas.
The cavity structure effectively suppresses surface wave propagation, thereby improving
radiation efficiency by 10-20%. This can improve the power efficiency of satellites. The
metal wall of the cavity has the effect of reducing mutual coupling between array elements
and homogenizing the impedance characteristics of the array elements, thereby reducing
beam pattern distortion. By designing the internal structure of the cavity to utilize the
dual resonance characteristics, it is possible to obtain both superior efficiency and gain
while simultaneously broadening the impedance bandwidth, and the electromagnetic
shielding characteristics of the cavity metal wall minimize electromagnetic interference
with adjacent systems, which is very important in a high-density integrated satellite pay-
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load environment [12,13]. During the manufacturing process of the antenna assembly, the
transmit module and the receive module must be electrically connected to each antenna
array element through fiber optic cables (for timing/control signals), RF connectors, and
signal lines. In a large satellite antenna assembly with many antenna array elements, the
reliability of these electrical connections determines the performance of the satellite’s space
mission. Manual soldering used in the manufacturing of the antenna assembly remains
one of the most reliable methods with complex shapes and connection points located in
narrow spaces, and it allows for better quality control than automatic soldering, especially
for space electronic equipment that requires high reliability.

In space, solder joints are continuously exposed to extreme vibration during the launch
phase, extreme thermal conditions in orbit, and high-energy particle radiation. Under these
harsh environmental conditions, solder joints can crack due to thermal/mechanical fatigue.
Therefore, assessing the reliability of solder joints goes beyond simple quality assurance
and is essential to ensuring that satellites can operate without communication interruption
throughout their designed mission. Space standards ECSS-Q-ST-70-08C and ECSS-Q-
ST-70-38C require rigorous soldering process management, material qualification, and
environmental stress testing to ensure this reliability [14,15].

Satellites are exposed to two extreme environmental conditions: launch and in-orbit
operations. During the launch phase, the combination of rocket acceleration, acoustic vibra-
tion, and launch vehicle structural vibration generates extremely high dynamic stresses.
NASA'’s General Environmental Verification Standard (GSFC-STD-7000A) and the Euro-
pean Space Standard (ECSS-E-ST-10-03C) specify severe vibration tests, including sinu-
soidal and random vibration, replicating launch environment conditions [16,17]. In the
orbital environment, continuous temperature cycling, cryogenic temperatures, and high
vacuum (less than 10~ Pa) are experienced throughout a mission. These cyclical tempera-
ture changes induce thermal stresses between components with different coefficients of
thermal expansion, and long-term accumulated fatigue significantly reduces the reliability
of mechanical components and electronic joints [18,19].

In this study, a systematic qualification test was conducted for large-scale phased
array antenna assemblies, namely transmitting and receiving antenna assemblies with
large-scaled array. A transmitting (36-element) and a receiving (48-element) reduced model
of two antenna assemblies were fabricated and thermal cycling tests were performed,
considering launch and orbital conditions. Qualification tests for the reduced model were
primarily conducted to verify the reliability of manual solder joints and, if there are any
issues, provides an opportunity to improve the process before full-array fabrication. Assem-
bly support equipment was designed and manufactured to precisely align and assemble
the antenna and RF modules with fully arranged layout. Final qualification testing was
performed on the full-array transmitting and receiving antenna assemblies, with the struc-
tural environmental, thermal cycling/vacuum, and shock tests as a qualification process.
The radiation pattern, gain, and impedance characteristics were measured before and after
each qualification test to evaluate the performance degradation of the electrical function.
The qualification process for the communication satellite antenna developed in this study
can serve as a reference for the development of future communication satellite antennas.

2. Overview of Ka-Band LEO Communication Satellite

LEO satellites operate at altitudes of approximately 500-2000 km above the Earth’s
surface, with a minimum distance to the Earth’s surface that is only about 1/72 that
of geostationary orbit (GEO) satellites [20]. This short-range characteristic significantly
reduces signal attenuation and shortens the round-trip time to approximately 50 ms,
enabling low-latency communication. Furthermore, LEO satellites can form constellations
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of tens to thousands to provide full global coverage, enabling communication services in all
areas where existing terrestrial networks are not available, such as maritime, aerial, polar,
and remote areas. Another key advantage of LEO constellations is network resilience. Inter-
satellite links (ISL) enable communication with satellites that are inaccessible to ground
stations, and even in the event of a satellite failure, other satellites compensate for the
failure, ensuring service continuity [20].

The Ka-band (26.5-40 GHz) uses a much higher frequency than the Ku-band
(12-18 GHz) or L-band (1-2 GHz), allowing for a capacity increase of about 10 times
or more within the same bandwidth [21]. Ka-band communications enable wide band-
width communications, allowing for faster transmission of more data, making it ideal for
high-speed Internet, HD and 4K video streaming, and real-time data downlinks. Since the
antenna gain is proportional to the square of the frequency, the same signal strength can be
achieved with a smaller antenna, enabling lightweight and compact satellites. Meanwhile,
in LEO constellations, inter-satellite link communications are a key technology for securing
both network autonomy and global coverage. Figure 1 shows the conceptual diagram of
communication satellite system. Each satellite forms an ISL with two to four neighboring
satellites within the same orbital plane and satellites in adjacent orbital planes, forming
a grid-shaped satellite network. Data is transmitted via optical ISL or RF links between
satellites, even in areas inaccessible to ground stations. ISL capacity is rapidly evolving
from tens of Mbps based on existing RF to tens to hundreds of Gbps based on optical com-
munications, enabling real-time information sharing and autonomous network operation
among satellite constellations [22].
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Figure 1. Conceptual diagram of communication satellite system.

