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Abstract

Satellites become critical to space exploration, global communication, Earth observation,
and navigation. There is a growing need for satellite avionics that are highly integrated,
reliable, and low-cost, which is essential for mass production and reliable on-orbit op-
eration. This work demonstrates integrated satellite avionics with high reliability and
low cost based on a monolithic programmable system-on-chip (SoPC) through highly
synergistic hardware-software co-design, with successful on-orbit validation. The system
highly integrates satellite management, attitude and orbit control, power management,
telecontrol and telecommand (TC&TM), and data storage into a monolithic PolarFire® SoC
(System-on-Chip), and leverages an asymmetric multiprocessing (AMP) architecture. It
achieves significant reductions in size, weight, power, and cost (SWaP-C) while ensuring
comprehensive functionality and operational reliability. The Jilin-1 Gaofen-05A mission
verified the proposed SoPC-based satellite avionics for low Earth orbit (LEO) commercial
satellites. Long-term telemetry data confirms its stable operation, with a bus voltage rang-
ing from 11.4 to 12.3 V, an average power consumption of 33.4 W, and a solar array output
current of 6.2-6.5 A, all of which meet the design expectations. This work offers a feasible
technical approach and engineering reference for commercial integrated satellite avionics
featuring high reliability and cost efficiency.

Keywords: satellite avionics; high reliability; low cost; integrated architecture; hardware—
software co-design; on-orbit validation

1. Introduction

Satellite technology plays a vital role in key fields such as communications, navigation
and Earth observation, serving as a core platform for human space exploration as well as
the acquisition of space-based information and services [1,2]. Low- cost LEO satellites have
been rapidly developed due to their significant advantages in affordability and rapid de-
ployment in recent years [3,4]. Emerging commercial aerospace enterprises, such as SpaceX,
Planet, and Capella, have achieved high-frequency, low-cost communication coverage
and Earth observation capabilities by establishing large-scale, mass-produced commercial
LEO satellite constellations. The total number of LEO satellites launched globally has now
exceeded 10,000, and the launch rate continues to rise, marking the transition of this field
from early-stage technological validation into a new era of scaled deployment [5]. The
satellite avionics, defined as the core brain of satellites, are facing growing demands driven
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by the industry’s ongoing transformation [6-8]. To meet these demands, most current
satellite avionics adopt a combination of Commercial Off-The-Shelf (COTS) components
and traditional discrete architectures. COTS components offer advantages in cost and avail-
ability, while discrete architectures separate different functions into standalone modules
connected via external buses. However, satellite avionics faces two critical engineering
challenges under this situation. First, it is essential to address the reliability and space
environmental adaptability issues of COTS components. Second, it is essential to resolve
the performance and integration constraints in traditional discrete architectures.

Since 2010, some research institutions and commercial entities have consolidated
satellite avionics and adopted COTS components [9], aiming to address the aforementioned
challenges. For instance, the avionics of the Lunar Atmosphere and Dust Environment
Explorer (LADEE) adopted a modular, universal spacecraft platform [10]. By adopting a
modular approach for electronic components and systems, it achieved greater functional
integration and substantially reduced the number of traditional standalone units, thereby
alleviating the performance and integration constraints of discrete architectures. In 2017,
Liu Kaijun et al. developed a commercial onboard computer based on the automotive-
grade microcontroller (MCU) TMS570LS3137 [11]. The system’s reliability was significantly
enhanced through the implementation of triple modular redundancy (TMR) and related
fault-tolerant techniques, directly addressing the reliability and space environmental adapt-
ability of COTS components. In 2021, the CompuLab COMEX-IE38 module, an Intel Atom
CPU-based system onboard the Mars rover Perseverance, successfully completed its scien-
tific mission after the rover’s landing [12]. In 2025, the radiation-hardened space computer
onboard the Blue Ghost 1 satellite, developed by Resilient Computing based on the Xilinx
7A-200T FPGA chip, has been operating nominally in orbit [13]. These satellite avionics
represent significant improvements over traditional designs and provide crucial technical
references for overcoming the reliability concerns of COTS components and the integration
limitations of discrete architectures. Such practices offer significant advantages, including
cost reduction, optimized satellite avionics topology, minimized interface constraints, and
accelerated development and debugging processes [14-16].

Although these institutions and researchers have achieved on-orbit success in devel-
oping avionics using COTS components, further improvements can still be made in two
key areas. A primary challenge is improving the system reliability of integrated satellite
avionics built upon COTS components. The lack of radiation characterization data regard-
ing the degradation of non-space-grade components in the space environment obscures
the accurate prediction of on-orbit operational lifetime. This uncertainty introduces relia-
bility risks for critical hardware, such as the main processor and program memory. While
hardware redundancy is a common mitigation strategy, adding shielding and redundant
modules significantly increases system volume, weight, and power consumption [17-19].
Another limitation is the system’s reliance on a traditional discrete architecture, in which
each functional module is developed as a standalone unit [20-22]. As a result, the commu-
nication bandwidth between these units is constrained by the space-grade connectors and
high-speed harnesses required for the space environment, components that add consider-
able mass and thereby increase overall system weight [23,24]. Furthermore, the reliability
of the necessary transceivers adds complexity. These factors impede the system from fully
leveraging the capabilities of highly integrated circuits. In this paper, we propose integrated
satellite avionics based on a monolithic SoPC through highly synergistic hardware-software
co-design. The satellite avionics employs a Flash-based FPGA, where the FPGA fabric
of the SoPC is architecturally partitioned as a safety zone to monitor the on-orbit opera-
tion of its embedded CPU cores, thereby achieving a significant improvement in system
reliability at a low cost [25]. This approach circumvents the challenges of achieving an
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optimal trade-off among cost, performance, and space environment adaptability, which
is caused by the lack of sufficient on-orbit flight heritage and radiation characterization
data for COTS components [26,27]. Furthermore, distinct from conventional approaches
that only achieve basic functional aggregation [28-31], all satellite avionics functions are
integrated into a monolithic SoPC, through meticulously designed system architecture and
software development. The system architecture is optimized in four dimensions: functional
integration, power allocation, data interaction, and software development. This enables
all satellite avionics functions to be integrated and fully exploit the capabilities of the
high-performance SoPC.

Compared with conventional satellite avionics, this system adopts a monolithic SoPC
with AMP architecture that decouples hardware and software and multiple functions,
supporting dynamic reconfiguration and diverse mission adaptation. This design reduces
system coupling and significantly enhances software flexibility. Moreover, the design
avoids the “ barrel effect “ of tolerance to the space environment caused by the use of COTS
components. In addition, software modules with different functions communicate via the
on-chip bus, resulting in the advantage of extremely high bandwidth and high reliability.
Finally, the proposed monolithic SOPC-based integrated satellite avionics has been suc-
cessfully deployed on the Jilin-1 Gaofen-05A satellite. Its efficient and reliable on-orbit
operation validates the rationality and feasibility of the design. The system effectively
overcomes the drawbacks of traditional space avionics: (1) Architectural innovation for
reliability: Instead of relying on costly radiation-hardened components or heavy redundant
modules, we leverage the inherent SEU immunity of Flash-based FPGA to construct a
hardware safety zone, achieving high reliability at low cost. (2) Holistic integration: We
break the traditional discrete architecture by integrating all major avionics functions (OBC,
AOCS, TC&TM, Power, Thermal, Storage) into a single SoPC through hardware-software
co-design, aiming to fundamentally reduce SWaP-C. (3) Systematic COTS assurance: We
implement a hierarchical screening strategy to enable the safe adoption of COTS compo-
nents. To validate this design, a comprehensive ground test campaign and a long-term
on-orbit experiment were conducted.

