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Abstract—The increasing use of Linux on commercial off-
the-shelf (COTS) system-on-chip (SoC) in spaceborne computing
inherits COTS susceptibility to radiation-induced failures like soft
errors. Modern SoCs exacerbate this issue as aggressive transistor
scaling reduces critical charge thresholds to induce soft errors
and increases radiation effects within densely packed transistors,
degrading overall reliability. Linux’s monolithic architecture am-
plifies these risks, as tightly coupled kernel subsystems propagate
errors to critical components (e.g., memory management), while
limited error-correcting code (ECC) offers minimal mitigation.
Furthermore, the lack of public soft error data from irradiation
tests on COTS SoCs running Linux hinders reliability improve-
ments. This study evaluates proton irradiation effects (20-50 MeV)
on Linux across three COTS SoC architectures: Raspberry Pi Zero
2 W (40 nm CMOS, Cortex-A53), NXP i.MX 8M Plus (14 nm
FinFET, Cortex-A53), and OrangeCrab (40 nm FPGA, RISC-V).
Irradiation results show the 14 nm FinFET NXP SoC achieved
2-3x longer Linux uptime without ECC memory versus both
40 nm CMOS counterparts, partially due to FinFET’s reduced
charge collection. Additionally, this work presents the first cross-
architecture analysis of soft error-prone Linux kernel components
in modern SoCs to develop targeted mitigations. The findings
establish foundational data on Linux’s soft error sensitivity in
COTS SoCs, guiding mission readiness for space applications.

Index Terms—Commercial-off-the-shelf (COTS), Linux operat-
ing system, Operating system reliability, Raspberry Pi, RISC-V
Processor, Single event functional interrupt (SEFI), Single event
upset (SEU), Soft errors, Space OS, System-on-chip (SoC)

I. INTRODUCTION

He Linux kernel, powering 96% of the top 1 million

web servers [1] and over 3.3 billion Android devices
[2], is increasingly utilized in spaceborne computers [3[—[7]
using commercial-off-the-shelf (COTS) system-on-chip (SoC)
platforms. The paradigm shift is due to cost-effectiveness and
the rapid deployment cycle that Linux (software) and COTS
SoCs (hardware) enable in the NewSpace era [8]-[11] to
their radiation-hardened counterparts. NASA’s 2020 Ingenuity
Mars Helicopter ran Linux on a COTS Snapdragon 801 SoC,
completing 72 flights in ~ 33 Earth months, 14 times its
initial 5-flight goal [12]. However, modern COTS SoCs, de-
signed for low-radiation terrestrial environments, are inherently
susceptible to radiation-induced soft errors (transient errors)
[13]-[15]. These transient faults [[16], caused by a single bit
flip, can trigger immediate Linux crashes [17]], such as those
caused by NULL pointer dereference. Thus, investigating how
the unmodified Linux kernel handles soft errors (without ECC)
in COTS SoCs is crucial for identifying the kernel’s inherent
fault-handling weaknesses and guiding reliability improvements
to complement ECCs in spaceborne computers.
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Fig. 1: Unmitigated radiation-induced critical soft error on
CPU 3 in a Linux COTS SoC causing Linux crash

SpaceX’s Starlink [18]], a mega-constellation of 7,040 low-
Earth orbit (LEO) satellites (2024) [19], with 4 million users
[20], used 32,000 Linux-based COTS computers, including
using Inte]™ x86 processors, across its satellites by 2020 [21]].
They mitigate soft errors by executing three identical Linux
processes on triple modular redundancy (TMR) systems using
x86 processors [22]. Although effective, TMR tolerates only
one faulty processor in a three-node system, assuming no
simultaneous faults impact the majority of TMR processors.
Moreover, the probability of simultaneous TMR node failure in
space varies with the Sun’s Coronal Mass Ejection (CME) rates,
as particle flux rises 10—100x during extreme solar cycles [23].
Furthermore, SpaceX uses Byzantine Fault Tolerance (BFT)
algorithms to mitigate radiation-induced computational faults
in TMR systems [24]. However, adopting TMR or higher-
order N-modular redundancy (e.g., 4MR/7MR), aligned with
BFT’s 3f + 1 threshold to tolerate (f) faulty nodes, does not
improve overall reliability if radiation-induced faults simul-
taneously affect the majority of NMR nodes [25], defeating
BFT’s consensus protocols. These state-of-the-art approaches
reveal limited Linux kernel reliability enhancements on COTS
hardware for radiation-induced soft errors, that primarily rely
on COTS’s limited ECC memory for error masking.

Like Starlink, Linux usage on COTS hardware with similar
reliability challenges is expected to grow with emerging satellite
internet providers like OneWeb and Amazon’s Project Kuiper.
Together, they plan to deploy 6,372 and 3,236 satellites, respec-
tively, by 2030, per US FCC filings [26]], [27]. This stresses
the need for thousands of reliable COTS processors, like SoCs,
for spaceborne Linux computers in the coming decades, given
current demand persists.
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In space, radiation exposure in COTS electronics degrades
electronic reliability through three primary phenomena: single-
event effects (SEEs), total ionizing dose (TID), and displace-
ment damage (DD). While TID and DD accumulate over
time through distinct physical mechanisms, SEEs occur when
energetic particles like protons, heavy ions, or neutrons, via
direct or indirect ionization, deposit charges after penetrating
a semiconductor substrate, potentially inducing transient soft
errors or permanent hard errors. Soft errors occur when the
collected charge (Qon) at a circuit’s sensitive node exceeds
the critical charge threshold (Q.s), inducing transient faults
that either change the output state or cause a transient spike
that gradually dissipates. Unlike hard errors, which may cause
permanent silicon damage, including unmitigated latch-up, soft
errors are transient, nondestructive, and repairable. Soft errors,
central to our study, include single-event upsets (SEUs) and
single-event functional interrupts (SEFIs), which are:

1) SEUs: These include bit errors in memory cells (e.g., bit
flips in DRAM, SRAM, or FPGA configuration memory)
and logic circuits with state retention (e.g., flip-flops
and latches). SEUs are typically mitigated using error-
correcting codes (ECC) memory in hardware or automated
software rewrites to repair corrupted data. If uncorrected,
SEUs can propagate across memory hierarchies, poten-
tially causing cascading failures, including silent data cor-
ruption (SDC), that degrades memory device’s reliability.

2) SEFIs: They disrupt system operation by corrupting con-
trol logic in system components, leading to resets, hangs,
or unintended state transitions. In memory devices, SEFIs
often corrupt data across multiple rows and columns. They
are mitigated through power cycling, watchdog timers, and
redundancy-based fail-over systems (e.g. safe modes).

Notably, Ecoffet et al. [28] report a NASA study of 100
spacecraft anomalies (for both transient and permanent failures)
from 1974 to 1994, attributing 45% of anomalous events
to space radiation effects, with 80% of those being transient
upsets (soft errors). Such soft errors are often the root cause of
spacecraft software failures [29], exacerbated with increasing
transistor densities in smaller nodes on modern COTS SoCs.
However, the empirical data shows that per-bit SEU rates in
DRAM have decreased by 5x per generation, and DRAM soft
error rates (SERs) have dropped by more than 1,000x across
five generations [30]], [[31f]. This decline is primarily attributed
to reduced charge collection efficiency (Qcon) at the junction,
despite plateaued operating voltages. However, the ~ 2x — 4x
increase in transistor density per generation coupled with the
reduction in critical charge (Q.) required to toggle a DRAM
bit has offset net reliability gains in smaller nodes [32].

Furthermore, Linux on Symmetric Multiprocessing (SMP)
architecture (on COTS SoCs) exacerbates fault propagation risk,
as multiple cores can access corrupted kernel data structures
(e.g. NULL pointer dereference) without adequate soft error
handling, potentially causing kernel crashes, as illustrated in
Figure[I] Likewise, the strong inter-dependencies among Linux
kernel components hinder full modularization of the kernel
for limiting cross-module fault propagation, as shown by the
Unikraft Project [33]]. Corley et al. [34] discovered this vulner-
ability in their neutron irradiation experiments on a quad-core
Raspberry Pi 3B+ SoC (ARM Cortex-A53) running Debian
Linux. They observed radiation-induced faults propagated to
inactive CPU cores in an SMP Linux environment. Notably,
Kernel Oops messages were recorded in kernel logs for idle
CPU cores (CPU1-CPU3), even though only CPUO was
actively running a test benchmark, indicating faults propagated

across CPU cores. These SMP vulnerabilities in COTS multi-
core processors show that SEE-induced Linux errors can bypass
hardware-software isolation under irradiation, requiring careful
mitigation to restrict cascading failures. Rodrigues et al. [35]]
reinforced that parallel applications running on Linux are more
prone to errors than bare-metal implementations, as evidenced
by tests using parallel APIs such as OpenMP and Pthreads.
In contrast, legacy space-grade processors predominantly used
single-core designs for deterministic behavior and simplified
fault tolerance [36]] for running software like Linux.

Modern COTS SoCs also utilize advanced transistor tech-
nologies like planar CMOS and FinFETs, with shrinking node
sizes driven by semiconductor advances. Consequentially, dif-
ferences in transistor technology affect soft error tolerance,
resulting in varying reliability under identical exposure [37].
Despite several irradiation studies on COTS SoCs running
Linux, the reliability of an unmodified Linux kernel across
architecturally diverse SoCs under irradiation remains unex-
plored. Specifically, systematic studies to identify soft-error-led
vulnerabilities in Linux kernel components such as corrupted
data structures are lacking.