Beam steering is a necessary requirement in LEO satellite systems using the Ka-band.
LEO satellites have orbital periods of approximately 100 min, resulting in a severely lim-
ited communication window with the ground. Furthermore, the satellite’s high-speed
movement rapidly changes the signal reception point. Therefore, a fixed beam alone can-
not maintain a stable link with fast-moving ships, aircraft, and vehicles on the ground.
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Electronic beam steering is required to change the direction of signal transmission with-
out mechanical movement [23,24]. Furthermore, since a single satellite must be able to
communicate with multiple ground stations simultaneously through multi-beam-forming
capabilities, the development of an electronic beam-steering antenna capable of indepen-
dently controlling the phase and amplitude of each array element is essential.

From this perspective, this study designed a planar phased array antenna system,
arranging antenna elements on a two-dimensional plane. This system can simultaneously
steer beams in both elevation and azimuth directions and is optimized for effectively
tracking fast-moving ground targets across a wide field of regard. Therefore, a phased array
antenna consisting of the fully arranged transmitting and receiving antenna assemblies
was fabricated, resulting in the construction of a Ka-band low-Earth orbit communication
satellite system.

3. Qualification of Manual Soldering in Reduced Module of
Transmitting/Receiving Antenna Assembly

In this section, we developed a 36-element scale model of a transmit antenna assembly
and a 48-element scale model of a receive antenna assembly to systematically evaluate the
reliability of the manual soldering process. Step-by-step verification using scale models
follows the “Qualification Testing” philosophy of the European Space Agency (ESA) stan-
dard ECSS-E-ST-10-03C. By experiencing the harsh environmental conditions of launch
and orbital operation in advance, we provide opportunities for early detection of design
flaws and process improvement prior to full-scale antenna fabrication. Specifically, the
scale models replicate the basic structure of the transmit/receive antenna assemblies, the
arrangement of array elements, and the interconnection of phase shifters and feeder net-
works, ensuring representativeness while reducing the time and cost required for reliability
testing. Furthermore, failure mode analysis, threshold data, and information on solder
joint fatigue mechanisms obtained through environmental testing of the scaled models are
directly utilized in the subsequent antenna assembly process. The reliability assessment
of the scaled-down model of the antenna module was performed following a sequential
environmental stressing procedure of vibration test — shock test — thermal cycle test,
and both structural integrity and electrical performance were verified before and after
each test. In the vibration test stage, broadband random vibration of 20-2000 Hz based
on NASA GEVS standard was applied to simulate the acoustic vibration and mechanical
excitation force of the launch stage, and the changes in the frequency response function
(FRF) and resonant frequency before and after each full-level test were measured to detect
structural damage or cracks in the solder joints at an early stage. The shock test stage
simulates the impact load of the separation mechanism and the high-frequency ringing
of the rocket structure. After the test, the scattering parameters (S-parameters), including
the reflection loss and transmission characteristics, are measured to confirm that there
are no electronic changes that affect the antenna’s impedance matching and gain. The
thermal cycling test stage applies repetitive temperature changes on the track to induce
cumulative thermal fatigue between components (package, substrate, solder) with different
coefficients of thermal expansion (CTE), and the RF performance is continuously monitored
after each cycle. Finally, after all environmental tests are completed, optical microscopy
is performed through micro-section cross-section cutting to verify the extent of cracks,
voids, and intermetallic compound (IMC) growth inside the solder joint, and to confirm
the reliability of the soldering process itself.
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3.1. Environment Test of the Reduced Model Considering the Strucutral and Thermal Conditions

In this chapter, we conduct a qualification test for the soldering process from a struc-
tural/thermal perspective. Table 1 shows the specifications for the sine vibration, random
vibration, shock, and thermal cycle tests used for the qualification test of the reduced
model manual soldering process for the transmitting and receiving antenna module. The
qualification test specifications for the manual soldering process certification follow the
specifications of the ECSS-Q-ST-70-08C standard document [14]. The sine vibration test,
random vibration test, and shock test are performed by applying a load in each direction
once according to the test specifications. Before and after each vibration test, the frequency
response characteristics are measured using a low-level sine-sweep-test-based mode search
to evaluate changes in the first-mode characteristics and identify any structural changes.
As mentioned in Figure 2c, after evaluating the mode characteristics, a visual inspection
is performed, and passive return loss is measured to identify any functional changes in
the PCB and soldering. In the impact test, the reduced model is subjected to a single load
in each direction, and the aforementioned functional /performance test is performed after
each axis test. Finally, the thermal cycle test with 500 cycles is performed, divided into
two phases of 200 and 300 cycles. A functional/performance evaluation is performed
between Phase 1 and Phase 2 to determine whether the test is pass or fail, and the final
functional /performance test is performed after Phase 2. Finally, a micro-section test is
performed to observe the presence or absence of solder joint defects and to conduct a test
for process certification.

Table 1. Test specification of the soldering qualification of the reduced models for the transmit-
ting/receiving antenna.