2. The Design of the Integrated Satellite Avionics
2.1. Safety Zone Design with Flash-Based FPGA

To enhance the space environmental reliability of satellite avionics, we conduct a
systematic analysis of the space environment’s effects on electronic components. This
analysis aims to identify the key factors influencing the tolerance of different processor
chips to the space environment, such as the fabrication process, technology node, man-
ufacturing reliability, and operating environment. However, chips manufactured with
specialized radiation-hardened aerospace processes are expensive, while processors relying
on outdated process nodes lack the necessary performance. Flash-based or anti-fuse FPGAs
offer a distinct advantage. Their unique physical structure provides enhanced tolerance to
high-energy particles in space, making them virtually immune to single-event upsets in the
logic configuration cells [32-36]. Due to their high reliability and cost advantages, Flash-
based FPGAs stand out as COTS components that offer the optimal reliability-cost ratio
for modern satellite avionics. Furthermore, employing advanced commercial processes,
Flash-based FPGAs offer higher maximum clock frequency, smaller cell area, lower static
and dynamic power consumption, and lower cost than traditional radiation-hardened
FPGAs. They are nearly immune to configuration single event upset (SEU), feature high
single event latchup (SEL) thresholds, and start immediately upon power-up. Although
their total ionizing dose (TID) tolerance is slightly inferior, it remains sufficient for LEO
orbits. Therefore, the satellite avionics adopts a Flash-based FPGA as its safety zone. A
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system architecture is designed leveraging this component’s superior radiation tolerance,
which enhances robustness and performance in the space environment. The safety zone
architecture is shown in Figure 1.

Safety zone

Driver
circuit

Interface
circuit

Storage

CPU subsystem

Non-critical
part

Figure 1. Safety zone architecture.

We adopt a fault-tolerant mechanism that safeguards complex systems with a trusted
minimal zone. This reliable, isolated, minimized safety zone provides a safe base for system
fault detection, isolation, and recovery, thereby ensuring the overall system survivability in
various abnormal situations. Specifically, the FPGA fabric resources within the SoPC are
configured to buffer all reconfigurable external output interfaces. This physically isolates
the internal CPU core and other computing resources of the chip from the external interfaces.
Consequently, any errors occurring in the CPU core can be detected and intercepted by the
FPGA fabric, effectively containing the fault and preventing it from spreading.

A timed computing interface is implemented within the Flash-based FPGA; the CPU
cores in the SoPC will access this interface within a specified timeout period and return
the correct computed results to the FPGA as required. Through this mechanism, the
FPGA fabric can monitor whether the CPU is running correctly. If the computation fails
to complete on time or submits incorrect results, such a condition constitutes a defined
CPU anomaly, and the FPGA will actively trigger a system reset for recovery. Compared
to the traditional watchdog timer, this scheme not only fulfills the watchdog but also
detects potential errors in the registers within the CPU and other computing resources
through the computing process, which is a critical capability in the space environment.
Meanwhile, critical operations are also entirely implemented within the FPGA fabric, such
as power system initialization, health monitoring, fault diagnosis, watchdog management,
and system reset. The safety zone also records the fault scene state. When the CPU core
experiences an anomaly and resets, it maintains the system state prior to the fault, enabling
the CPU to quickly resume operation from its previous state. Although the system has
the capability of fault logging and fast recovery, some critical processes, including thermal
control and power anomaly response, cannot tolerate system interruptions. Through design
optimization, these functions are executed entirely by the FPGA, enabling uninterrupted
operation from power-on.

2.2. The Integrated Satellite Avionics Architecture

Conventional discrete satellite avionics is constrained by limited inter-module trans-
mission bandwidth, unsatisfactory SWaP-C performance and abundant failure nodes. To
address these drawbacks, we propose a single-chip integrated satellite avionics architec-
ture with a high-performance multi-core processor SoPC, the PolarFire SOC. This satellite
avionics not only performs traditional onboard computer (OBC), but also integrates the
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functionalities of the attitude and orbit control system, TC&TM system, thermal control
system, power system, camera focusing system, and data storage system, by consolidating
the hardware and software resources, as shown in Figure 2.

Attitude Control System Renote Cosll;:toel::Telemetry TC&TMrr\
Laser
Power Conditioning and -Communicatiun Data
Distribution System Tr
Camera

Thermal Control System

Focus Control System Data Storage System
Satellite House-keeping Comp System
Polarfire SOC Avionics J

Remote-Sensing Satellite
Figure 2. The satellite system architecture.

The integrated design is centered on the traditional OBC. Through hardware integra-
tion and software consolidation, an integrated architecture has ultimately been achieved.
The minimum system of the PolarFire SoC is configured with 1 GB of LPDDR4 memory
for software execution, 8 GB of eMMC storage for program and data storage, and an
additional 1 Gb SPI Flash as backup memory. An external hardware watchdog (MAX706
TMJA, Analog Devices, Inc. (ADI), Wilmington, MA, USA) is employed to monitor system
operation. For the attitude and orbit control system, the control and acquisition circuits
for the flywheel are implemented by the FPGA fabric, with its control software running
on an independent CPU core. The hardware control interfaces for the power and thermal
control systems are entirely managed by the FPGA fabric, allowing the OBC software to
modify configurations through the FPGA fabric as needed. For the TC&TM system, the
baseband processing is implemented by the FPGA fabric with external ADC and DAC
chips. After the external antenna down-converts the signal and sends it to the baseband,
the OBC software interacts with the FPGA fabric to complete data uplink and downlink.

Two-star tracker sensors are connected to the PolarFire SoC’s SerDes interfaces via GT
links, and each star image processing algorithm is allocated to an independent dedicated
CPU core for parallel execution. To facilitate data processing, the star sensor’s original 10-bit
pixel depth is extended to 16 bits with the lower 10 bits reserved as valid data. Accordingly,
the single-frame star image size reaches 1280 x 1024 x 16 bits, equivalent to 2.5 MB. Given
the designed image acquisition frequency of 8 Hz, the raw data bandwidth of each star
sensor is 20 MB/s. Data storage is handled by two SSDs connected to the PolarFire SoC
via a PCle interface, which is shared through a switch circuit. The SSD is mounted in PCle
Gen 2.0 x 4 mode, providing a theoretical bandwidth of 2 GB/s, which fully meets the
bandwidth requirements of the camera. SSD read /write operations are directly executed
by the FPGA fabric, with the OBC controlling data storage through interactions with the
FPGA fabric. In terms of data transmission links, the single-channel rate of the downlink
GT interface is configured at 5 Gbps. The laser communication link adopts two lanes to
provide a 10 Gbps downlink bandwidth, while the X-band telemetry and command link
occupies one lane at 5 Gbps to match the service data transmission demand. The overall
satellite avionics architecture designed in this work is illustrated in Figure 3.
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Figure 3. The satellite avionics architecture.