Previous studies have injected artificial faults (FIs) into spe-
cific Linux kernel areas, such as kernel data structures [[17], to
analyze fault cause-and-effect relationships. However, artificial
FIs introduce test biases by targeting selective fault models,
potentially overlooking critical vulnerabilities. This limitation
is particularly critical for space missions, where in-orbit re-
pairs are unfeasible. In contrast, irradiation tests offer a more
realistic evaluation, as stochastic nuclear events induce random
faults beyond artificial FI constraints. Additionally, irradiation
tests ensure uniform radiation exposure across hardware and
software layers, maintaining constant Linear Energy Transfer
(LET) across ion penetration. In this study, we structure our
work around two primary research questions (RQ#s) as follows:

1) RQ#I: Which Linux kernel subsystems are at high risk of
failure under SEEs in COTS SoCs?

2) RQ#2: How can targeted software-based mitigation on
Linux be engineered to mitigate these vulnerabilities?

We evaluate three architecturally distinct SoCs under irra-
diation as our Device Under Test (DUT): two hardcore and
one soft-core SoC—Raspberry Pi Zero 2 W (40 nm CMOS,
ARM Cortex-A53), NXP i.MX 8M Plus (14 nm FinFET, ARM
Cortex-AS53), and OrangeCrab v2 (40 nm CMOS FPGA, RISC-
V). Notably, the Linux-capable RISC-V soft-core SoC was
tested on an FPGA’s programming fabric to evaluate Linux
reliability on a soft-core under irradiation. Testing RISC-V
soft cores running Linux provides greater flexibility for im-
plementing targeted hardware-software co-design to improve
fault tolerance, a flexibility absent in fixed architectures like
ARM Cortex-A53 SoCs. In our test, each DUT ran Linux in its
vendor-provided configuration, i.e., without software hardening
or hardware shielding. Our key contributions to this paper are
as follows:

1) We demonstrate that the 14 nm FinFET-based NXP
SoC (DUT) achieved 2-3x longer Linux OS uptime and
4% fewer bitflips (without ECC) to its 40 nm CMOS
counterparts.

2) We present a comprehensive dataset on SEE-induced Linux
failures, identify vulnerable kernel subsystems, and pro-
pose targeted software mitigations to improve Linux system
reliability.
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II. RELATED WORK

A. Radiation Testing of Linux on Modern SoCs

* Corley et al. [38] performed accelerated neutron irra-
diation on the Raspberry Pi 3B+ (ARM Cortex-A53 SoC)
and Raspberry Pi 4 (ARM Cortex-A72 SoC), both running
the Linux operating system during irradiation. In their study,
kernel paging request errors and kernel “Oops” messages were
observed, consistent with prior tests on the Pi 3B+. Custom
signal handlers (SIGSEGYV, SIGILL, and SIGFPE) were im-
plemented to prevent the misclassification of “Oops” errors
as standard SEFIs. Further analysis revealed that some events
initially tagged as SEFIs were, in fact, SBUs affecting critical
instructions, highlighting the need for proper classification of
Linux SEFIs. The study concluded that, in the absence of
ECC, both Raspberry Pi models exhibit moderate resilience
to neutron-induced faults. However, the Linux OS’s memory
footprint increases susceptibility to SEUs, although it aids in
error classification through software benchmark tests. Their
findings underscore the need for improved fault tolerance in
Linux design for radiation-prone environments.

* In a study by Guertin [39]], Raspberry Pi 3B Plus and Pi
Zero were subjected to SEE and TID analysis. For SEE analysis
with heavy-ion exposure, ion energy around 20 MeV/amu was
chosen, and the linear energy transfer (LET) were around
0.58—8.95 MeV-cm? /mg. The processors running Linux were
reported to crash at all times under the beam with Linux
exceptions or error messages. However, no such Linux error
logs were collected, and no bit errors were examined. Their
SEFI cross-section reveals an issue with the particle’s range to
traverse the flip-chip fully around 6—7 MeV-cm? /mg, although
for LETs below 6 MeV-cm? /mg, the SEFI cross-section rates
appeared nearly comparable. Interestingly, an automatic reset
caused by SEFI distorted the boot screen’s video output. No-
tably, the Pi Zero series employs either a Package-on-Package
(PoP) or System-in-Package (SiP) die-packaging setup, which
vertically stacks the SoC and DRAM. This design presents a
testing challenge that requires the test particles to traverse the
stack to reach the flip-chip or impact-sensitive junction. Guertin
introduced the Raspberry Pi for Space Guidelines [40|] and the
Board Level Proton Testing Book of Knowledge [41]], which
offers insights into proton irradiation and system reliability for
Raspberry Pis.

* Miller et al., in their irradiation experiment [3]], evaluated
the reliability of their Space Operating Linux (SOL). SOL
is a minimal Yocto-based OS for the Nvidia Jetson TX2i,
designed for LEO orbits, featuring a TMR-verified boot process
to mitigate radiation-induced corruption on critical boot files.
Their fault-injection experiments confirmed that corrupt bits
were found in the boot partition and were corrected with each
reboot. However, without the TMR-boot procedure, the standard
Linux for Tegra (L4T) on the same SoC failed to reboot
without such a TMR mechanism, highlighting the efficacy
of their method. Furthermore, they proposed RAM-based file
systems to reduce the dependence on eMMC flash storage,
which is known to be highly susceptible to radiation effects.
The expected error rates for SOL devices were also reduced
by roughly a third compared to L4T under solar minimum
and solar maximum projections. They estimate less than four
reboots per year of up-time on SOL for ISS orbits and assess the
overall reliability of the TX2i SoC as adequate to operate under
radiation effects. However, they suggest decoupling the chip
from a few unreliable SoC components, such as the vulnerable
embedded MultiMediaCard (eMMC), a non-volatile memory.

* Wyrwas [42]], [43] analyzed Linux SEE responses on
NVIDIA Jetson TX1 and TX2 SoCs (20 nm) under 200
MeV proton irradiation. For TX1, they employed particles and
fluidsGL simulations to maintain low CPU usage and high GPU
performance under radiation. Upsets occurred in all 16 test
runs across varying proton fluences, fluxes, loads, and temper-
atures, with distinct Linux crash conditions, such as “Invalid
Instruction”, “Undefined Instruction”, “Network failure”, “Ker-
nel paging request Error”, “Level 2 translation fault”, “Level
3 permission fault”, or “Crash of Wi-Fi driver, bus failure,
etc.” Memory analysis revealed corrupted virtual addresses,
including NULL pointer access (PGD NULL), likely due to
page table faults. Some runs showed 8-bit flips, suggesting
cascaded errors from a single upset. For TX2, all tests resulted
in SEFI failures requiring power cycling. In their estimation,
TX2 exhibited a smaller cross section than TXI, by at least
an order of magnitude. Jetson SoCs are renowned for AI/ML
acceleration in edge computing.

* Wali et al. investigated how running a Linux OS on
an SRAM-based FPGA SoC with a RISC-V core influences
the system’s resilience to SBUs in the FPGA configuration
memory [44]. In their fault injection experiment, they inject
10,000 random faults across the FPGA’s configuration memory,
particularly to track the occurrences of masked errors, SDCs,
and SEFIs, and detect any architectural internal failures (AIFs).
They found that employing OSes increases the SEFI rate by 3.6
times that of the bare-metal setup, highlighting the downside
of the long reboot time of GP-OSes. Furthermore, they argue
that configuration memory upsets are mainly independent of the
workload nature, suggesting that upsets predominantly disrupt
control logic rather than data paths.

III. TESTING METHODOLOGY

This section describes the stress tools and beam parame-
ters employed to test the DUTs, summarizes their hardware-
software features, as briefly illustrated in Figure 2]

A. Significance of Stress Testing

Our test methodology hypothesizes that stress testing SoCs
increases overall software events, increasing the probability of
higher Linux soft error rates (SERs) compared to an idle state.
To validate this hypothesis, we used the Linux perf tool on the
1.MX 8M Plus (DUT) in a non-irradiated environment to assess
the effectiveness of our stress configuration prior to irradiation
testing. The perf analysis reveals that our stress test parameters,
even without irradiation, caused an ~ 2, 352x increase in Linux
page faults, as shown in Figure 4] The figure highlights key
Linux performance metrics, demonstrating significant increases
in system activity during stress testing, including CPU cycles,
context switches, executed instructions, and branches. We ex-
pect these elevated software events to interact with SEEs, with
some propagating to other subsystems and kernel components.
Furthermore, stressing DUTs at peak performance could help
validate COTS hardware and software reliability under pro-
longed complex workloads, particularly amid radiation-induced
soft errors. This rigorous testing assesses workload-intensive
tasks, such as AI/ML, in COTS-based space systems [3]].

However, the error observation time window is short when
performing accelerated radiation tests on sensitive software
suites such as the Linux OS with multiple single points of fail-
ure. For instance, a single Linux-SEFI event in a critical control
logic could result in a complete Linux crash or hang. During
our test campaign, Linux’s mean-time-to-failure (MTTF) con-
sistently remained under 3 minutes across all DUTs, regardless
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of beam energies (20-58 MeV) and flux levels ranging from
3 x10°% to 1 x 10® cm~2s~1. We ran stress tests continuously
while the DUT was under the beam until it eventually crashed,
requiring a reboot to restore Linux operation or complete the
expected test run time. However, during dry runs of DUTs under
irradiation, crash times remained unchanged without stress tests,
indicating that stressing did not directly affect Linux crash
intervals. We set a 60-second test timeout for test runs, given the
short observed MTTF under the beam, to ensure stress—ng
complete its full scan.