Test Direction Frequency [Hz] Value Remarks
. — L 25~100 25¢g Sweep rate:
Sine vibration test All directions 100~200 15¢ 1 octave,/min
20~100 +6 dB/octave
Parallel to PCB 100~800 05 g2/Hz overall 271 8
Random vibration 800~2000 —3 dB/octave Hration: >
test
20~100 6 dB/oct
Perpendicular to ¥ /20c ave Overall 285 ¢
PCB 100~500 1.0g°/Hz Duration: 5 mi
500~2000 —6 dB/octave Hration: >
Low-level random N > Overalllg
vibration test All directions 5~2000 0.0005 g=/Hz Duration 1 min
L 100~550 40g 1 time
Shock test All direction 5504000 200 g for each direction
o Dwell time: 15 min
Thermal cycle test - - —55~100 °C 500 cycles

Figure 3 shows the results of the sine vibration test and the random vibration test.
In both vibration tests, feedback control is performed using the control sensor to apply
the excitation force that meets the test specifications to the specimen, and the response of
the control sensor is used to evaluate whether the test was performed according to the
qualification specifications shown in Table 1. Figure 3a,b show the responses of the control
sensor measured in the sine vibration test of the transmitting reduced model and receiving
reduced model of the antenna module, and Figure 3c,d show the results of the random
vibration test. The responses of the control sensor measured in the sine vibration test and
the random vibration test indicate that the scale model test of the transmitting and receiving
antennas was performed with an appropriate load compared to the test specifications [25].
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Figure 2. Reduced model and qualification test procedure: (a) Transmitting reduced model (TRM);
(b) receiving reduced model (RRM) of antenna module; and (c) qualification procedure of the manual
soldering process used to manufacture the cavity-backed slot radiator with the sine vibration, random
vibration, shock, thermal cycling (TC) test. Visual inspection (VI) and a passive return loss (PRL) is
measured between each test; a microsection (MS) of the soldering joint is investigated at the last stage.

Figure 4 shows the shock test results for the transmitting reduced model and the re-
ceiving reduced model for the antenna module. As with the vibration test, an accelerometer
is attached to ensure that the shock force meets the test specifications. However, since
the shock load is a one-time excitation, not an alternating load like in the vibration test,
a one-way control method is used instead of a closed-loop control method. This method
repeatedly applies shocks and compares the SRS responses measured from the accelerom-
eter to determine the shock tester excitation conditions that meet the test specifications.
Figure 4a,b show the experimental setups for horizontal and vertical shock tests on the
two reduced models. When conducting shock tests with a shock tester, the operator can
adjust shock test conditions such as the weight of the dropping weight or the angle of
the arm. Using the excitation conditions derived from the operator’s technical intuition
and experience, only one shock force is applied to each direction. The reference response
measured from the control sensor during the shock test is compared with the specifications
defined in Table 1 to determine the pass/fail criteria for the test. Figure 4c shows that the
impact tests of the two reduced models were conducted normally in accordance with the
test specifications.
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Figure 3. Result of sine vibration and random vibration tests: Reference response of control sensor
measured by the sine vibration test of the (a) transmitting reduced model (TRM) and (b) receiving
reduced model (RRM); control sensor measured by random vibration test of (¢) TRM and (d) RRM.
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Figure 4. Result of shock test of the reduced model for transmitting reduced model (TRM) and
receiving reduced model (RRM): Experimental setup for (a) horizontal and (b) vertical directions of
two modules; (c) shock response spectrum (SRS) response of TRM and RRM for each direction.

Figure 5 shows the thermal cycle test results for the transmitting reduced model and
receiving reduced model of the antenna module. Because the certification standards for the
manual soldering process defined in Table 1 do not consider vacuum, thermal cycle testing
was conducted in a temperature chamber capable of creating high and low temperature
environments under atmospheric pressure. According to the ECSS standard document,
500 cycles were tested to verify the soldering process [14]. The thermal cycle test was
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Temperature [degree]

150

divided into Phase 1 (200 cycles) and Phase 2 (300 cycles). Between Phases 1 and 2, a visual
inspection of the solder joint was performed, and the passive return loss of both reduced
models was measured to determine whether to continue the thermal cycle test. As defined
in Table 1, the test temperatures for both reduced models ranged from —55 to +100 °C, with
a dwell time of 15 min for each cycle at both high and low temperatures. The temperature
histories in Figure 5 demonstrate that the thermal cycle test of the reduced models of the
transmitting and receiving antennas was conducted in compliance with the standards.

1st~10thcycle 1901~200"cycle 1si~10th cycle 290t~300"cycle
150
100 "‘T"-W;‘W TV 100§ TTTTTTTTH T
‘ [
Phasel £ - Phaselll
| | © ‘
2
(200 cycles) : (300 cycles) |
kS
J.J LU;;J DILEEVINT -SOR I t.'.»uJ Nyt g
—— Temperature history at TRPof TRM ——— Temperature history at TRP of TRM
Temperature history at TRP of RRM l Temperature history at TRP of RRM l
o 10 290 300 0T 1 445450455
Time [hour] Time [hour]

(a) (b)

Figure 5. Result of thermal cycling test of the reduced model for transmitting module (TM) and
receiving module (RM): Temperature history measured during (a) phase 1 (300 cycles) and (b) phase
2 (200 cycles).