The overall system adopts a low-power design, which reduces heat dissipation require-
ments. Thus, the integrated satellite avionics utilizes a board-stacking architecture, which
offers both simplicity and ease of assembly. It consists of three functionally independent
printed circuit boards (PCBs), such as the central processor board, the interface board, and
the power board. The central processor board integrates the core control circuit, TC&TM
baseband, high-capacity storage module, and high-speed external interfaces. The interface
board is primarily responsible for driving various peripherals, collecting status signals,
and performing internal power conversion. The power board handles energy manage-
ment, power distribution, and multi-stage voltage conversion tasks. All three PCBs are
fabricated to identical dimensions of 200 mm X 85 mm and are interconnected via vertical
pin board-to-board connectors for both signal and power transmission. This architecture
greatly simplifies system debugging. The central processor and interface boards can be
powered and tested independently using external supplies, while the power board’s shunt
regulation and conversion circuits can be validated on their own, without the other two
boards. This loosely coupled structure not only enables parallel testing, accelerating the
development process, but also establishes a foundation for scalable production and rapid
system integration. The functional distribution and sketch of the satellite avionics are illus-
trated in Figure 4. The enclosure has an overall dimension of 233 mm x 103 mm x 61 mm
and weighs less than 1.5 kg.

2.3. Enhanced Dual-Redundancy CAN Bus

The integration of the satellite avionics enables it to accommodate various payload
systems to execute different on-orbit missions. Therefore, a bus interface must be designed
to connect the satellite avionics with these payload systems. Achieving sufficient system
communication bandwidth requires a balance between the reliability of the communication
bus and implementation costs under extreme environmental conditions and stringent
resource constraints. Some aerospace-specialized buses, such as 1553B and SpaceWire, are
developed to address such demands. However, these buses necessitate complex interface
adaptation and protocol conversion, which increases system complexity. Additionally,
these buses impose high demands on physical links, making them difficult to implement

https://doi.org/10.3390/ electronics15122574


https://doi.org/10.3390/electronics15122574

Electronics 2026, 15, 2574

7 of 22

at low cost. Thus, we adopt a monolithically integrated satellite avionics architecture,
which addresses the issue by integrating the majority of systems into a single SoPC, thereby
eliminating the need for external connections. For the small amount of information that still
requires transmission, such as telecommand and telemetry data, the estimated maximum
data throughput is only 10 KB/s. The PolarFire SoC chip integrates two CAN bus con-
trollers, which, together with low-cost external interface chips, enable the construction of an
enhanced dual-redundant CAN bus. This design avoids expensive space-grade dedicated
buses and maximizes the use of components, significantly reducing system design cost
while improving communication reliability through the dual-bus redundancy mechanism.
The enhanced dual-redundant CAN bus requires only two low-cost transceiver chips in
addition to the built-in controllers in the SoC, resulting in extremely high reliability, making
it well-suited for LEO satellite applications.
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Figure 4. The structure of the satellite avionics.

The enhanced dual-redundant CAN bus based on a daisy-chain topology is used
to establish a robust communication link between the payload system’s equipment and
the integrated satellite avionics; the connection method is shown in Figure 5. All nodes
are connected in series via shielded twisted-pair cables, with resistors soldered at the
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first and last nodes of the network. The bus employs a primary-backup hot redundancy
scheme. The integrated satellite avionics acts as the master node, transmitting identical data
simultaneously through two independent buses (Bus A and Bus B). It also receives signals
from external devices via both buses and performs merge processing on the incoming data.
When the master node finds that a designed number of errors have occurred on one of
its buses cumulatively, it will perform a bus reset operation. Each external slave device
node communicates over only one of the two buses at any time and can switch between
the two buses autonomously. If no valid data is received on the currently active bus for
six seconds sequentially, the node autonomously switches to another bus and repeats this
process cyclically as needed. The unused bus interface is either reset or powered off to
reduce system power consumption. By implementing redundancy at both the physical
layer and the protocol layer, this design significantly improves the reliability and fault
tolerance of the onboard bus communication network.

CANL-A ——¢ e
CANH-A —@ ceecct o
CANL-B *r— ¢*—
CAM‘{*B LA XN XN ]
~ \ 4 ° 9 ~ \ 4 ° *
CANH  CANL CANH  CANL CANH  CANL CANH  CANL
PHY-A PHY-B PHY-A PHY-B
o000
X X % X
Protocol Protocol Protocol Protocol
IC 1C IC IC
Equipment No.1 Equipment No.?

Figure 5. CAN bus interface diagram.

2.4. Power System and COTS Component Screening Strategy

The power system comprises solar panels, a lithium-ion battery pack, and the associ-
ated power control circuit. The schematic is shown in Figure 6. The solar panels choose
triplejjunction gallium arsenide (GaAs) solar cells with an average photoelectric conver-
sion efficiency of no less than 30%. They can deliver an output current of 6.23 A at the
end of life, under summer solstice conditions. The lithium-ion battery pack is assembled
from commercial 18650 battery cells that have undergone rigorous consistency screening.
These 18650 battery cells are configured in a parallel-series arrangement consisting of
6 cells in parallel and 3 groups in series, forming an onboard energy storage unit with a
rated capacity of 15 Ah. This design not only ensures a reliable power supply but also
achieves a comprehensive optimization of lightweight, low cost, and high energy density
by incorporating high-efficiency solar cells and mature commercial 18650 battery cells.

The power system employs an unregulated bus voltage control strategy, where the
bus voltage varies with the battery voltage during both sunlight and eclipse periods. This
voltage is stably maintained within a range of 9 V to 12.3 V. Through precise charge and
discharge management, the system regulates the battery cell’s terminal voltage within a
specific range between the minimum discharge voltage and the maximum charge voltage
(3 V to 4.1 V). To efficiently manage the output of the solar array, the system employs
Sequential Switching Shunt Regulator (S3R) technology. This regulator is capable of fully
shunting the initial output current from the solar cell array. The shunt regulation unit
utilizes a three-stage independent redundancy architecture. Each stage incorporates entirely
independent control and power modules, delivering a per-stage shunt capability of 2.5 A.
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These stages operate with hierarchical priority, achieved by setting different activation
thresholds. Based on the on-orbit energy budget analysis, only two stages are necessary
to guarantee power balance during normal operations. And the third stage acts as a hot
redundancy. This configuration improves the reliability of the power supply system against
fluctuating illumination conditions and certain fault modes.
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Figure 6. Power system diagram.

To address the concern regarding power management under extreme conditions,
several safety designs have been integrated into the SoPC architecture. All controllable
power distribution channels are initialized to the off state by the FPGA upon system
reset. The distribution circuit is also off during cold start, ensuring external power can be
disabled even if the control system fails. Software-based overvoltage and over-discharge
protection trigger hardware handling first, followed by system reset if needed. Hardware-
based over-discharge protection disconnects the battery when the voltage drops below
a preset threshold. A self-diagnosis function monitors load current and automatically
shuts down any channel that deviates from the normal range. To validate these designs, a
20 A short-circuit test was conducted. The results show a bus voltage fluctuation of only
652 mV, with power distribution automatically shut down 221 ms after the short circuit.
The proposed non-regulated bus mechanism effectively handles drastic load variations,
while the diagnosis mechanism enables rapid protection.