B. Stress Testing Tool: Workload and Test Parameters

We employed the stress—ng utility [45], a widely used
software stress tool, to expose vulnerable hardware and software
components likely to fail under combined workload stress and
radiation-induced failures. Using the st ress—ng tool without
Linux root privileges, we exercised all four CPU cores of the
ARM Cortex-AS3 SoC, including critical SoC components such
as I/O peripherals, virtual memory (VM), and hard disk drive
(HDD) storage. We used Fast Fourier Transforms (FFTs) as
the choice of workload for computational stress on these SoCs,
primarily due to the highly memory-bound nature of FFTs. Op-
erationally, FFTs decompose a recursive or iterative data set into
smaller components, requiring frequent memory access to move
data between memory and processing units. We anticipated that
intensive FFT workloads operating on corrupted data affected
by soft errors could lead to elevated fault propagation. In Table
[VI] Table [VII, and Table [VIII, we present the Linux error data
from the irradiation test, showcasing the effectiveness of our
unique, exhaustive test parameters in capturing a diverse range
of soft errors not reported in similar studies.

C. Significance of Proton Testing

We opted for a proton irradiation test with an energy range
of 20-58 MeV for the experiment. Proton irradiation is a well-
established method for the preliminary assessment of device
susceptibility to SEEs. Although the Linear Energy Transfer
(LET) of proton secondaries is lower than that of heavy ions
and falls below LET qualification thresholds, protons remain
valuable for inducing non-destructive errors, such as SEUs

and SEFIs, which are central to this study. Proton board-level
testing is also used for screening out too-sensitive equipment,
estimating in-orbit error rates, including validation of mitigation
techniques. In this work, proton testing was instrumental in
analyzing Linux’s resilience to soft errors. LaBel et al. [46]
recommend proton SEE testing for devices with a heavy ion
Linear Energy Transfer (LET,) below 37 MeV-cm? /mg, where
LET, is the threshold with no events at a test fluence of
1 x 107 particles /cm?.

D. Beam Configuration

Fig. 3: 2D beam profile, normalised intensity

We conducted proton radiation experiments at the IFJ PAN in
Krakow, Poland, using a 60 MeV proton beam produced by the
AIC-144 isochronous cyclotron. Figure [3] illustrates the DUT
setup in the radiation chamber. The irradiation was performed
at a small-field irradiation station. The samples were placed in
air, and a monoenergetic proton beam with a uniform field of
40 mm in diameter was used. The tests utilized beam energy
configurations ranging from 20 to 58 MeV. The flux ranged
from 3 x 10° p/cm?s to 1 x 108 p/cm?-s, maintaining a flat
lateral distribution, with an estimated fluence uncertainty of
approximately 3%. Figure [3] illustrates an example of a proton
beam field measured on the first day of a three-day test during
QA of the irradiation facility. On subsequent measurement days,
the beam lateral distributions were similar within statistical
spread. Fluence and flux were determined based on dose
measurements using a Markus ionization chamber placed in
a PMMA phantom and a reference class electrometer PTW
UNIDOS. Measurements were performed according to the
TAEA TRS398 protocol [47]]. In the calculations of fluence,
active cross sections from the SRIM 2013 [48]] were used. In
this setup, a penetration range of 0.9-2.3 mm was sufficient to
reach all sensitive regions of our DUTSs in both planar and SiP
configurations.

E. DUT Selection

Our DUT selection, particularly SoCs, prioritized SWaP
attributes and cost-effectiveness for CubeSat and NanoSat
missions, targeting LEOs with relatively low radiation levels
compared to higher orbits. Additional factors, such as long-
term product support availability (e.g., >5 years lifecycle) and
an active development community, were also prioritized during
DUT selection. Our test objectives required SoCs capable of
running 32 or 64-bit Linux with adequate system resources.

apmydwy
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After evaluating all criteria, we selected the following devices:
1) Raspberry Pi Zero 2 W, SoC on a Single-Board Computer
(SBCQ); ii) NXP i.MX 8M Plus, SoC on a System-on-Module
(SoM); and iii) OrangeCrab v2 ECP5 FPGA, SoC on a RISC-V
softcore, all capable of running the Linux OS. In Table [, we
briefly compare the hardware and software specifications of all
three DUTSs.

To power all the DUTs in the irradiation chamber, we
employed an external programmable power supply (PPS). The
PPS continuously monitors and logs all power-related signa-
tures to an external dedicated computer outside the radiation
chamber. This setup enables real-time detection of current latch-
ups, including abnormal power consumption signatures during
DUTSs’ irradiation. An internal Dynamic Host Configuration
Protocol (DHCP) was configured to provide IPs to the DUT
and an external monitoring machine through a wired router.
Through these connections, we enabled SSH connections to
control, monitor, and log the performance of the DUT. After
each test objective was completed, all DUTs were replaced
with identical copies of their respective compute modules. This
precaution prevents bias in SEE analysis during prolonged DUT
testing and cumulative effects like total ionizing doses (TIDs)
accumulating charges. Similarly, displacement damage (DD)
degrades the semiconductor lattice, leading to slow material
displacement and influencing SEE analysis. The subsequent
section comprehensively overviews each DUT’s hardware and
software specifications.

1) DUT 1: Raspberry Pi Zero 2 W

Hardware: The Raspberry Pi Zero 2W (rpi02w) builds on
the legacy of its predecessor Raspberry Pi Zero [49], which
served as the primary flight computer in NASA’s GASPACS
CubeSat mission [50]]. During its mission, rpi0w’s single-core
SoC demonstrated its adequate mission-specific reliability by
deploying an elongated boom system to stabilize and orient
the CubeSat without active propulsion. This sparked our in-
terest in its successor, the Raspberry Pi Zero 2 W (rpi02w),
which offers significant computational throughput improvement
with ARM™ Cortex-A53 (quad-core). Unlike its single-core
predecessor, rpi02w supports 64-bit Linux, whereas the earlier
version was limited to 32-bit Linux. The rpi02w board employs
a RP3AO-AU System-in-Package (SiP) design, integrating a
BCM2710A1 SoC with 512 MB LPDDR2 memory in a ver-
tically stacked configuration, as shown in Figure [6| However,
rpi02w lacks ECC memory protection, making both SoC and

DRAM (LPDDR2) memory susceptible to radiation-induced
memory failures. During irradiation tests, only the SiP (com-
prising the SoC and SDRAM) was exposed to the proton beam
at a zero-degree angle. The microSD card, which stores the
Linux filesystem, was positioned outside the beam’s influence
since testing the SoC and memory was our primary objective.

Software: The rpi02w operated on the vendor-supplied Rasp-
bian Linux variant, configured with minimal adjustments to
streamline testing and logging: (i) The Pi was set to auto-login
as root on every reboot, ensuring testing tools ran with root
privileges to prevent permission issues during tests. (ii)) We
ensured test logs were directed to an auto-mounting external
USB flash drive, including real-time logging from the external
monitoring unit. However, if the auto-mount of the USB fails
at boot time, it can lead to a longer "boot delay" until a
proper timeout is defined. A notable limitation of Pi’s is the
absence of an onboard Real-Time Clock (RTC), which tracks
the current time and date, even when the system is powered
off. This causes the system to lose track of time at startup if
no time synchronization is configured from the NTP servers. If
not configured, it complicates the timestamping of the log files
critical for post-processing.

2) DUT 2: NXP i.MX 8M Plus

Hardware: The i.MX 8M Plus processor is powered by
ARM64 quad-core Cortex-A53 cores, augmented with a ded-
icated Neural Processing Unit (NPU) capable of delivering
performance up to 2.3 Tera Operations Per Second (TOPS).
Fabricated on a 14 nm FinFET process, the processor is
designed for low power consumption and high performance,
making it particularly suited for edge computing and machine
learning applications [51]. The 14 nm FinFET architecture
is known for lower soft error rates (SER) due to a smaller
sensitive volume, improved electrostatic control, and reduced
leakage compared to older planar CMOS processes (e.g. 40
nm) used in the other two DUTs. In particular, its inline
ECC memory (disabled by default) safeguards its 768 KB
of L2 cache directly within the cache hardware, including
support for its LPDDR4 memory. However, implementing ECC
usage comes with performance penalties, including boot delays
when protecting boot partitions. Overall, its promising hardware
features position it as a strong candidate for evaluating the soft-
error reliability of Linux on such SoCs.

Software: The i.MX 8M Plus board natively supports
Portainer [52] for managing Docker images. In our test,
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Fig. 5: DUTs in Proton Beam Testing: Raspberry Pi Zero 2W (Left), NXP i.MX 8M Plus (Center), OrangeCrab FPGA (Right)

stress—ng ran in a non-privileged Docker container, which,
unlike virtual machines (VMs), uses the host Linux kernel for
its functioning. Docker also uses settings like namespaces
and cgroups to manage processes’ requirements for CPU,
memory, and I/O from the underlying hardware. However,
despite Docker’s process isolation, data show containerized
applications perform identically to native (Linux) process ex-
ecution, aside from a few seconds’ initialization delays from
the Docker daemon [66]. Likewise, Docker processes share the
same memory management and Linux kernel’s default Address
Space Layout Randomization (ASLR) memory assignment for
its processes as host user-space Linux processes. Thus, despite
the isolation, the memory used by processes running within
Docker remains equally exposed to SEEs unless it is explicitly
confined to a specific memory region.