3.2. Evaluation of Function and Performance of the Reduced Model of Transmitting and Receiving
Antennas Assembly

As mentioned in Figure 2¢, before and after each test, visual inspection and manual
return loss measurements were performed to assess the presence of functional/performance
defects in the scale model of the transmit/receive antenna assembly. A visual inspection
using a magnifying glass revealed any visible defects in the solder and bullets of the scale
model of the transmit/receive antenna section. As shown in Figure 6, the visual inspection

revealed no defects in the solder or bullets.

Figure 6. Result of visual inspection for the reduced model of antenna module to evaluate the
mechanical defect on (a) upper side (soldering part) and (b) lower side (bullet side).
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Figure 7 shows the results of the passive return loss measurement test of the antenna.
Using the setup in Figure 7a, the passive return loss of the scaled-down model of the
antenna section can be determined to verify whether the impedance matching is properly
maintained at the antenna feed port, and whether any mismatch has occurred in the feed
section, solder joint, and wiring due to mechanical load and deterioration after vibration,
shock, and thermal cycle tests. In the passive return loss measurement test, the return
loss of each scaled-down model was measured to verify that the value was maintained
below 00 dB in the frequency range of the Ka-band. Figure 7b,c show that the return loss
measured from the scaled-down models of the passive and active antennas, respectively,
after the thermal cycle test, which is the final test of the soldering qualification, showed
values below 10 dB.

Maximumvalue <:00dB

Maximum value:< 00dB

10dB {;

Retum loss [dB]
Retumn loss [dB]

—_
oo
~

20.2 29 30
Frequency [GHZ] Frequency [GHz]

(b) ()

Figure 7. Result of passive return loss (PRA) of the reduced model for transmitted antenna (TA) and
receiving antenna (RA) using the vector network analyzer: (a) Experimental setup to measure PRA;
return loss of the reduced model for (b) TA and (c) RA.

Figure 8 shows the results of a microsection test. This test involves directly observ-
ing the internal cross-section of a solder joint to identify defects such as solder spread,
cracks, delamination, and wetting after performing vibration, shock, and thermal cycle
tests to certify the soldering process used in the antenna reduced model. Microsection
analysis was conducted on the solder joints using an optical microscope equipped with
a calibrated stage micrometer to assess structural integrity and measure key dimensional
parameters. Cross-sectional specimens were prepared through standard metallographic
procedures—including mounting, grinding, and polishing—and subsequently examined
for failure modes such as cracking, delamination, and voids, while solder fillet dimensions
and fill percentage were quantitatively measured against the calibrated reference scale.
During the process qualification test, the solder joint experiences extreme dynamic loads
and temperature cycles, which can often lead to internal fatigue cracks. In this work, a mi-
crosection test was conducted for each 10 solder joints of the two reduced models. Because
these internal cracks are difficult to detect through visual inspection or electrical testing
alone, the microsection test was performed as the final step in the solder joint process
qualification test. Figure 8 shows one of the cross-sections of the solder joint as a result of
the microsection test.
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(d)

Figure 8. Result of the microsection test; example of cross-section in the transmitting reduced model
(TRM) and receiving reduced model (RRM); zoomed view (x50) of (a) TRM and (b) RRM; detailed
zoomed view (x150) of (¢) TRM and (d) RRM.

4. Assembly and Integration of the Antenna and RF Assemblies

This section covers the assembly/integration process of the antenna assembly and
the RF integrated assembly. The antenna assembly, based on the cavity-backed slot-type
radiator proposed in this study, is connected one to one with the RF assembly using bullets.
As shown in Figure 9, the antenna assembly consists of a combination of an antenna
module and an RF integrated module. Unlike unit structures that can be assembled
manually, transmitting and receiving antennas for communication satellites consist of
arrays of over 200 antennas, requiring a significant load during assembly. Furthermore,
since the cavity-backed slot-type radiator-based antenna is attached to the PCB, excessive
load can cause damage to the PCB and solder joints.
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Transmitting
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(RA)

Transmitting

Spring-loaded
bullet-mate connector
fully-arrayed structure)

Transmitting
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Receiving
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Spring-loaded
bullet-mate connector

Receiving
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(b)

Figure 9. Conceptual layout of the (a) transmitting antenna Assembly (TAA) and (b) receiving
antenna Assembly (RAA), consisting of RF and antenna modules. Exploded views show the con-
figuration of the antenna assembly consisting of antenna module, RF module and spring-loaded
bullet-mate connector.

In this regard, this chapter develops the mechanical ground support equipment
(MGSE) for assembly and integration for assembling an antenna module and an RF module.
The MGSE, designed for the assembly and integration of the antenna assembly shown
in Figure 10, consists of a clamping plate capable of applying uniform pressure to the
antenna’s PCB surface without physical scratches; a guide rail and guide pins that ensure
the antenna module can be attached to the RF module while maintaining a horizontal
position; and a support structure that protects the connector at the bottom of the RF module
and maintains it in a vertical position. As shown in Figure 9, since the physical dimensions
of the transmitting antenna assembly (TAA) and receiving antenna assembly (RAA) are
identical and the types and locations of the fastening holes used for physical connection
with the satellite are the same, the assembly and integration are performed using the same
MGSE for RAA and TAA. Also, the structural environment test and shock test zig are also
identical for TAA and RAA.