The power system utilizes commercial-grade 18650 lithium-ion cells as an alterna-
tive to traditional space-grade energy storage units. While space-grade batteries offer
exceptional reliability, their customized production results in high costs and limited pro-
duction capacity, which cannot meet the commercial satellite industry’s demand for low
cost and rapid supply. In contrast, the 18650 lithium-ion cells, as a highly standardized
industrial commodity, offer the distinct advantages of massive annual production capac-
ity, well-established supply chains, and low cost. And its reliability has been validated
through years of large-scale commercial deployment. By performing rigorous consis-
tency screening on commercial battery cells and assembling them into battery packs, the
procurement cost can be reduced to approximately 1/40 that of traditional space-grade
batteries. To validate the operational reliability of these 18650 lithium-ion cells for space
missions, we develop a dedicated test scheme simulating the periodic charge-discharge
cycling of battery packs in LEO satellites, and conduct systematic cycle life tests. This
validation provides an empirical foundation for the low-cost, high-reliability application
of commercial-grade 18650 lithium-ion cells in space missions. The discharge end voltage
curve is shown in Figure 7.
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Figure 7. The discharge end voltage of each battery cell with different cycles, orbital period is 96 min,
with sunlight time of 60 min.

Based on the above reliability test, the cell discharge voltage of the 18650 lithium-
ion cells decreases significantly during the first 3000 discharge cycles, indicating severe
performance degradation in the early stage. In the later cycling period, the fluctuation
of discharge voltage is obviously reduced, and the performance degradation tends to be
stable. Combined with the on-orbit condition of approximately 5000 charge—-discharge
cycles per year for LEO satellites, the lifetime prediction and curve fitting show that after
five years of on-orbit operation, the discharge end voltage of each battery cell can still be
maintained above 3.687 V, with the corresponding battery pack terminal voltage higher
than 11 V. This can fully meet the voltage and energy supply requirements of the energy
storage system throughout the satellite’s lifetime.

COTS components are adopted in the system, capitalizing on their short lifecycles and
rapid functional iteration. To guarantee the reliable on-orbit performance of COTS compo-
nents, a systematic protection against single-event effects (SEEs) is imperative. Hardware
measures such as layout optimization, circuit redundancy, and watchdog timers enhance
the system’s fault tolerance. In terms of software, self-diagnostic programs are combined
with ground-based big data diagnostics to achieve coordinated space-ground fault toler-
ance. Additionally, rigorous derating practices are implemented during system design to
mitigate component degradation and enhance operational reliability. To balance cost and
reliability, we adopt a hierarchical screening strategy comprising board-level screening of
assembled printed circuit boards and unit-level screening of non-standard equipment, aim-
ing to identify early-life failures at a limited cost. A closed-loop failure analysis mechanism
is established. When a batch-related quality issue is confirmed, the affected components
are replaced and re-screened. For units where comprehensive screening is impractical, a
sampling rate of 5-10% is implemented. Through these comprehensive measures, such
as design, screening, and management, this system systematically constructs a reliability
assurance framework tailored to the commercial satellite industry while adopting COTS
components to achieve low-cost objectives.

2.5. Performance Comparison with Previous-Generation Avionics

To further evaluate the advantages of the proposed integrated design, a quantitative
comparison is conducted between the avionics of the previously launched Jilin-1 Gaofen-
03A satellite and the Jilin-1 Gaofen-05A avionics developed in this work. The data shows
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that the proposed integrated design achieves improvements in many metrics. The design
reduces cost by 80%, primarily by eliminating expensive controller and interface chips. The
Integrated structure significantly reduces the number of independent modules and their
interconnection harnesses, resulting in a 66% mass reduction and a 40% volume reduction.
Meanwhile, the average power consumption decreases by approximately 30%, from 48 W
to 34 W, owing to the elimination of multiple standalone controllers and transceivers. In
terms of reliability, the Flash-based FPGA safety zone replaces the traditional hardware re-
dundancy approach, providing a simpler approach and fewer potential failure points. This
comparison quantitatively demonstrates the superiority of the monolithic SoPC design for
cost-sensitive, mass-produced LEO commercial satellites. The key metrics are summarized
in Table 1.

Table 1. Comparison table of two generations of avionics systems (excluding external passive components).

Jilin-1 Gaofen-03A Jilin-1 Gaofen-05A

Feature Avionics Avionics (This Work) Improvement
OBC (Including AOCS) +
Architecture TC&TM + Data Storage + Single SoPC Highly Integrated
Power modules
Cost 75k USD 15 k USD 80% cost down
Volume 150 x 120 x 140 mm 233 x 103 x 61 mm 40% reduction
Mass 45kg 15kg 66% reduction
Power. Average 48 w Average 34 w ~30% reduction
consumption
Reliability Hardware redundancy Flash-based FPGA Safety Simpler, Fewer
approach design Zone failure points

3. Design of the Software Architecture
3.1. AMP Software Architecture Design

The integrated satellite avionics trend towards a highly integrated architecture. How-
ever, relying solely on hardware integration is insufficient to achieve comprehensive system-
level improvements. Therefore, the architecture for the satellite integrated avionics builds
upon a highly synergistic hardware-software co-design, further enhanced by a highly
integrated software solution. We adopt an AMP software architecture, where peripheral
resources are statically partitioned and bound to designated cores, with loose coupling and
inter-processor communication maintained via shared memory. The system comprises five
processor cores. Upon power-on initialization, four U54 cores remain in a suspended state,
while the E51 core runs the hardware service system (HSS) to bootstrap the remaining
four U54 cores, which form an AMP computing cluster for task allocation and parallel
processing per onboard software requirements. The basic architecture of this multi-core
processor is illustrated in Figure 8.

In the AMP software architecture, the U54_1 core acts as the master core, forming a
master-slave cooperative relationship with the other three U54 cores (U54_2/3/4). Inter-
core communication is realized through shared L2 cache. The U54_1 core actively writes
instructions and data requests to the shared area, while the other cores periodically query
the area, execute corresponding tasks according to the instructions, and write back status
and results to the shared cache. To prevent frequent interrupts caused by the abnormal
operation of one core from interfering with other cores, the interrupt-based mailbox commu-
nication supported by the PolarFire SoC is not adopted in this design. Instead, a lightweight
and reliable communication scheme based on shared memory is adopted. This scheme also
serves as a method for the master core to monitor whether other cores operate normally.
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Independent request-instruction zones and parameter reporting zones are allocated for
each slave core in the L2 cache. Each zone is equipped with check bits and update flags.
When any core performs a write operation, it will update the check information and refresh
the flag bits to achieve reliable and confirmable communication, which ensures real-time
performance while enhancing system fault tolerance. The main software data flow of the
system is shown in Figure 9.

ES1 Core Boot ﬂ
US4 1 US4 2 US4 3 US4 4
FreeRTOS | | BareMetal | | BareMetal | | BareMetal

Figure 8. AMP software architecture.

Us4_1
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CAN, Ers
B RS422. | omconne
SPL, PWM MEMS Gy
SunSensor

Driver
Circuit

Control
Software

US4 3

Star Pattern
Recognition
Algorithm

Star Pattern
Recognition

. Polarfire SOC (i

Figure 9. Software data flow.