[Mold | [Top Die| |Bottom Die |

\ Interposerl

Wire bond

b Solder ball

Raspberry Pi
Zero 2 W PCB

Fig. 6: RP3AO0 utilizing a System-in-Package (SiP)
configuration with Broadcom BCM2710A1 (bottom die) and
512 MB LPDDR2 DRAM (upper die) [53]

3) DUT 3: OrangeCrab v2

Hardware: The OrangeCrab FPGA, a pocket-sized develop-
ment board, is of the Lattice ECP5 family , known for
low power consumption and computational capabilities in a
small form factor, ideal for resource-constrained designs. The
FPGA is available in two configurations, 25,000 or 85,000
lookup tables. OrangeCrab’s favorable SWaP profile makes
it an appealing candidate for Linux deployment on soft-core
processors in FPGA systems. With its 85,000-LUT variant, the
FPGA can accommodate up to four RV32C(compressed 32-
bit VeXRISC-V) cores as soft processors within a SoC. In our
implementation, we opted for a variant with 25,000 LUTs to
host a single VeXRISC-V CPU core running Linux in the SoC
implementation.

Software: We used the Linux-on-Litex-VexRISCV tool
to configure a custom SoC implementation, enabling Linux

to run on a softcore processor in FPGAs. Running Linux
on a softcore SoC in an FPGA’s fabric accelerates software
development with Linux’s extensive libraries, unlike HDL/Ver-
ilog workflows that require complex hardware description for
functionality implementations (e.g. implementing TCP/IP layers
using Verilog/HDL). Notably, the LiteX tool’s toolchains and
frameworks are built entirely on open IP cores, open-source
projects [57]. Furthermore, the VexRISCV CPU cores, central
to our SoC component, are written in the Spinal Hardware De-
scriptive Language (HDL) that could be configured to support
Linux with Memory Management Unit (MMU) support [56].
Heinz et al. 58] showed that the VexRISC-V CPU achieves ~
1.2 CoreMark per MHz with minimal resource usage, making
it one of the fastest single-core RISC-V cores among seven
compared implementations in their study.

A 32-bit Linux image was built to run on our SoC (DUT)
using the Buildroot [59] tool, containing only essential libraries
and test utilities. Linux boot files were loaded from an onboard
microSD card, placed outside the beam’s influence, which
contained: i) Linux kernel image (Image), ii) a Device Tree
Blob (rv32.dtb) file defining RISC-V hardware configuration,
iii) an Open Supervisor Binary Interface (OpenSBI) file for an
abstraction layer between the RISC-V hardware and Linux OS,
iv) and a compressed root filesystem for Linux (rootfs.cpio).
No ECC protection was implemented in FPGA, nor was any
ECC memory present in the vendor-supplied configuration.

IV. EVALUATION I: ESTIMATING CROSS-SECTION OF
LINUX CRASHES UNDER SEFIs

This section evaluates the Linux-SEFI-induced failure cross-
section for three DUTs, highlighting architecture-specific Linux
susceptibility on COTS SoCs.

A. Definition of Linux-SEFI

Our experiment defines Linux-SEFI terminology as an exten-
sion of JEDEC’s SEFI definition, which specifies that SEFIs do
not require device power cycling to restore device functionality
[60]. However, in the Linux OS, SEFI manifestations vary in
severity, including unrecoverable faults requiring an OS reboot,
as repairing a corrupted kernel is often impractical compared
to a simple reboot. For instance, Linux-SEFIs affecting control
logic or critical registers can cause segmentation faults that may
lead to Linux crashes, requiring a reboot. However, minor to
moderate Linux-SEFI faults, such as offending Linux processes
(e.g. Kernel Oops), are terminated by the Linux Kernel while
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TABLE I: All DUTs compared by hardware architecture and key specs

DUT Raspberry Pi Zero 2 W NXP i.MX 8M Plus OrangeCrab v2 ECP5 Lattice
Type SBC (SoC) SoM (SoC) FPGA (SRAM-based)
Technology Node 40 nm CMOS 14 nm FinFET 40 nm FPGA Fabric
CPU ARMO64 Cortex-A53 ARMG64 Cortex-A53 VexRISC-V (Synthesized in FPGA)
ISA ARMVS-A (64-bit) ARMVS-A (64-bit) RV32I (32-bit)
Cores 4 (quad-core) 4 (quad-core) (single-core) Configurable with 25K LUTs
Frequency 1.2 GHz 1.8 GHz 64 MHz (FPGA-Configured)
RAM 512 MB LPDDR2 4096 MB LPDDR4 1 Gbit DDR3L + 128 MBit Flash via QSPI
OS Raspbian Lite (5.15.84, aarch64) Yocto (5.15.77, aarch64) Linux buildroot 5.0.13 (riscv32, VexRISCV)
Power 2.5-3W (Peak) 3-5W (Peak) 1.5-6.3W (Peak)
Package 65mm X 30mm 15Smm X 15mm 0.5 pitch FC-BGA 10mm X 10mm 0.5 pitch (285-ball csfBGA)
Component Under SiP: RP3AO-AU SoC: NXP i.MX 8M Plus Application = FPGA Fabric (Part: LFE5SU-25F-8MG285C)
Radiation (Integrated 512 MB LPDDR2 Processor + Micron’s 4GB LPDDR4 with 25,000 LUTs

+ BCM2710A1 SoC)

External Memory

Linux remains operational, avoiding the need for a reboot.
This terminology refines SEFIs’ unique characteristics on Linux
functionality failures, characterized by their crash severity.
In our analysis, each Linux crash is counted as one Linux-
SEFI event, which may result from one or more detected or
undetected failures contributing to each crash.

B. Significance of Cross-Section Analysis in Estimating SEEs

In estimating DUT’s reliability for radiation-induced failures,
cross-section (o) analysis quantifies a DUT’s sensitivity to
SEEs. The cross-section data represents an effective area (per
cm?) of the DUT exposed to a radiation beam to measure the
hardware-software vulnerability to radiation effects. A large
cross-section implies a higher probability of radiation-induced
errors per unit fluence and is a key parameter in assessing
the reliability of devices such as DRAMs, SRAMs, processor
caches, registers, etc. The cross-section is reported as (o) +do,
where (o) is the sample mean from experimental observations,
and +J0 represents the standard error, reflecting the uncertainty
in SEE measurement.

Throughout our irradiation campaign, the total events (each
representing a single instance of Linux-SEFI crashes) con-
sistently stayed less than 50 per DUT (Ne < 50), primarily
because of Linux’s high failure on COTS SoCs without ECC.
Ideally, a large number of events (Ne > 50) would improve SEE
cross-section estimation by reducing statistical uncertainty and
narrowing confidence intervals. However, the frequent Linux
crashes (with an MTTF < 3 minutes) required that the beam be
switched off before starting each test run, as Linux often failed
to reboot while the beam was on. The frequent beam switching
during irradiation tests limited large event count, limiting Ne
< 50. Despite this low count, Poisson statistics remain a valid
approximation for small observed event counts (e.g. Ne < 50),
as long as failures occur at a constant rate per unit fluence.

In this framework, a 95% confidence interval (CI) defines the
range within which the true SEE cross-section is expected to fall
with 95% probability, as detailed in [|61]. We utilized Ricker’s
statistical limits [[62], to derive 95% confidence bounds for
low-event counts, making them suitable for SEE cross-section
estimation where conventional Gaussian approximations are un-
suitable for sparse data. For example, using Ricker’s confidence
limits, a single SEE at a fluence of 10° cm? yields a 95%
confidence interval of 1.0 x 10~7 cm? < ¢ < 5.6 x 10~% cm?,
addressing statistical uncertainty in small-sample cross-section
estimates. Javanainen in [61] discusses methods to estimate
the SEE cross-section (§o), accounting for fluence delivery
uncertainties, as formalized in Equation (T)).

SN\? (607 N,
50:0.\/<Ne> +(q)), where =7 (1)

Notation:
N, : Number of observed Linux crashes (Poisson-distributed).
0N, : 95% CI for N, (from Ricker’s table).

® : Delivered fluence (particles cm™?).
0P : Uncertainty in fluence measurement.
o : Linux-SEFI cross section (cm? per unit fluence).
do : Propagated uncertainty in cross-section estimation (o).

C. Cross-Section Analysis of Linux-SEFI Crashes across DUTs

In this subsection, we calculate the Linux-SEFI cross-section
for each DUT under irradiation using Equation (T)). In Table
we provide the total events (observed Linux-SEFI crashes) for
each DUT at various proton energy levels (MeV), along with the
delivered flux and cumulative fluence, which sums total fluence
per run for each energy level. Additionally, Table [ITI] provides
SEE cross-sectional data for Linux-SEFI crashes, calculated
using Equation Here, o(Observed) represents the experimen-
tally measured Linux-SEFI cross-section (per cm?), defined as
the number of Linux crashes (f) per unit fluence. Also, the 95%
confidence interval bounds, do(Min) and §o(Max), in Table
are estimated using Ricker’s confidence limits, incorporating
fluence measurement uncertainty as described in Equation (L.

In Figure m we plot the observed cross-section (o) of Linux-
SEFI crashes for all DUTs under irradiation. Our analysis
shows that, across the energy range, NXP’s SoC consistently
demonstrates the lowest SEE cross-section, indicating greater

resilience to the other two DUTs.