Figure 11 illustrates the process of assembling the transmitting antenna assembly and
the RF transmitter assembly. First, the RF assembly is attached to the supporting structure
to create a vertically standing position, and the guide pin and guide rail are installed. The
guide pin is used to maintain the antenna module’s horizontal position during assembly,
and a press plate is installed to apply even pressure to the PCB. Next, bolts are fastened to
each fastening hole, and the antenna module and RF module are fastened while rotating
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the assembly by one pitch while maintaining the horizontal position. Finally, the guide pin
and guide rail are removed from the antenna assembly to complete the assembly process.

Clamping plate

Guide pin

for clamping plate

Guide pin
for antenna module
| (EA)

Slide structure

Supporting structure

(@)

Silicon pad

nl IR IR -X‘q
(d)

Figure 10. Mechanical ground support equipment for assembly and integration of antenna and RF

assemblies: (a) Integration equipment; (b) zoomed view to present the guide rail and guide pin;
(c) clamping plate consisting of the aluminum panel and silicon plate; (d) top view of the clamping
plate to push the PCB plate with uniform pressure avoiding solder joints.

Guide pin Antenna module

RF module i i
Guide rail

structure (a) (b) : (C)

! ' ; ' i ] Clampingplate Connecting point

e
*,,,////’///////////f/ﬂ

(d) (e)

Figure 11. Procedure of assembly and integration of the transmitting antenna assembly (TAA)

consisting of transmitting antenna module and RF transmitting module (the procedure of the receiving
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antenna (RA) is same with TA): (a) RF module equipped on the support structure; (b) guide pin/rail
to facilitate the vertical movement of the antenna module; (c) step in pre-assembly of the antenna
module on the RF integrated module, aligned guide pin and rail; (d) step in assembly of the antenna
module using the clamping plate to uniformly distribute load across the upper surface, while fasteners
are rotated synchronously to maintain horizontal condition; (e) step in removal of guide rain/pin
and clamping plate; (f) last step in removal of fastener between TAA and MGSE. It is possible to use
this procedure in the assembly of RAA.

5. Qualification of Transmitting/Receiving Antenna Assembly

This section performs qualification of the integrated transmitting and receiving an-
tenna sections from the previous section. Figure 12 illustrates the qualification procedure for
the entire transmitting and receiving antenna section model. The structural integrity of the
antenna assembly is verified through vibration testing using a vibration exciter, subjected
to quasi-static acceleration and sine/random vibration. After completing environmental
testing for each axis, a health check, a minimal functional /performance test, is performed
to verify the functional survivability of the antenna assembly before moving on to the
next axis. The thermal test consists of a one-cycle thermal cycling test and an eight-cycle
thermal vacuum test. For the thermal cycle test, a health check is performed after each
test to determine the survivability of the certified model of the transmitting and receiving
antenna sections. Finally, a shock test is performed on both antenna assemblies. As with
the reduced model of the antenna module, a single shock is applied in each direction to
minimize the accumulated shock load on the prototype. The pass/fail status of the shock
test is determined through a functional / performance test. The thermal cycle and thermal
vacuum tests for the two antenna assemblies were conducted simultaneously because they
had the same specifications, and other environmental tests were conducted separately for
the transmitting antenna section and the receiving antenna section.

Vibration test
- Quai-static load Health
- Sinusoidal vibr. ) check
- Rand. Vibr.

Thermal test

- Thermal cycling
- Thermal vacuum

Vibration test
- Quai-static load

- Sinusoidal vibr. K
- Rand. Vibr.

B FaiL

|
1

|

1

|

I

|

1

|

!

| < ﬁ
: X END
|

I

|

I

|

I

|

|

1

Health
check

Figure 12. Qualification procedure of transmitting antenna (TA) and receiving antenna (RA) consid-
ering structural environment, thermal condition and shock load.

Table 2 presents the qualification test specifications for the transmitting and receiving
antenna assemblies. Structural environmental tests confirmed the structural integrity
of both antenna assemblies under quasi-static, sinusoidal, and random vibration loads.
Thermal vacuum and thermal cycle tests of the antenna assemblies verified their ability to
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withstand orbital environments, while impact tests confirmed the prototype’s survivability
against impact loads caused by activities such as stage separation and solar panel ejection.
All qualification tests conducted in this paper were performed in accordance with the test
specification derived from the system-level analysis of the satellite.

Table 2. Test specification of the qualification of the transmitting antenna (TA) and receiving an-
tenna (RA).