The integrated satellite avionics implements a software-hardware collaborative inte-
grated design based on the PolarFire SoC multi-core architecture. The E51 core runs in
privileged mode, responsible for power-on initialization and booting the other application
cores. After booting, it acts as a monitor to continuously check the status of the four
Ub54 cores and the SoC hardware. To mitigate the impact of space single-event upsets on
memory, the E51 core integrates a memory scrubbing function in its super-loop. By setting
a reasonable scrubbing step, it periodically triggers the SECDED error correction mecha-
nism to correct single-bit errors before they accumulate into multi-bit errors, significantly
improving storage reliability. The U54_1 core, as the main application core, runs onboard
management software based on FreeRTOS. It coordinates onboard data acquisition, task
scheduling, communication management, power distribution, and thermal control. It
also performs orbit and attitude control calculations, tele-command/telemetry processing,
and autonomous fault diagnosis. This core communicates with peripherals via dedicated

https://doi.org/10.3390/ electronics15122574


https://doi.org/10.3390/electronics15122574

Electronics 2026, 15, 2574

13 of 22

CAN, UART, and SPI buses, and controls the FPGA fabric for data storage. The U54_2
core is dedicated to real-time flywheel control. Using a bare-metal program combined
with an FPGA, it achieves high-frequency closed-loop control and status acquisition of the
flywheel circuit, and reports data to the U54_1 core through shared memory. The U54_3
and U54_4 cores are, respectively, used for star tracker image processing. Each runs an
independent image pipeline in bare-metal mode. The image acquisition is completed via
DMA controlled by the FPGA, and attitude quaternions are solved and reported. This
multi-core architecture achieves functional isolation and cooperative communication, en-
suring real-time performance and reliability while realizing high integration of satellite
platform management, attitude control, data storage, and other functions. To guarantee
real-time performance, we established a budget-based task scheduling policy across the
four U54 cores. The Worst-Case Execution Time (WCET) is budgeted to consume no more
than 80% of the CPU utilization, leaving a 20% safety margin for system jitter and interrupt
handling. The operational status of each application core is illustrated in Figure 10, and the
software task requirements for each core are, respectively, summarized in Table 2.

Satellite i Timer trigger % %
Housekeeping| ! !
Software i
- |
I,’@ : % ldle : Idle : ldle ‘ Idle
—_ > i
U54 1 \—> | : ‘ |
- | ! Quaternion ! !
| ! update ! !
Stk / Star / Star
Image Image Idle Image Idle
ST proccessing ‘\ proccessing
US4 3/4 ; ; :
— I | | . | >
Time : 250ms | 250ms | 250ms | 250ms :
1s
| |
It Speed update_!
A T
current l—
loop : 1 1- I- I- 1 I :
control loop loop loop loop loop loop
calculation| | cal Cal Cal Cal Cal Cal :
Speed |
m:(n’fil dlo |ontr |
calculation| | ) [ ] __J ! i :
— ‘ ‘ ‘ | |
| | | T | |
Us4 2! | | LS | I
— 1 | | | : | | I >
Time :0. Ims ;0. Ims 0. Ims}0. ms 0. Ims 0. 1ms}0. Ims}0. Ims|0. lms!0. lms:
| 1ms |
Figure 10. Timing diagram of application core software.
Table 2. Task WCET statistics.
. Task Cycle/ Execution CPU
Core Task Function Frequency Time (WCET)  Utilization
U541 Satellite housekeeping & 250 ms (4 Hz) <200 ms <80%
attitude control
Us4 2 Wheel control (current loop) 0.1 ms (10 kHz) <0.04 ms 0%
- Wheel control (speed loop) 1 ms (1 kHz) <0.4 ms <ol
U54_3 Star tracker image processing 500 ms (2 Hz) <400 ms <80%
Ub4_4 Star tracker image processing 500 ms (2 Hz) <400 ms <80%
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E51
Core

3.2. Program Reconfiguration Flow Design

The system boot process is divided into two stages. In the first stage, after satellite
power-on, the compressed bootloader stored in the on-chip eNVM of the SoC is decom-
pressed into the L2 LIM memory for execution. In the second stage, according to the
software version corresponding to each U54 core, the bootloader loads the application
program from external non-volatile memory, and eMMC is used preferentially. If eMMC
fails or the stored content fails validation, the system automatically switches to SPI FLASH
as the backup loading source. After the program image is moved to DDR, the bootloader
starts each U54 core sequentially to complete the full-function initialization of the system.
Through storage redundancy and version management, this design effectively improves the
fault tolerance and autonomous recovery of onboard software in radiation environments.
The system loading process is shown in Figure 11.

Stage 1 eNVM eNVM
( Hart Software ( Hart Software
Services(HSS) ) Services(HSS) )
Uncompress PC
E51 >
L2 Lim Core Super L2 Lim
Cycle
. |
Set I
Stage 2 e
& eMMC/SPI Flash Pointers: eMMC/SPI Flash
(US4 APP) &Start | (US4 APP)
Copy& Stage 3 #
Check US4 Corel e
U54 Core2 >
PIBLH US54 Core3 PC__, DDR
U54 Cored PC__,

Figure 11. System loading process.

To address risks caused by on-orbit single-event effects, we adopt a single-program
TMR storage architecture in program memory. The program storage architecture is
shown in Figure 12. A multi-version program backup mechanism is established to retain
reliable software recovery capability for on-orbit reconfiguration. Three versions are
reserved for the satellite. Version 1 is the initial launch version, which is generally not
updated to retain a fully tested and stable version. Versions 2 and 3 are used alternately
for program upgrades. Since on-orbit program modifications are usually partial changes,
with more than 95% of the program body unchanged, a full-image uplink is highly
inefficient. Therefore, the open-source BSDIFF binary difference algorithm and LZMA
compression algorithm are adopted in the program uplink scheme, which effectively
reduces the uplink data volume from the megabyte level to the kilobyte level. A reliable
fault rollback mechanism is also designed for the critical process of satellite on-orbit
reconfiguration. During program upgrade, the target version is selected and updated
via uplink. After all the uplinked data are verified correctly on the satellite, the version
is replaced and indicated via telemetry. The ground can then modify the value of the
Next Version Flag through tele-commands to set it to the successfully uplinked version.
After an active reset, the satellite runs the new version. If the new version behaves
abnormally, the system automatically reverts to the default version after reset, ensuring
the operational safety of the satellite. The process of version upgrade switch is shown
in Figure 13.
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Figure 12. Program TMR storage architecture.
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Figure 13. Version switch flowchart.

4. On-Orbit Performance Validation

The Jilin-1 Gaofen-05A satellite, equipped with the integrated satellite avionics de-
signed in this paper, was successfully launched into its predetermined orbit at 13:30 on
15 June 2023, from the Taiyuan Satellite Launch Center aboard a Long March 2D (CZ-2D)
carrier rocket. The initial orbital parameters are as follows: semi-major axis of 6923 km,
inclination of 97°, eccentricity of 0.000214, and period of 5733 s. By November 2025,
the satellite had been stably operating in orbit for 29 months, experiencing a total of
13,467 light-shadow cycles. During this period, the power system experienced zero
abnormal power-down events, the redundant CAN bus switching success rate was
100% (252 switches in total), and the FPGA logic anomaly count was zero. During its
on-orbit operation, the integrated satellite avionics has perfectly fulfilled all functions of
satellite platform control with excellent performance indicators, fully verifying the feasi-
bility and long-term on-orbit reliability of the designed integrated satellite avionics. The
picture of the integrated satellite avionics is shown in Figure 14.
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Figure 14. The integrated satellite avionics of Jilin-1 Gaofen-05A satellite.