1) DUT I1:Raspberry Pi Zero 2 W (40 nm CMOS)

The DUT 1 showed a Linux-SEFI cross-section o(Observed)
of 6.957555 x 1072 at 30 MeV, the highest among DUT 1
and 2, and 2.847170 % 1079 cm?  (at 58 MeV) its lowest, as
detailed in Table [II(a)[s (95% confidence intervals), derived
from Tablej@} At the upper bound, DUT 1’s cross-section
of 6.951‘3‘33 x 1072 cm? is closely comparable to DUT 3’s at
7.6376 57 x 1072 cm?. Nearly all tests, except one at 25 MeV,
resulted in Linux crashes, as summarized in Table [II(a

During irradiation, the proton beam targeted the SiP (RP3A0-
AU), containing a quad-core ARM Cortex-A53 SoC and 4 Gbit
Micron LPDDR2 RAM. SiPs are known for their cost-effective
3D die-stacking packaging, requiring particles with sufficient
LET to penetrate deeper layers of the die and induce radiation-
induced failures, as depicted in Figure [6] of the RP3A0-SiP
structures.

2) DUT 2: NXP i.MX 8M Plus Processor (14 nm FinFET)

DUT 2 consistently exhibited the lowest Linux-SEFI cross-
section, 5-14x lower than DUT 1 (which also features the
ARM Cortex-A53 SoC) and DUT 3, as detailed in Table
For instance, the highest ¢ was observed at 30 MeV
(1417388 x 1079 cm?) and lowest at 20 MeV (1.987 (39 x



IEEE TRANSACTIONS ON RELIABILITY

TABLE II: Overview of Proton Beam Logs for All DUTs

(a) DUT 1: Raspberry Pi Zero 2 W (SoC)

Energy  Total Linux Crashes (f) Cumulative
(MeV) per Flux (p/cmzlsec) Fluence (p/cm2)
Total Test Runs: (n) (Delivered)
20 717 3.51E+06 1.08E+09
25 7/8 3.75E+06 1.22E+09
30 8/8 3.43E+06 1.15E+09
40 515 3.07E+06 1.06E+09
50 5/5 2.93E+06 1.05E+09
58 17117 6.17E+06 5.98E+09
(b) DUT 2: NXP i.MX 8M Plus (SoC)
Energy  Total Linux Crashes (f) Cumulative
(MeV) per Flux (p/cmzlsec) Fluence (p/cm2)
Total Test Runs: (n) (Delivered)
20 12/12 1.02E+07 7.59E+10
25 3/3 1.09E+07 3.56E+09
30 4/5 1.02E+07 3.55E+09
40 2/3 1.14E+07 3.52E+09
50 3/4 1.05E+07 3.50E+09
58 5/10 3.09E+07 1.61E+10
(c) DUT 3: OrangeCrab v2 (SoC on FPGA)
Energy  Total Linux Crashes (f) Cumulative
(MeV) per Flux (p/cmzlsec) Fluence (p/cmz)
Total Test Runs: (n) (Delivered)
25 5/5 3.15E+06 1.18E+09
30 8/9 3.12E+06 1.18E+09
40 6/7 3.25E+06 1.18E+09
50 3/4 3.38E+06 1.17E+09
58 26/27 3.83E+07 2.71E+10

TABLE III: Cross-Section Analysis of Linux-SEFI Crashes

Across DUTs
(a) DUT 1: Raspberry Pi Zero 2W (SoC)

MeV do (Min) [em2?] o (Observed) [cm2] do (Max) [cm?]
20 2.59 x 1079 6.48 x 10~ 1.33 x 108
25 2.30 x 10~9 5.73 x 109 1.18 x 108
30 2.96 x 10~ 6.95 x 10~ 1.38 x 10—8
40 1.52 x 10—9 4.71 x 109 1.10 x 10—8
50 1.53 x 109 4.76 x 109 1.11 x 10—8
58 1.66 x 10—9 2.84 x 109 4.54 x 10~9

(b) DUT 2: NXP i.MX 8M Plus (SoC)

MeV do (Min) [em?] o (Observed) [cm2] &0 (Max) [cm?]
20 1.11 x 10—10 1.98 x 10—10 3.28 x 10~10
25 1.70 x 10—10 8.43 x 10~10 2.47 x 1079
30 4.54 x 10~10 1.41 x 109 3.29 x 1079
40 1.72 x 10—10 8.52 x 10~10 2.50 x 10~9
50 2.87 x 10~10 1.14 x 10—10 2.91 x 10~9°
58 2.93 x 10~10 6.21 x 1010 1.14 x 109

(c) DUT 3: OrangeCrab v2 (SoC on FPGA)

MeV do (Min) [em?] o (Observed) [cm?2] &0 (Max) [cm?]
25 1.36 x 109 4.24 x 1079 9.93 x 1079
30 3.40 x 1079 7.63 x 1077 1.45 x 108
40 2.38 x 1079 5.93 x 1079 1.22 x 10~8
50 8.62 x 10~10 3.42 x 1079 8.72 x 1079
58 8.05 x 10~10 1.18 x 109 8.05 x 1079

10710 cm?), i.e. 14.4x lower than DUT 1I’s lowest o (Ob-
served) 2.847179 % 1079 cm? at 58 MeV. Notably, 3 out of
37 Linux test runs completed without crashes in their intended
beam run-time, as shown in Table The i.MX 8M Plus
SoC, built on a 14 nm Low-Power Compact (LPC) FinFET
process, is known for improved current control and reduced
charge leakage with its 3D gate structure to bulk CMOS [63]].
During irradiation, the proton beam targeted the SoC (from
the top) and 4 GB LPDDR4 module. The SoC integrates a
GPU, NPU, connectivity interfaces, and various I/O peripherals.
Unlike SiPs, SoMs arrange components horizontally onto a
shared PCB substrate, ensuring a relatively uniform exposure
to the incident radiation beam. A Weibull fit for this DUT was
estimated from its opin—0max range, as shown in Table m

3) DUT 3: OrangeCrab v2 FPGA (40 nm CMOS)

DUT 3 exhibited the highest Linux-SEFI cross-section
o(Observed) of 7.637557 x 1079 cm? (at 30 MeV), approxi-
mately 5.4x larger than DUT 2’s highest cross-section, as shown
in Table Its lowest o(Observed) of 1.187357 x 107
cm? is approximately 2.4x lower than DUT 1’s lowest value
of 2.847170 % 10=° cm?. This analysis demonstrates that the
Linux implementation on an FPGA fabric using RISC-V SoC
has a comparable cross-section to its hardcore counterpart,
the Raspberry Pi Zero 2 W, in our setup. Furthermore, it
highlights the robustness of the emerging RISC-V ISAs as a
viable alternative to established ISAs like ARM and x86 used
in COTS processors. The OrangeCrab FPGA, based on the
Lattice ECP5 FPGA (40 nm CMOS process, Ball Grid Array
(BGA) package), was irradiated with the proton beam targeting
its FPGA fabric.
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Fig. 7: Cross-sections of Linux crashes across all DUTs at
Omin and o,y (derived from 95% confidence intervals)

TABLE 1V: Fitted Weibull Parameters for DUT 2: NXP i.MX
8M Plus (SoC)

O min Ao Eo MeV) X (MeV) k
1.11 x 10~19  1.00 x 10~° 20 3.37 2

V. EVALUATION II: SEE-INDUCED FAILURES ON LINUX

This section addresses RQ#I and RQ#2 by identifying vul-
nerable Linux components across architecturally diverse COTS
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Fig. 8: Vulnerability shares for Linux kernel components across different DUTs: Memory management (mm) dominates in
DUTI1 (39%) and DUT3 (67%), while filesystems (fs) account for 56% in DUT2.

SoCs and proposing mitigation strategies to enhance resilience
against specific Linux failures.

Our extensive irradiation data is presented in Tables [VI
[VIT} and [VIII] while avoiding redundant counting of identical
Linux errors (e.g., multiple occurrences of Kernel Oops) in
our irradiation data, which are reported only once in the same
table. We also traced these errors to their primary handlers in
the Linux source code tree; for instance, page faults were linked
to mm/fault.c. Additionally, we visualize the frequency
of these errors using a pie chart in Figure [§] The pie chart
highlights vulnerable components based on our observed data;
however, it does not provide an exact estimation of specific
vulnerable Linux kernel components, as certain faults may not
have been immediately visible in Linux logs. Achieving an
exact estimation would require comprehensive monitoring of
the entire memory address space of the Linux kernel. Instead,
our goal is to objectively illustrate the most frequently failing
Linux kernel components observed during irradiation.

Based on the criticality of Linux errors, we categorize them
into three groups in Tables and as follows:

o Critical: Unrecoverable system states necessitating a man-
ual or automated OS reboot to restore functionality (e.g.,
segmentation fault).

e High: Partially recoverable; requires automated OS in-
tervention, such as process checkpointing and restarts,
without a full reboot to restore functionality.

o Medium-to-Low: Transient errors with localized impact
and minimal reliability degradation when occurring in non-
sensitive zones (e.g., ECC correcting bit flips).

Additionally, we observed critical-to-high Linux failures dur-
ing irradiation that we categorized into two types:

o Crashes: ldentified when the DUT became unresponsive
over an active SSH connection, indicated by no response
to ICMP ping requests.

e Hangs: Indicated partial Linux OS functionality, such
as failed new SSH connections while an existing one
remained active, or stress tools running while new terminal
commands failed.

In the next subsection, we detail DUT-specific Linux errors

based on irradiation data.