Test Direction Frequency Value
[Hz]
Frequency ' Al-l ) >150 Hz
requirement directions
TA . Al.l 20 Hz ~30g
. directions
Sine burst test
RA All 20 Hz ~30
directions U8
Sine vibration o 25~100 20g
test TA/RA All directions 100~200 6g
20~100 +6 dB/octave
. 100~300 00 g2/Hz
Horizontal 300~2000  —3dB/octave
<
TA Overall <10 rms
20~100 +6 dB/octave
_ 100~300 00 g?/Hz
. Vertical 300~2000  —3dB/octave
. Ran. om Overall >10g
vibration test
20~100 +6 dB/octave
_ 100~300 00 g2/Hz
Horizontal 300~2000  —3dB/octave
<
RA Overall <10 rms
20~100 +6 dB/octave
: 100~300 00 g2/Hz
Vertical 300~2000  —3dB/octave
Overall >10g
Low-level 05g
random TA/RA All directions 5~2000 (Uniformly
vibration test distributed)
Shock test TA/RA All directions ~8000 Hz Max 350 g
Thermal TA/RA - - —00 ~ +00 °C

vacuum test

5.1. Vibration Test Considering Quasi-Static, Sinusoidal and Random Vibrational Load During the
Launch Process

The structural integrity of the transmitting and receiving antenna assemblies against
the quasi-optimal load determined by the mass acceleration curve was verified by a sine
burst test [26]. The sine burst test is a test method that verifies the structural integrity
against quasi-static acceleration using a vibration exciter. The test is conducted by exciting
the specimen with a frequency less than one-third of the vibration mode frequency of
the specimen and an acceleration that complies with the quasi-static test specifications.
Several low-level random vibration tests are performed for each axis, and the primary
principal vibration mode frequency in each direction is determined from the results of the
first low-level random vibration test among the tests for each axis of the transmitting and
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receiving antenna sections. As shown in Figure 13, the transmitting and receiving antenna
sections satisfy the frequency requirements for avoiding interference with the vibration
mode of the satellite in each direction.

(a) (b)

i L3
——— TA made (x-dF) l
TA made (y-dF) ’
TA mode (2:9)

616 Hz (z)

Accelerance (g2/Hz/g%/Hz)
Accelerance (g%/Hz/g?Mz)

10' 10? 10° 10! 102 10°
Frequency [Hz) Frequency [Hz)

(©) (d)

Figure 13. Evaluation of the vibrating mode frequency using the low-level random vibration test
of transmitting antenna (TA) and receiving antenna (RA) assemblies for x, y, and z directions; test
configuration of the (a) horizontal and (b) vertical conditions; the accelerance, which is the frequency
response function of the acceleration measured in the (c) TA and (d) RA.

Generally, pass/fail criteria for environmental testing of satellite payloads are divided
into three categories:

i Whether the load delivered to the payload satisfies the test specification.
ii. Whether there were any structural changes in the prototype after each test.
iii. Whether there were any functional changes in the prototype after each test.

Figure 14 shows the vibration test results for the transmitting and receiving antenna
assemblies. Figure 14a,b show the sine burst test results for the transmitting and receiving
antenna assemblies. As mentioned earlier, the sine burst test is conducted by applying a
load exceeding the test specifications 5 to 10 times at a frequency less than 1/3 of the first
natural frequency. While excitation at a frequency less than 1/3 of the first natural frequency
is necessary to maintain a distance from the prototype’s first mode frequency during the test,
sudden excitation at too high a frequency can strain the RA and TA [27]. Excitation at too
low a frequency can result in vibration displacements that increase inversely proportional
to the square of the excitation frequency. Therefore, in this study, the excitation frequency
of the sine burst test was selected as 20 Hz, and the sine burst test was performed under
the conditions corresponding to the test specifications. Figure 14c—f show that the input
loads of the sine wave vibration test and the random vibration test of RA and TA for each
direction fall within the tolerance line.

https://doi.org/10.3390/aerospace13050456


https://doi.org/10.3390/aerospace13050456

Aerospace 2026, 13, 456

17 of 23
2 . .
m |
Test 1143434 '
= 5 = BEpRERIRRRRAAARS
5 5 L A
ol — :
H 3 (1 (1N et
g g Bt
5 . 4
e < it | I
. 4 tEELEbELEE
- =~ $B specification  a— $8 specification
+—— Acc. resp. of TA (x-Gr.) 1 +— Acc. rosp. of RA (x-dir )
b Acc. resp. of TA (y-Gir.) -15 Acc. rosp. of RA (y-dir.)
Acc.resp of TA (2-6r.) Acc. resp. of RA (2.0 )
-20 -20
1 15 2 25 3 35 15 2 25 3 35
Time [s)] Time [s)
(a) (b)
10' L voos s s s s (7 i oo o s S
s s
c c e —
2L { 2
g I g !
2 - 1 kS 3 1
8 Tolerance line for test spec 8 Tolerance line for test spec
g along all directions | 2 along all directions |
—Sine Vitx. specification Sine Vibr. speciication
Tolerance line (lower bound) Tolerance line (lower bound)
Tolerance line (upper bound) Tolerance line (upper bound)
* ACC resp. of TA (x-tir.) = Acc. resp. of RA (x-ar))
10° ACC resp. of TA (y-dir.) 10° Acc. resp. of RA (y-ar.)
ACCresp of TA(zcir) || Acc.resp. of RA (z-dr.)
10’ 10 10’ 10?
Frequency [Hz] Frequency [Hz]
(c) (d)
Toleranoe,linefortest,s(f)ec__ — - Toler,anoelinefortests(gec,, —
along out-of-plane (z) direction along out-of-plane (z) direction
10°F
— = 10"
.? 10" =
2 v 2
8 R o i 2 = 8 ~ N
8 w0th- " B T (] o g Tolerance line for tes
t e : g . along nplane (x,y)

TA Rand. Vior. Spec

TARand. Vibr. spec
(inplane) (out-of-plane)
Tolerance ine Tolerance line
Tolerance line Tolerance line
CT-x Cr-z
CT-y