4.1. On-Orbit Data Analysis of Power System

To verify the performance of the power system, we perform on-orbit data analysis
on its bus voltage stability, solar array output characteristics, and total satellite power
consumption. The test data indicate that all parameters of the power supply system meet
the design expectations, the system operates stably and reliably, and can satisfy the energy
demand of the satellite for long-term on-orbit operation.

Tests are performed on the bus voltage and battery pack voltage, where the designed
index range of the bus voltage is 9 V to 12.3 V. A typical orbital arc on 3 August 2023 was
selected for the test, and the variation trends of the bus voltage and storage battery voltage
under the long-term operational conditions are shown in Figure 15a,b. The data shows
that during the sunlight-shadow transition process, the bus voltage varies in the range
of 11.4 V to 12.3 V (corresponding to a maximum depth of discharge of 26%), and the
storage battery voltage varies between 11.5 V and 12.3 V. Both voltage levels remained
consistently within the designed safety margin, exhibiting smooth profiles without any
abnormal fluctuations. These results validate the capability of the power supply system
to deliver continuous and stable power throughout the on-orbit mission. Specifically, the
data confirms the effectiveness of the bus voltage regulation and the appropriateness of
the battery charge—discharge management strategy. This successful on-orbit performance
verifies the correctness of the power topology and its associated control logic.

Tests are also conducted on the output current of the solar array. Specifically, the output
current of the solar array was monitored when the solar panels were in a sun-pointing
attitude in the sunlight zone. The current telemetry curves are shown in Figure 15c,
which show that there is no output in the shadow zone, and the output current is stably
maintained between 6.2 A and 6.5 A without abnormal fluctuations, after entering the
sunlight zone and stabilizing in the sun-pointing attitude. The on-orbit test data confirms
the nominal functionality of the solar panel, which demonstrates stable and efficient power
generation performance, with output characteristics fully meeting the satellite’s energy
demands. These results further demonstrate the validity of the power system.

Finally, an on-orbit power consumption analysis of the satellite is conducted. The
long-term power consumption design limits are specified as 30 W during solar minimum
years and 40 W during solar maximum years. Based on real-time telemetry data of bus
voltage and load current within the same orbital arc, the power consumption curves are
derived, as shown in Figure 15d. The average long-term power consumption of the satellite
is 33.4 W, which remains below the 40 W upper limit for solar maximum years. The curve is
generally stable throughout the operation, with no abnormal fluctuations observed. These
results indicate that all onboard loads operate normally, and the power management system
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can achieve proper power distribution and regulation. In conclusion, the overall energy
consumption of the satellite is well within the designed capacity of the system.
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Figure 15. The on-orbit test data of power system. (a) The bus voltage. (b) The battery voltage.
(c) The current of the solar array. (d) The power consumption of satellite.

All the above results confirm that the satellite power system achieves its design
goals for bus voltage stability, solar array output, and power management, demonstrating
excellent adaptability and stability across different operating modes. This validates the
avionics system'’s architecture, component selection, and control strategies, ensuring long-
term, reliable, and efficient on-orbit operation.

4.2. CPU Software Operation Status

The operational status of the onboard software is thoroughly evaluated. The satellite
management program running on the U54_1 core functions properly, with all preset func-
tions realized properly, and the overall system is running stably. The primary flywheel
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control software on the U54_2 core operates continuously and reliably without failure
when triggered by satellite management commands. The flywheel speed curve is shown in
Figure 16. Meanwhile, the star tracker software executed on the U54_3 and U54_4 cores has
maintained long-term, fault-free operation since orbit insertion, continuously transmitting
high-precision attitude quaternion data to the satellite management software. The Star
tracker quaternion output curve during a mission is shown in Figure 17.
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Figure 16. The flywheel speed diagram.
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Figure 17. The Star tracker quaternion diagram.

4.3. Validation of X-Band TC&TM System

Regarding TC&TM performance, the downlink signal strength remained sufficient
throughout the mission. During a specific orbital arc, the intermediate frequency signal
strength (S/®) received by the ground station exceeded 70 dBHz, as shown in Figure 18,
which is higher than the required threshold of 65.5 dBHz corresponding to the onboard
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TC&TM downlink effective isotropic radiated power (EIRP) of —11 dBW. This confirms that
the EIRP meets the design specification. During the satellite’s extended on-orbit operation,
both uplink and downlink signals for TC&TM have remained consistently stable, with over
10,000 commands transmitted successfully. These results comprehensively validate the
operational stability and reliability of the X-band TC&TM system.

status extras

IF receiver telemetry syn
carrier code bit syn frame syn subframe syn
— — |l
telemetry unit
S/¢f(dBHz) doppler(kHz) AGC(»v) Eb/NO0(dB)
70.0 165,132 2.158 20.1

Figure 18. Ground station signal reception status.

During a typical satellite pass, the ground transmitted uplink signals. At the initial
ingress stage, the X-band TC&TM system acquired a high Automatic Gain Control (AGC)
and then immediately entered the lock mode (where ‘0" represents the locked state), main-
taining a stable lock for approximately 8 min. As the satellite approached the egress stage,
due to signal power attenuation and blockage, the system could no longer maintain a stable
lock on the uplink signal. Throughout the entire pass, the AGC value remained stable
with only minor fluctuations, indicating that the signal processing could properly keep the
receiver’s AGC. Figure 19 below shows the lock indication and AGC variation during this
satellite pass. These results demonstrate that the uplink telecommand channel functioned
normally and the receiving process was stable and reliable.

Lock state AGC

AGC (dB)
()

g Ty Tag e Tge T Tipy Ty Tap T iy g, Iy, 2
> e Wy TUy TO> ¥ Tg "y U5y 0> ¥y Tl s

Time

Figure 19. Lock state and AGC diagram.

All the above on-orbit telemetry data, system operating state records and long-term
statistical operation records are consistent with the initial design indexes, and each perfor-
mance conclusion drawn in this paper is strictly derived from actual measured in-orbit data
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rather than theoretical speculation, which sufficiently verifies the rationality and superiority
of the design proposed in this paper.

5. Conclusions

This paper presents a monolithic SoPC-based integrated satellite avionics that simul-
taneously achieves high reliability and low cost for LEO satellites. Through hardware-
software co-design, all satellite avionics functions are integrated into a single SoPC with
an AMP architecture combined with a Flash-based FPGA safety zone. The scheme adopts
an enhanced dual-redundant CAN bus and an S3R power system, together with FPGA-
implemented multi-level safety protection, to achieve highly reliable external communi-
cation and power supply at low cost. Furthermore, a hierarchical screening strategy for
COTS components is adopted to systematically guarantee long-term on-orbit operational
reliability. Compared with conventional design, the proposed integrated satellite avionics
effectively reduces system volume, power consumption and complexity while balancing
engineering cost and mission reliability.