1) DUT 1: Raspberry Pi Zero 2 W

Our experimental data on Linux errors, outlined in Table
reports frequent low-level MMU corruptions, cascading failures

across multimedia (vc4-drm), Bluetooth, firmware transaction
timeouts, and memory errors to DUT 2 and 3. Under irradiation,
DUT 1 experienced multiple reboot failures, likely due to
disruptions in the boot process, including boot file corruption
and power-related issues. Additionally, overcurrent protection
(OCP) events were logged by the external PPS (power supply)
unit, indicating that DUT 1’s power rails are more sensitive
to high-current incidents, possibly micro latch-ups. The DUT
recovered after a soft reboot; however, most of the time, it
failed to reboot under the beam. A total of 43% of Linux
errors were classified as critical (non-recoverable), affecting
core computational and power control functions. These included
kernel oops, kernel paging errors, and firmware request failures.

Moderate faults accounted for approximately 29% of the total
Linux faults, including transient clock signal disruption, I/O,
and file system inconsistencies. These errors, while impactful,
showed traits amenable to in-system recovery mechanisms such
as retry mechanisms, process checkpointing, and restarts, as
detailed in Table VIl

Low-impact errors represented 28% of all cases. They indi-
cate errors with minimal reliability impact, including kernel
taints. These faults had minimal effect on overall DUTs’
reliability during irradiation. Overall, 78% of all detected Linux
errors were attributed to the memory management (mm) and
device driver (dd) subsystems, as illustrated in pie chart[§] The
susceptibility of Linux drivers to frequent crashes aligns with
prior studies showing their error rate is three to seven times
higher than the rest of the kernel [54]. Jointly, these findings
indicate that the CPU and memory subsystems were the most
vulnerable components in DUT 1. These susceptible areas in the
Linux kernel should be prioritized for software-based mitigation
strategies, as proposed in Table [V

2) DUT 2: NXP i.MX 8M Plus

DUT 2 demonstrated a 50% reduction in medium-severity
errors related to CPU and memory, and a 2-3x greater Linux
OS uptime under irradiation compared to DUT 1 and 3, as
outlined in Table This improvement can be attributed
to its architectural advantages, including its 14 nm FinFET
technology, compared to the 40 nm CMOS technology used
in DUT 1 and 3. However, this improvement was offset
by the emergence of various eMMC-related errors affecting
filesystem issues (e.g., FAT-fs errors) during I/O operations.
These eMMC errors occurred more frequently than other errors,
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making eMMC the most vulnerable hardware component in
DUT 2. Miller et al. in their irradiation experiment [3] also
discovered eMMC'’s susceptibility on NVIDIA’s Jetson TX2i.
Their work proposed employing a RAM-based filesystem to
reduce reliance on eMMC storage. In our analysis, eMMC
errors manifested as ext4 extent failures, aborted journals, and
JBD?2 errors, highlighting the risk of heavy reliance on eMMC
under radiation-induced upsets.

Further analysis revealed that Linux errors were predomi-
nantly concentrated in the memory and I/O subsystems. Filesys-
tem (fs) and device driver (dd) errors collectively accounted
for 90% of all detected instances, as illustrated in Table |[VII
and Figure [§] However, incorporating DUT 2’s inline ECC
with SECDED capabilities could have significantly mitigated
the observed bit-level errors. Furthermore, DUT 2’s test was
conducted on a Debian Linux running on top of an embedded
Linux host. Observations of container logs during irradiation
revealed identical SIGBUS errors in both Docker and host
kernel logs, indicating uniform propagation of hardware faults
through Linux layers. This shows that containerized software
enclaves on a single Linux host can become a single point of
failure when software isolation fails to block hardware-layer
faults.

3) DUT 3: OrangeCrab v2 FPGA

Linux implementation on DUT 3 differed from the other two
DUTs, running a softcore SoC on an FPGA fabric using LiteX’s
LiteDRAM IP core to handle memory management at the
hardware level. Memory management (mm) errors comprised
67% of DUT 3’s total errors, with kernel and file system (fs)
errors at 22% and 11%, respectively, as illustrated in Figure
and Table For stress testing, Buildroot’s inbuilt md5sum,
which computes MDS5 hash checksums, was employed instead
of the stress-ng test used on DUTs 1 and 2. The htop command
confirmed that md5sum effectively stressed Linux on the soft-
core SoC. Common errors frequently observed included NULL
pointer dereferences, kernel paging failures, "Bad page map"
states, segmentation faults (SIGSEGV) in user and dynamic
linker libraries, often accompanied by CPU interrupt errors.
These findings align with the typical inherent vulnerability of
SRAM-based FPGA designs to radiation-induced SEEs.

VI. CONCLUSION

This work systematically evaluates Linux’s resilience to soft
errors on three architecturally diverse COTS SoCs under proton
irradiation, using exhaustive stress configurations to enhance
fault observability and, to some extent, fault propagation. Our
preliminary results revealed that the i.MX 8M Plus (DUT 2),
with 8x higher transistor density, exhibited 2-3x greater overall
Linux OS uptime than the Raspberry Pi Zero 2 W, despite lack-
ing ECC. This improvement is attributed to its 14 nm FinFET
architecture and several hardware-software co-optimizations,
leading to improved radiation tolerance. However, 56% of
Linux failures on DUT 2 stemmed from eMMC vulnerabilities,
underscoring the impact of peripheral components on the reli-
ability of otherwise robust SoCs. Results from our irradiation
experiments confirm that proton-induced soft errors propagate
non-trivially to other Linux subsystems, critically affecting
Linux reliability. This study concludes with a detailed analysis
of radiation-induced Linux errors and mitigation measures
to withstand or prevent these frequently emerging soft-error-
induced faults in Linux on modern COTS SoCs.

VII. FUTURE WORK

We aim to create a Yocto-based minimal Linux that in-
corporates Linux hardening techniques, including periodic

checkpoint-restart, TMR boot critical Linux processes, custom
error handlers, software ECCs, and resilient file systems like
Btrfs. Additionally, we aim to co-design the VeXRISC-V soft-
core SoC for improved hardware-level resilience to soft errors,
including proactive Linux core rejuvenation within the COTS
FPGA fabric.

TABLE V: ACRONYMS

Acronym  Full Form

API Application Programming Interface
BFT Byzantine Fault Tolerance

COTS Commercial Off-The-Shelf

CME Coronal Mass Ejection

CMOS Complementary Metal-Oxide-Semiconductor
CPU Central Processing Unit

DD Displacement Damage

DUT Device Under Test

FinFET Fin Field-Effect Transistor

DRAM Dynamic Random-Access Memory
EDAC Error Detection and Correction
ECC Error-Correcting Code

eMMC Embedded MultiMediaCard

FFT Fast Fourier Transform

FPGA Field-Programmable Gate Array
GPU Graphics Processing Unit

HDL Hardware Description Language
NMR N-modular redundancy

JBD2 Journaling Block Device 2

LPC Low-Power Compact

LPDDR2  Low Power Double Data Rate 2
LPDDR4  Low Power Double Data Rate 4
MBU Multiple-bit Upset

MMU Memory Management Unit

MTTF Mean Time To Failure

NPU Neural Processing Unit

oS Operating System

PPS Programmable Power Supply

RISC-V Reduced Instruction Set Computing V
RPIO2ZW Raspberry Pi Zero 2 W

SBC Single-Board Computer

SBU Singe-bit Upset

SECDED Single Error Correction, Double Error Detection
SEE Single Event Effect

SER Soft Error Rate

SEFI Single Event Functional Interrupt
SEU Single Event Upset

SiP System-in-Package

SMP Symmetric Multiprocessing

SoC System-on-Chip

SoM System-on-Module

SDRAM Synchronous Dynamic Random-Access Memory
SRAM Static Random-Access Memory
SWaP Size, Weight, and Power

TID Total Ionizing Dose

TLB Translation Lookaside Buffer

TMR Triple Modular Redundancy

USB Universal Serial Bus

VM Virtual Memory

ZFS Zettabyte File System
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TABLE VI: Analyzing Soft Error-Induced Linux Failures on the Raspberry Pi Zero 2W: Classification and Resilience Strategies

No. Component Linux Error Description Fault Type Register/Component Impacted Subsystems
s Gt
Unable to handle kernel ¢ vc4-drm, SoC:gpu,
paging request at virtual Kernel Paging * pc: ret_to_user+0x0/0x5e8 * bluetooth,
Memory (mm/) address Oxffffff8086fe5ac0 Request o Ir: elOt 64 svnc+0x1a0/0x1ad * mm/fault.c,
Level-1 Translation Fault (page table error) q ’ 038y ¢ do_page_fault(),
Code: 19400393 (LDR x19, [x0]#0) ¢ do_mem_abort()

Root Cause An SEE-induced bit flip in a kernel pointer disrupted MMU address translation, leading to a failed page table lookup, data shows
1.1 Hypothesis (PGD=0x1160000 — P4D=0x0 — PUD=0x0) and a subsequent null pointer exception during data access.

¢ FAT-fs (sda): Volume was not properly unmounted. Some data may be corrupt. Please run fsck.
« Internal error: Oops: 96000005 [#1] PREEMPT SMP;
* CPU: 2 PID: 866 Comm: kworker/Tainted: G WC 5.15.84-v8+ #1613

Cascading
Linux Failures

« Store critical kernel structures (e.g., page tables) at redundant virtual addresses and periodically verify copy integrity, including
Proposed use of stack canaries to detect unauthorized modifications.
Mitigation * Enable CONFIG_ARMG64_PAN=y, CONFIG_HARDENED_USERCOPY=y, and Kernel Page Table Isolation (KPTI) to mitigate
unprivileged memory corruptions.