102 10°

Frequency [Hz]

(e)

'''' Tolerance lino

Frequency [Hz]

(f)

Figure 14. Result of the vibration test of the transmitting antenna (TA) and receiving antenna (RA)
assemblies: Sine burst test of (a) TA and (b) RA for each direction; sine vibration test of (c¢) TA and

(d) RA; random vibration test of (e) TA and (f) RA

To determine whether there were structural changes in the RAA and TAA after each
test, low-level random vibration tests were conducted to compare the natural frequencies

and response changes of the first modes in each first direction. By comparing the results of

the pre-test and post-test for each load, if the frequency and response changes were less
than 5% and 10%, respectively, it can be determined that there were no structural changes
before and after each test. Table 3 shows that the vibration mode characteristics of the TA
and RA identified in the pre-test and post-test for each test were sufficiently small.
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Table 3. Change of the frequency (f-shift) and amplitude (a-shift) measured in the low-level random
vibration test of transmitting antenna (TA) and receiving antenna (RA) assemblies before/after each
main level vibration test for all directions.

Frequency [Hz] = Amplitude F-Shift A-Shift

bUT Test Direction g tore/After)  (Before/After)  [%] [%] Results
X 849/849 19.46/19.32 0.00 0.72 PASS

Sine burst Y 538,/539 25.54/25.21 0.19 1.31 PASS

Z 616/612 14.01/15.31 0.65 8.49 PASS

. X 848/850 19.71/18.68 0.24 2.62 PASS

TA " me Y 539 /539 25.04/24.78 0.00 1.05 PASS
vibration Z 512/511 16.31/15.86 0.16 3.47 PASS

Rand X 846,/847 20.97/19.88 0.12 5.48 PASS

,ab“ om Y 534/533 26.29/26.77 0.19 1.79 PASS

vibration Z 603/603 12.60/1.78 0.00 6.96 PASS

X 795/796 17.79/17.59 0.13 1.12 PASS

Sine burst Y 552/550 20.08/19.94 0.36 0.70 PASS

Z 603/603 32.44/31.22 0.00 0.76 PASS

. X 795,795 17.65/17.67 0.00 0.1 PASS

RA . mt? Y 551/551 20.06/19.64 0.00 2.09 PASS
vibration Z 603/603 30.97/30.54 0.00 1.39 PASS

Rand X 796,796 16.27/15.98 0.00 1.78 PASS

,ab“ om Y 547 /546 19.73/19.86 0.18 0.66 PASS

vibration Z 600/597 24.68/22.04 0.50 10.70 PASS

5.2. Thermal Vacuum Test of the Transmitting Aantenna (TA) and Receiving Antenna
(RA) Assemblies

This chapter covers thermal vacuum testing of the transmitting and receiving an-
tenna assemblies. Thermal vacuum testing allows for the thermal stability of the payload
against rapid temperature changes in the orbital environment. Because the test temperature
ranges for the transmitting and receiving antenna assemblies are identical, the tests were
conducted simultaneously. Similar to the vibration test, Figure 15 shows the results of
the thermal cycle/thermal vacuum test for the transmitting and receiving antenna as-
semblies. As shown in Figure 15a,b, both antenna sections were tested simultaneously
to save time and cost because they were tested within the same temperature range. The
temperature reference point received from the satellite system is located at the interface
between the satellite panel and the payload. For payload-level thermal environmental
testing, the temperature reference point is the interface between the payload and the test
zig. Figure 15c,d show the temperature/pressure profiles of the thermal cycle test and the
thermal vacuum test, respectively. While thermal cycle testing is not mandatory during the
payload qualification process, only one cycle is conducted to quickly determine whether
the payload can function under both high and low temperatures. If all payloads function
properly during the thermal cycle test, the thermal vacuum test is conducted. As shown in
Figure 15d, health checks are performed under vacuum and room temperature conditions,
and temperature transitions begin. The first cycle of thermal vacuum testing includes a
power on/off test and a health check, followed by a health check in the eighth cycle. After
the final health check in the room temperature/vacuum environment, normal operation is
confirmed, concluding qualification for the orbital environment. The surface of the two
antennas was treated by applying a black paint designed as Aeroglaze Z307, which pro-
vides a higher emissivity compared to that of the generally used black anodizing process,
thereby enhancing the radiative heat dissipation performance of the payload.
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Figure 15. Thermal cycling (TC) and thermal vacuum (TV) tests of the transmitting antenna (TA) and
receiving antenna (RA) assemblies: Experimental configuration of (a) TC and (b) TV tests; the time
history of (c) temperature measured at TC test and (d) temperature and pressure measured at TV test.

5.3. Shock Test of the Transmitting Antenna (TA) and Receiving Antenna (RA) Assemblies

This chapter covers the shock tests for the transmitting and receiving antenna as-
semblies. These tests verify the payload’s survivability against impact loads resulting
from satellite launch and solar panel deployment during mission orbit. Shock tests for the
transmitting and receiving antenna assemblies are conducted using a shock tester, applying
shock loads that meet the test specifications once in each direction. The pass/fail criteria
for the payload shock test are as follows:

i Whether the impact test was performed with a load appropriate to the test specifications.
ii. Whether the function/performance of the transmitting /receiving antenna section is
normally implemented after the impact test.