By November 2025, the research design is validated by the successful on-orbit deploy-
ment and 29-month fault-free operation of the Jilin-1 Gaofen 05A satellite, with four key
findings: (1) Feasibility of integration: All avionics functions were integrated into a SoPC
and the system has operated without failure for 29 months, with all subsystems working in
coordination. (2) Reliability of the power system: The 18650 battery-based power system
demonstrated adequate cycling and long-term reliability, with bus voltage stabilized at
11.4-12.3 V. Furthermore, the average power consumption is as low as 33.4 W, demonstrat-
ing the outstanding low-power advantage of this design. (3) After 29 months of in-orbit
operation and 13,467 light-shadow cycles, the system maintains stable operation with no
power failures, 100% CAN bus switching success (252 operations) and zero FPGA logic
abnormalities. This verifies the reliable fault tolerance of the proposed design even without
radiation-hardened devices. (4) Stability of the AMP architecture: The AMP multi-core
architecture operated continuously without exception, with all cores performing stable
real-time control. The on-chip shared-memory communication provided high interconnect
bandwidth and eliminated external bus delays, while the budget-based scheduling with
timing redundancy fundamentally enhanced the system’s stability and determinism. The
satisfactory on-orbit performance validates this monolithic SoPC-based design as an ef-
fective approach to achieving low-cost, high-reliability LEO satellite avionics and offers a
valuable reference for future large-scale constellations.

Author Contributions: Conceptualization, L.D. and J.Z.; methodology, J.Z.; software, ] W.; vali-
dation, J.Z., S.F. and J.W.; formal analysis, S.F; investigation, S.F.; resources, S.F.; data curation,
J.W.; writing—original draft preparation, S.F,; writing—review and editing, T.C.; visualization, S.F.;
supervision, T.C.; project administration, L.D.; funding acquisition, L.D. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Jilin Province Key Technology Breakthrough Special
Program (2025]LGJ0002ZS).

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: Author Sichao Fang, Lu Dai, Jiwei Zou and Junbo Wang was employed by
the company Chang Guang Satellite Technology Co., Ltd. The remaining authors declare that the
research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

https:/ /doi.org/10.3390/electronics15122574


https://doi.org/10.3390/electronics15122574

Electronics 2026, 15, 2574 21 of 22

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Cratere, A.; Gagliardi, L.; Sanca, G.A.; Golmar, F,; Dell’Olio, F. On-Board Computer for CubeSats: State-of-the-Art and Future
Trends. IEEE Access 2024, 12, 99537-99569. [CrossRef]

Yost, B.D.; Weston, S.; Hines, ].; Burkhard, C. An Overview of the Current State of the Art on Small Spacecraft Avionics Systems.
In Proceedings of the AIAA SCITECH 2022 Forum; American Institute of Aeronautics and Astronautics: San Diego, CA, USA;
Virtual, 2022.

Qaisar, S.U.; Ryan, M.].; Tuttle, S.L. A Framework for Small Satellite Architecture Design. INCOSE Int. Symp. 2016, 26, 1747-1758.
[CrossRef]

Leon, V.; Lentaris, G.; Petrongonas, E.; Soudris, D.; Furano, G.; Tavoularis, A.; Moloney, D. Improving Performance-Power-
Programmability in Space Avionics with Edge Devices: VBN on Myriad2 SoC. Acm Trans. Embed. Comput. Syst. 2021, 20, 1-23.
[CrossRef]

Chen, C.; Yin, Y; Yang, J.; Wang, D.; Dong, Z; Jia, Y. Discussion on the Design of Low-Cost Spacecraft Avionics Based on COTS
Technology. In Proceedings of the 2024 7th International Conference on Electronics Technology (ICET); IEEE: Chengdu, China, 2024;
pp. 228-234.

Kim, C.; Lee, D.; Na, J. A Comparison of Reliability and Resource Utilization of Radiation Fault Tolerance Mechanisms in
Spaceborne Electronic Systems. Aerospace 2025, 12, 152. [CrossRef]

Song, S.; Kim, H.; Chang, Y.-K. Design and Implementation of 3U CubeSat Platform Architecture. Int. ]. Aerosp. Eng. 2018,
2018, 2079219. [CrossRef]

Bui, T,; Tran, Q.; Lew, J.; Selvadurai, S.; Tan, B.; Ling, A.; Yang, L.; Seng, L. Design and Development of AOBA VELOX-IV
Nanosatellite for Future Lunar Horizon Glow Mission. In Proceedings of the 32nd Annual AIAA /USU Conference on Small
Satellites, Logan, UT, USA, 4-9 August 2018.

Pignol, M. COTS-Based Applications in Space Avionics. In Proceedings of the 2010 Design, Automation & Test in Europe Conference &
Exhibition (DATE 2010); IEEE: Dresden, Duitsland, 2010; pp. 1213-1219.

Elphic, R.C.; Russell, C.T. (Eds.) The Lunar Atmosphere and Dust Environment Explorer Mission (LADEE); Springer International
Publishing: Cham, Switzerland, 2015; ISBN 978-3-319-18716-7.

Liu, K.; Peng, P.; Wang, X. Research on Cost-Effective Commercial Satellite Computer Based on COTS Devices. Comput. Meas.
Control 2018, 26, 213-217.

Farley, K.A.; Williford, K.H.; Stack, K.M.; Bhartia, R.; Chen, A_; De La Torre, M.; Hand, K.; Goreva, Y.; Herd, C.D.K.; Hueso, R;;
et al. Mars 2020 Mission Overview. Space Sci. Rev. 2020, 216, 142. [CrossRef]

Freeman, R.H. Lunar Surface Operations: On the Science Investigations of Blue Ghost-1 Payloads. J. Space Ops. Commun. 2025,
21, 1-10.

Phelan, P.T.; McDaniel, L.T. Implementation of an Integrated Avionics Unit for a Space Vehicle. In Proceedings of the 2017 IEEE
Aerospace Conference; IEEE: Big Sky, MT, USA, 2017; pp. 1-9.

Jiang, L.; Xu, P; Zhan, F,; Fang, X.; Xin, M. Research and Development of Integrated Avionics for Quick Responsive Micro-
Satellites. In Proceedings of the 2016 Sixth International Conference on Instrumentation & Measurement, Computer, Communication and
Control (IMCCC); IEEE: Harbin, China, 2016; pp. 504-508.

Samson, J.R. Small, Light-Weight, Low-Power, Low-Cost, High Performance Computing for CubeSats. In Proceedings of the 2014
IEEE Aerospace Conference; IEEE: Big Sky, MT, USA, 2014; pp. 1-10.

Jiang, L.; Xu, P. The Simulation and Verification Platform for Micro-Satellite Integrated Electronic Systems. In Proceedings of
the 2018 Eighth International Conference on Instrumentation & Measurement, Computer, Communication and Control (IMCCC); IEEE:
Harbin, China, 2018; pp. 1434-1437.