* pc: rpt_firmware_property_list e yc4-hdmi

+0x1dc/0x238 « firmware/raspberrypi.c
Drivers (dd/) Firmware Transaction Timeout; Firmware * pe: ved_hdmi_connector : l(;lk/bcr;/l/clk—;aspbe.rrﬁ/ pL.c
- rpi-firmware: Request 0x00030046 Comm. —detect_ctx +0x2d8/0x348 [vcd] IO TASPhCTYP o
ower returned status 0x080000001) Error ¢ Ir: rpt_firmware_property_list * TpL rmware_&ansactloq()
Management +0x1dc/0x238 * rpi_firmware_property_list()
e Ir: vc4_hdmi_connector * rpi_ﬁrmwa're_get_throttled()
s _detect_ctx +0x48/0x348 [vc4] ~ * raspberrypi_fw_set_rate()
Root Cause An SEE-induced firmware corruption caused a timeout in a VideoCore Mailbox API request (offset +0x1DC) intended to power
Hypothesis on the HDMI driver. Simultaneously, intensive mmap operations by Stress—-ng and unstable voltage rails delayed
time-sensitive firmware interactions and compromised firmware integrity.
* Out of memory: Killed process @ PID 957 (stress-ng);
Cascading * WARNING: CPU: 3 PID: 422 at drivers/gpu/drm/vc4/vc4_hdmi.c:464; and at drivers/firmware/raspberrypi.c;

* hwmon: Failed to get throttled (-110);

Linux Failures raspberry-clk soc:firmware:clocks: Failed to change fw-clk-arm frequency: -110

Configure an external hardware watchdog to detect firmware hangs and trigger a reset (configure CONFIG_POWER_RESET=y

Proposed
. .p . in kernel configuration) via GPIO, for an immediate Linux reset; also implement a kernel hook to detect firmware errors with
Mitigation . . . .
exponential backoff retries before triggering a hard reset.
The Raspberry Pi Zero 2W failed to Reboot * boot/firmware, kernel/reboot.c
Power reboot during accelerated proton testing. Failure * drivers/power/*, drivers/regulator/*

Root Cause Corruption in the boot ROM, firmware, or critical boot files destabilized system initialization, causing PMIC malfunctions, clock
13 Hypothesis disruptions, and memory integrity violations.

Failure Over-current protection (OCP) was triggered by an external power supply monitoring unit.

Prevent boot failures by implementing a TMR-led boot process with multiple SD card partitions (A, B, C) containing redundant
copies of critical boot components (e.g., U-Boot, kernel image, dtb, initramfs) and verify file integrity with hash verification.
Additionally, configure the external watchdog timer with a 30-second timeout for forceful hardware resets.

Proposed
Mitigation

Error:
Drivers (dd/) dwc_otg_hcd_handle_rx_status USB OTG « drivers/usb/host/dwc_otg/dwc_otg_hcd_intr.c;
_qg _level_intr: Unable to Error dwc_otg_hcd_handle_rx_status_q_level_intr()

get corresponding channel

2.1 Root Cause A bit-flip in the dwc_otg driver may corrupt critical data within the USB OTG controller’s data structure, leading to invalid

Hypothesis channel mappings and erroneous USB transactions.

Failure FAT-fs (sda): Volume was not properly unmounted; some data may be corrupt; client_loop: send disconnect: Broken pipe.
Proposed Unload unused kernel drivers (e.g., USB_OTG) to reduce the memory attack surface. On recurring errors, employ exponential
Mitigation backoff for module reloads and trigger a system reset via a GPIO-activated external watchdog if error persists.

FAT-fs (sda): Volume was
File System not properly unmounted. Filesystem . .
(fs/) Some data may be corrupt. Mount Error fs_fatfinode.c; fat_set_state()
Please run fsck.
22 P . . .

Root Cause A bit-flip in RAM, CPU cache, or I/O operations when writing on SD card corrupts the filesystem metadata, affecting the boot
Hypothesis sector or directory entries. Similar unexpected write interruptions also risk filesystem corruptions.

Proposed Enforce filesystem checks on reboot by appending fsck.mode=force to /boot/firmware/cmdline.txt. Use strict
Mitigation journaling or a self-repairing filesystem like Bt rfs [[67]] with checksumming to ensure data integrity. Also, mount volatile

data on temporary filesystem (tmpfs) to prevent corruption during interruptions.

CPU PID: (104,991)

Kernel . . .
Kernel Comm: (kworker, stress—ng) Tea I;Irl)et kernel/(panic.c, trap.c), kernel/core/taint.c, panic()
tainted.
3.1 Root Cause A bit-flip induced corruption in kworker or stress-ng triggered kernel tainting, undermining system integrity though not
Hypothesis immediately critical.
Proposed Employ process-level duplication using Linux’s fork (), creating identical kernel stacks, thread_info, and task_struct

for forked processes to isolated CPU cores via CPU affinity. Designate a voter on an independent core to perform majority voting

Mitigation on redundant data written to shared memory by the duplicated processes to mask discrepancies in computation.
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TABLE VII: Analyzing Soft Error-Induced Linux Failures on the i.MX 8M Plus EVK: Classification and Resilience Strategies

No. Component Linux Error Description Fault Type Register/Components Impacted Subsystems
e et
Unable to handle kernel paging request at Kernel Paging  * arch/arm64/mm/fault.c,
virtual address 0000800011006720 Request « kernel/(sched,signal.c)

Memory (mm/) * mm/memory.c,

systemd[1]: Caught <SEGV>, core dump failed = Segmentation * do_page_fault()

(child 1733, code=killed, status=11/SEGV)  Fault (SEGV)  * fs/coredump.c

Root Cause Memory corruption in a child process (PID 1733), likely affected critical structures (e.g. stack pointer), leading to invalid memory
1.1 Hypothesis access. This corruption increases the risk of dereferencing NULL pointers, triggering a segmentation fault (SIGSEGV).

Failures FAT-fs (sdal): Volume was not properly unmounted. Some data may be corrupt. Please run fsck.

* Periodically validate critical page table entries and software stacks while maintaining a redundant process state for recovery.

« Protect critical processes with stack canaries, shadow stacks, and guard pages to mitigate execution failures.

« Configure sigaction to handle signals like SIGSEGV, ensuring controlled process termination rather than a default core dump.
¢ Enable CONFIG_RAS=y for ARM™ architecture to leverage built-in Reliability, Availability, and Serviceability (RAS) features.

« Configure kexec to trigger a controlled reboot into a safe kernel after a panic timeout, preventing full system resets.

Proposed
Mitigation

watchdog: watchdog0: watchdog did not stop! Watchdog e drivers/watchdog/ imx2_wdt_stop()

Drivers (dd/) Timer Failure e imx2_wdt.c

1.2 Root Cause Bit corruption may inadvertently modify the Watchdog Control Register (WDOGx_WCR) register, potentially triggering
Hypothesis disabling of the watchdog timer during Linux runtime.

Proposed « Implement a custom handler to validate and restore the corrupted WDOGx_WCR register.
Mitigation * Use the i.MX8M Plus’s dual Watchdog timer (WDOG1-WDOG2) for cross-verifying watchdog states from modifications.

e drivers/mmc/host/sdhci-esdhc-imx.c

. e drivers/mmc/core/(block.c, mmc.c,
 pc:sdhci_send_command

sdhci-esdhc-imx 30b6000.mmc: eMMC OxA4fe/0 core.c, mmc_ops.c)
Drivers (dd/) Card stuck in the wrong state! Card Tl;('s d‘}:lcingi d command » __mmc_poll_for_busy(),
card_busy_detect status: 0xe00 Corruption ) - — * esdhc_wait_for_card_activity(),
_retry+0x4fc/Oxeac

e _mmc_flush_cache(),
e _mmc_hw_reset()

1.3 Root Cause A flipped bit in the eMMC controller’s SDHCI_PRESENT_STATE register can falsely signal a busy status (e.g., CARD_BUSY,
Hypothesis CMD_INHIBIT), potentially causing mmc_poll_for_busy () to deadlock and leading to card reset failures.

e mmc2: Card stuck being busy! __mmc_poll_for_busy; ® mmc2: cache flush error -110; * mmcblk2: recovery failed!;
Cascading * mmc2: tried to HW reset card, got error -110;
Linux Failures * EXT4-fs (mmcblk2): failed to convert unwritten extents to written extents — potential data loss! (inode 787934, error -30);
« blk_update_request: I/O error, dev mmcblk2, sector 31348912 op Ox1: (WRITE) flags 0x4000 phys_seg 9 prio class 0.

Proposed e Set panic_on_oops=1 to configure the kernel to reboot on persistent eMMC errors (e.g., mmcblk2: recovery failed!)
Mitigation * Using a RAM-based temporary filesystem, such as tmpfs, can reduce eMMC reliance, also noted by Miller et al. .

dockerd[783]: signal SIGBUS: bus error
code=0x2 addr=0xaaaae17988c

Runtime Signal e« pc:0xaaaae046b64b, « Just/lib/go/sre/runtime/panic.go,

Memory (mm/) Interruption * mm/fault.c, * handle_mm_fault()
Y dockerd[783]: fatal error: unexpected signal (e.g. SIGBUS) * kernel/signal.c -
2.1 during runtime execution
Root Cause Invalid memory access by Docker daemon likely triggered SIGBUS. Additionally, corruption in kernel signal-handling structures
Hypothesis (e.g. siginfo_t, or task_struct) may misroute signals, potentially affecting dockerd service.
Failures Fatal error: unexpected signal during runtime execution panic during panic
Mitigation Perform periodic memory scrubbing and regularly save process state for resumption after user-space fault occurrence.