Figure 16 shows the shock test configuration for the transmitting and receiving an-
tenna sections. Figure 16a—c show the experimental setups for the horizontal and vertical
directions of the transmit antenna section. Since the transmitting and receiving antenna
assemblies have identical zig interfaces and similar mass properties, the shock test is
conducted using the same test fixture. Furthermore, since KTL's gunfire tester applies
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shocks to the test subject in the same direction, the shock test fixture was designed and
manufactured to allow the test specimen to be installed along the test axis. Figure 16a,b
show the test configurations for the horizontal and vertical directions of the two antenna
assemblies. The shock test for the transmit/receive antenna sections is conducted using
the same procedure, and after the shock test for each layer, a functional/performance test
is performed to determine the pass/fail criteria for each direction. Figure 16¢c,d show the
shock test results for the transmitting and receiving antenna sections, respectively. The
response of the control accelerometer attached to the shock test cradle shows that the test

was performed according to the shock test specifications defined in Table 1.

=
2

Acceleration [g]

10
2
. 10¢
i
<
o
g 3
<
10'
—— Shaock specification SRS of TA (x-dr.) — Shock specification —S— SRS of RA (x-dir.)
— — = Tolerance ine SRS of TA (y-dr.) = = = Tolerance ine SRS of RA (y-dir.)
— — —Tolerance ine SRS of TA (z-dr.) — = = Tolerance ine ©— SRS of RA (z-dir.)
3 P 10° 2 .
10 104 102 10° 104
Frequency [Hz) Frequency [Hz)

() (d)

Figure 16. Shock test of the transmitting antenna (TA) and the receiving antenna (RA): Experimental
setup of TA for (a) inplane and (b) out of plane directions (the same with the configuration of TA);
SRS response measured in the shock test of (c) TA and (d) RA.

Table 4 presents the results of functional tests conducted during environmental test-
ing of the transmitting and receiving antenna assemblies. Functional tests of the trans-
mitting and receiving antenna assemblies were conducted after the structural environ-
mental tests for each axis, after the impact tests for each axis, and during the thermal
vacuum test. The results of the functional tests conducted at each stage indicate that no
functional defects occurred in the transmitting and receiving antenna assemblies during
the environmental tests.
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Table 4. Result of the functional test of the transmitting antenna (TA) and the receiving antenna (RA)
assemblies during the structural/thermal environmental and shock tests.

) Vibration Test Thermal Test Shock Test
DUT Function Test
Before After Before After Before After
Power input PASS PASS PASS PASS PASS PASS
RS-422 PASS PASS PASS PASS PASS PASS
FPGA PASS PASS PASS PASS PASS PASS
PROM PASS PASS PASS PASS PASS PASS
TAA TCM Temp. PASS PASS PASS PASS PASS PASS
TRF Temp. PASS PASS PASS PASS PASS PASS
UCM Temp. PASS PASS PASS PASS PASS PASS
TRSA Temp. PASS PASS PASS PASS PASS PASS
TRSA PLL PASS PASS PASS PASS PASS PASS
Power input PASS PASS PASS PASS PASS PASS
RS-422 PASS PASS PASS PASS PASS PASS
FPGA PASS PASS PASS PASS PASS PASS
PROM PASS PASS PASS PASS PASS PASS
RAA RCM Temp. PASS PASS PASS PASS PASS PASS
RRF Temp. PASS PASS PASS PASS PASS PASS
DCM Temp. PASS PASS PASS PASS PASS PASS
RRSA Temp. PASS PASS PASS PASS PASS PASS
RRSA PLL PASS PASS PASS PASS PASS PASS

6. Conclusions

In this study, we propose a systematic qualification process for a planar phased array
antenna employing cavity-coupled slot-patch radiating elements for Ka-band low-Earth or-
bit communication satellites and present the results. To verify the reliability of the soldering
process for large-scale array antennas, 36- and 48-scaled reduced models of the transmitting
and receiving antenna assemblies were fabricated, respectively. These scale models were
subjected to space-based environmental testing, including vibration, shock, and thermal
cycle tests. Passive return loss measurements and visual inspections were performed
before and after each test, confirming the structural integrity and electrical performance of
the antenna assembly. After all space-based environmental tests, micro-section analysis
of the solder joints confirmed the reliability of manual soldering in space environments.
Next, we developed assembly support equipment to control the high bonding pressure
generated by spring-loaded bullet-mate connectors used to connect the antenna module
and the RF integrated module and to ensure precise alignment of the array elements. Using
this, we assembled the full-array transmitting and receiving antenna assemblies and then
performed space environment tests, including structural environmental tests, thermal
environmental tests, and impact tests. Functional tests were performed before and after
each test to confirm that the structural and functional performance met the requirements
under all test conditions. This study covers the systematic development and certification
procedures for the development of large-scale planar array antennas for communication
satellites, from soldering process certification — development of assembly support equip-
ment — environmental tests of the transmit/receive antenna sections. In particular, the
pre-verification strategy for process certification verification using a scaled-down model
enabled the early detection of design defects and process optimization, effectively reducing
development risks. The systematic verification method presented in this study includes
the process of assembling a large number of antenna arrays using a bullet mate connector
without gain loss. Therefore, the series of processes, ranging from incremental scaling of
the antenna model and assembly of the antenna assembly to environmental testing of the
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