Vaispacher, T.; Sotak, M.; Kana, Z.; Baranek, R.; Malinak, P.; Kucera, M. Cost Optimized Avionics System—Navigation Solution
for Small Aircraft Transportation Segment. IOP Conf. Ser. Mater. Sci. Eng. 2022, 1226, 012090. [CrossRef]

Lentaris, G.; Maragos, K.; Stratakos, I.; Papadopoulos, L.; Papanikolaou, O.; Soudris, D.; Lourakis, M.; Zabulis, X.; Gonzalez-
Arjona, D.; Furano, G. High-Performance Embedded Computing in Space: Evaluation of Platforms for Vision-Based Navigation.
J. Aerosp. Inf. Syst. 2018, 15, 178-192. [CrossRef]

He, X; Li, J.; Bai, F; Jia, X.; Huang, X.; Xu, M. Avionics System Architectures for Software-Defined Spacecraft. In Mobile Wireless
Middleware, Operating Systems and Applications; Li, R., Jia, M., Taleb, T., Eds.; Lecture Notes of the Institute for Computer Sciences,
Social Informatics and Telecommunications Engineering; Springer Nature Switzerland: Cham, Switzerland, 2023; Volume 507,
pp. 150-164, ISBN 978-3-031-34496-1.

Cutler, ].W.; Nguyen, T.A.; Kano, T.; Lakshmi Kumar, Y.R.; Panning, M.; April, S.; Haque, S. Overview of the Avionics Design for
the Farside Seismic Suite. In Proceedings of the AIAA SCITECH 2023 Forum; American Institute of Aeronautics and Astronautics:
National Harbor, MD, USA; Online, 2023.

https:/ /doi.org/10.3390/electronics15122574


https://doi.org/10.1109/ACCESS.2024.3428388
https://doi.org/10.1002/j.2334-5837.2016.00258.x
https://doi.org/10.1145/3440885
https://doi.org/10.3390/aerospace12020152
https://doi.org/10.1155/2018/2079219
https://doi.org/10.1007/s11214-020-00762-y
https://doi.org/10.1088/1757-899X/1226/1/012090
https://doi.org/10.2514/1.I010555
https://doi.org/10.3390/electronics15122574

Electronics 2026, 15, 2574 22 of 22

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Bakirci, M.; Ozer, M.M. An IoT-Based Modular Avionics and Electrical System for Nanosatellite Systems. In Computational
Intelligence, Data Analytics and Applications; Garcia Mérquez, FP, Jamil, A., Eken, S., Hameed, A.A., Eds.; Lecture Notes in
Networks and Systems; Springer International Publishing: Cham, Switzerland, 2023; Volume 643.

Chau, HK.; Boyle, I; Nisbet-Jones, P,; Bridges, C.P. Designing Avionics for Lasers & Optoelectronics. In Proceedings of the 4th
Symposium on Space Educational Activities; Universitat Politécnica de Catalunya: Barcelona, Spain, 2022.

Lin, C.; Chen, G.; Liu, Z. Development and Trend of Space Plug-and-Play Avionics. J. Phys. Conf. Ser. 2020, 1544, 012171.
[CrossRef]

Mattos, A.M.P; Santos, D.A; Dilillo, L. Reliability Analysis of Baremetal and FreeRTOS Applications on Microchip PolarFire SoC
RISC-V Multiprocessors Using High-Energy Protons. IEEE Access 2025, 13, 19922-19936. [CrossRef]

Feng, X.; Meng, S.; Cui, X. Integrated Platform of On-Board Computer and Star Sensor Electronics System Based on COTS. In
Proceedings of the 2020 IEEE International Conference on Artificial Intelligence and Computer Applications (ICAICA); IEEE: Dalian,
China, 2020; pp. 527-532.

Kandala, A.; Verma, A.; Vijaywat, S.; Palo, A.; Chandran, A.; Hari, P. Development of a Power-Efficient, Low Cost, and Flash
FPGA Based on-Board Computer for Small-Satellites. In Proceedings of the 35th Annual Small Satellite Conference, Logan, UT,
USA, 7-12 August 2021.

Cao, X. Flexible Platform Based Micro-Satellite Design Method. Aerosp. Sci. Technol. 2016, 53, 162-168. [CrossRef]

Hwang, Y.; Lee, B.-S. Development of a Novel Core Component-Based Flight Dynamics Subsystem Software Platform. Trans. Jpn.
Soc. Aero. S Sci. 2019, 62, 192-202. [CrossRef]

Kuwahara, T.; Tomioka, Y.; Fukuda, K.; Sugimura, N.; Sakamoto, Y.; Yoshida, K. Model-Based Environment for Verification and
Integration of Micro-Satellites. IFAC Proc. Vol. 2013, 46, 230-235. [CrossRef]

Ekpo, S.; George, D. A Deterministic Multifunctional Architecture for Highly Adaptive Small Satellites. [J[SCPM 2012, 1, 174.
[CrossRef]

Azimi, S.; Du, B.; Sterpone, L. Accurate Analysis of SET Effects on Flash-Based FPGA System-on-a-Chip for Satellite Applications.
In Proceedings of the 2016 16th European Conference on Radiation and Its Effects on Components and Systems (RADECS); IEEE: Bremen,
Germany, 2016; pp. 1-4.

Yu, L; Yang, S.; Wen, X; Liu, J.; Yan, J.; Li, X,; Xiong, S.; Lu, Z.; Gong, K; Liu, Y.; et al. Design and Implementation of On-Board
High Reliability FPGA on-Orbit Reconfiguration. Meas. Control 2026, 59, 302-314. [CrossRef]

Ibrahim, M.M.; Tobal, A.M.; Nahas, M.Y.E.; Refai, M.K. FPGA Based on Board Computer for LEO Satellites. In Proceedings of the
Proceeding of the 2011 IEEE International Conference on Space Science and Communication (IconSpace); IEEE: Penang, Malaysia, 2011;
pp. 314-319.

Hanafi, A.; Karim, M.; Latachi, I.; Rachidi, T.; Dahbi, S.; Zouggar, S. FPGA-Based Secondary on-Board Computer System for
Low-Earth-Orbit Nano-Satellite. In Proceedings of the 2017 International Conference on Advanced Technologies for Signal and Image
Processing (ATSIP); IEEE: Fez, Morocco, 2017; pp. 1-6.

Urbina-Ortega, C.; Furano, G.; Magistrati, G.; Marinis, K.; Menicucci, A.; Merodio-Codinachs, D. Flash-Based FPGAs in Space,
Design Guidelines and Trade-off for Critical Applications. In Proceedings of the 2013 14th European Conference on Radiation and Its
Effects on Components and Systems (RADECS); IEEE: Oxford, UK, 2013; pp. 1-8.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ electronics15122574


https://doi.org/10.1088/1742-6596/1544/1/012171
https://doi.org/10.1109/ACCESS.2024.3524726
https://doi.org/10.1016/j.ast.2016.03.012
https://doi.org/10.2322/tjsass.62.192
https://doi.org/10.3182/20130902-5-DE-2040.00142
https://doi.org/10.1504/IJSCPM.2012.049543
https://doi.org/10.1177/00202940251323416
https://doi.org/10.3390/electronics15122574

	Introduction 
	The Design of the Integrated Satellite Avionics 
	Safety Zone Design with Flash-Based FPGA 
	The Integrated Satellite Avionics Architecture 
	Enhanced Dual-Redundancy CAN Bus 
	Power System and COTS Component Screening Strategy 
	Performance Comparison with Previous-Generation Avionics 

	Design of the Software Architecture 
	AMP Software Architecture Design 
	Program Reconfiguration Flow Design 

	On-Orbit Performance Validation 
	On-Orbit Data Analysis of Power System 
	CPU Software Operation Status 
	Validation of X-Band TC&TM System 

	Conclusions 
	References