EXT4-fs error (device mmcblk2) in
ext4_dirty_inode:5949: 10 failure

blk_update_request: I/O error, dev mmcblk2,

sector 31348912 op 0x0: (READ) flags 0x3000 « fs/buffer.c * extd_dirty_inode()
phys_seg 1 prio class 0 « f/extd/ext2/ * ext4_journal_check_start()
o * blk_updat t(),
JBD2: Error -5 detected when updating journal jbd2.c .en d_l:)p f;flef_re?:l:: I(I)C 0
superblock for mmcblk2p1-8 * fs/extd/extents.c —PUerWITIESyeL,
Filesystem _ — eMMC Data « block/blk-core.c * ext4_mark_inode_dirty(),
(£s) ext4_end_bio:344: I/O error 10 writing to Corruption & « fs/extd/page-io.c « ext4_alloc_file_blocks(),
¥ inode 787929 starting block 3118080 Journaling « fs/ext4/super.c « sdhci_request(),
Drivers systemd[1]: docker.service: Main process Failure + fs/extd/inode.c * jbd2_journal_update_sb,
(dd/ exited, code=exited, status=1/FAILURE (and * fs/jbd2/journal.c * _log_tail(),
o) status=4/NOPERMISSION) -dtillriyers(/irk?n}c/host/ « ext4_end_bio(),
sdhci-esdhc-imx.c .
mpage_map_and_submit_extent: 2513: inode « drivers/mmec/core/ ) ex:i_decod(?t_error()(,)
#395451: comm kworker/u8:2: mmc_blk.c exta_commut_super(),
mark_inode_dirty error * jbd2_write_superblock()

ext4_convert_unwritten_extents:4281: inode
#385451: block 44592: len: 144:
ext4_ext_map_blocks returned -30

Root Cause These errors indicate that the eMMC hardware component is highly susceptible to radiation-induced failures, leading to corruption
Hypothesis of various ext4 journal entries, superblocks, and the file system.

* Use a resilient, self-healing filesystem with in-built error correction, such as Btrfs, for enhanced data integrity alongside ECCs.
¢ Harden the Linux kernel with the following kernel modules:

« Error detection: (CONFIG_RAS, CONFIG_X86_MCE, CONFIG_MEMORY_FAILURE, CONFIG_EDAC) + recovery.

» Mitigation: (CONFIG_CC_STACKPROTECTOR_STRONG, CONFIG_HARDENED_USERCOPY) for enhanced protection.

* Recovery: (CONFIG_SOFTLOCKUP_DETECTOR, CONFIG_HARDLOCKUP_DETECTOR, and CONFIG_WATCHDOG).

Proposed
Mitigation
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TABLE VIII: Analyzing Soft Error-Induced Linux Failures on the OrangeCrab v2 FPGA: Classification and Resilience Strategies

No. Component Linux Error Description

Fault Type

Kernel Component

Litex-SoC Component

Unable to handle kernel NULL NULL
o, et Foesepc: wsbtels: lites/sos/cores
: « ra:355bdel4 /cpu/vexriscv/core.py
M Unable to handle kernel paging Kernel + sp:9ddd3ad0 - litex/soc/cores/
emory (mm/) . . _
request at virtual address Paging sstatus:00000100 ecc.py (set ecc=True)
c00240c0 Failure » sbadaddr:00000000 « riscv/mm/fault.c
- - - scause:0000000d « do_page_fault ()
Segmentation Fault (SIGSEGV) Segmentation
Fault
1.1
A flipped bit in RAM or CPU registers due to SEEs can corrupt a valid page table entry (PTE), potentially leading into NULL or
Root Cause . . . .
Hypothesis an invalid address. When the kernel subsequently attempts to dereference the corrupted pointer, such as when accessing struct
task_struct, it may result in a crash or a segmentation fault.
Failures CPU: 0 PID: 843 Comm: sh Not tainted 5.0.13 #1
* Enable ECC functionality (like SECDED) in LiteX’s Litt DRAM module . This requires modifying the RTL generation
process, including changes in litex/soc/cores/cpu/vexriscv/vexriscv.py, to incorporate ECC protection for
Proposed critical registers within the VexRiscv CPU.
Mitigation * For systems with higher resource availability and stringent reliability requirements, fault tolerance can be enhanced with double
or triple replication (DMR/TMR) across the LiteX-based SoC. This includes replication of CPUs, memory controllers, and buses.
Refer to Tables [V] and [VI]] for similar mitigation strategies.
kernel/traps.c e litex/soc/cores
Kernel panic — not syncing: Interrupt handle_arch_irq() /cpu/vexriscv/core.py
Kernel Fatal exception in interrupt Handler « do_trap() + litex/soc/cores/
do_trap_irqg() watchdog.py
Root Cause A kernel panic in an interrupt context signifies a fatal exception, likely due to corruption of critical registers, such as those in the
Hypothesis interrupt controller, leading the CPU to reference an invalid Interrupt Status Register (ISR) address and triggering a system crash.
* Implement ECC memory to safeguard critical interrupt controller registers, including the Platform-Level Interrupt Controller
Proposed (PLIC), which manages external interrupts in RISC-V architectures.
Mitigati . . . . . . . .
thgation » Utilize LiteX’s watchdog timer to detect Linux system hangs and trigger a reset if the system remains unresponsive.
BUG: Bad page map in process call Trace: . mm/ (fault.c,memory.c
mdSsum pte:10444cd7 walk_stackframe+0x0/0xfc ageattir.c table.c
: Iflags:0x0 () bag "¢ b9 :
pmd:11bb7001 g show_stack+0x3c/0x50 page_alloc.c)
dump_stack+0x2c/0x3c . kernel/traps.c
print_bad_pte+0x170/0xlc4 . do_page_fault
Page dumped because: bad pte/ C unmap_page_range+0x428/0x59 . set_pte_at ()
orrupted . —PE—
Memory (mm/) nonzero mapcount Pace unmap_single_vma+0x40/0x60 . set_pmd/()
« file:1d-2.29.s0 Mg unmap_vmas+0x50/0x84 . bad_page ()
21 * fault:filemap_fault ap exit_mmap+0xb0/0x174 . litex/soc/cores
’ * mmap:generic_file_map mmput+0x2c/0x3c /cpu/vexriscv/core.py
do_exit+0xlcc/0x7cc « litex/soc/cores/
do_group_exit+0x38/0x94 watchdog.py
_wake_up_parent+0x0/0x38 . liteDRAM/core/
troller.
BUG: Bad page state in process ret_from_syscall+0x0/0x10 controller.py
kthread pfn:46f5a
The kernel detected an invalid PTE (0x10444cd7) and PMD: (0x11bb7001) during a page unmap operation, indicating
Root Cause - L . . . .
Hypothesis potential corruption in the page table hierarchy. A nonzero mapcount suggests improper page reference tracking, possibly
leading to unexpected page faults or kernel panic.
Proposed Maintain redundant copies of all critical registers storing PTE and PMD values, implement parity checks for PTEs/PMDs, and
Mitigation invalidate the TLB upon PTE repair.
+ kernel/traps.c « litex/soc/cores
Kernel Oops [#00001] Kernel Oops . handle trap() Jcpu/vexriscy/core.py
Root Cause The Linux kernel triggers an Oops upon encountering an unrecoverable error, allowing continued Linux operation in a degraded
2.2 Hypothesis state which may lead to instability without triggering a kernel panic.
Failures Unable to handle kernel NULL pointer dereference at virtual address 0000
Proposed * At node-level, run TMRed Linux instances across three processors to mitigate erroneous outputs, similar to the architecture
Mitigation used in SpaceX’s Falcon 9 .
* At the process level, implement DMR/TMR with lockstep execution for critical processes on multicore SoCs. Refer to Table
[V1} Section 3.1, Proposed Mitigation for a similar approach.
md5Ssum[1140]: unhandled signal 11 « kernel/signal.c
code Ox1 at 0x3ffcfb60 in 1d-2.29.s0 sstatus: 00000020 - mm/fault.c
- N egmentation « scause: 0000000d « do_trap_user()
Memory (mm/) ﬁtng[192f32).bu8?e.mdtl,ed sblgn?ll Olologidfeogg]ls Fault (decimal 13) . do_page_fault ()
at 0x9feObcOf in busybox c . .
Y sbadaddr: 9febObcf . litex/soc/
23 + mm/slub.c integration/soc_core.py
md5Ssum: can’t read ‘/sys/kernel/slab/ SysFS « alloc_calls_show () litex/soc/
. - - M 1 X
kmalloc-8/(alloc_calls, free_calls) Corruption « sysfs_slab_add()

interconnect/csr bus.p

Root Cause Signal 11, also known as SIGSEGV in Linux denotes a segmentation fault. The error code 0x1 further indicates
Hypothesis SEGV_MAPERR, that fault resulted from a process trying to access an unmapped address (0x3ffcfb60).
Proposed To handle inconsistencies in shared libraries, perform manual unloading of affected modules using (d1close () ), reloading with

Mitigation (dlopen ()), on failure to load, use a preset alternate library path using the LD_PRELOAD.
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