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ABSTRACT Optical Communication Terminals (OCTs) integrate photonic and electronic technologies
to enable high-speed, secure, and interference-free space communication. Deployment across multiple
orbital regimes exposes these heterogeneous systems to diverse radiation environments, each presenting
distinct failure mechanisms that challenge conventional Radiation Hardness Assurance (RHA) approaches,
particularly for cost-constrained Small Satellite (SmallSat)-class missions where economic feasibility must
be balanced against radiation hardness requirements. This paper presents a multi-orbit radiation effects
investigation for photonic-electronic architectures by characterizing environment-specific vulnerabilities and
failure modes across Sun-Synchronous Orbit (SSO), Low Earth Orbit (LEO), and Middle Earth Orbit (MEO).
SPENVISbased environment analysis shows that SSO presents a mild radiation environment with Total
Ionizing Dose (TID) below 1 krad(Silicon (Si)) per year at 4 mm Aluminium (Al) shielding and low charged
particle flux. LEO is dominated by proton-induced Single Event Effects (SEEs) with moderate TID, and
MEDO exhibits TID exceeding 30 krad(Si) per year at the same shielding level, together with relatively higher
heavy-ion fluxes that drive SEE rates. Technology-level analysis reveals fundamental differences between
photonic and electronic subsystems. Photonics exhibits predominantly parametric degradation that can be
mitigated through margin allocation, whereas electronics remains susceptible to discrete, stochastic failure
modes requiring active mitigation. These findings motivate reconfigurable architectures leveraging Field
Programmable Gate Arrays (FPGAs), radiation-tolerant photonic subsystems, Wide-Bandgap (WBG) power
semiconductors, and emerging Non-Volatile Memories (NVMs) to enable component-level commonality
across orbital regimes. Additionally, photonic devices require parametric end-of-life characterization with
explicit translation to link budget margins, while electronic systems require mission-tailored mitigation
strategies and system-level testing.

INDEX TERMS Optical communication terminals, photonics, electronics, radiation effects, radiation
hardness assurance.

I. INTRODUCTION transmission and are increasingly central to emerging Small
Spaceborne Optical Communication Terminals (OCTs) Satellite (SmallSat)-class (typically <1200 kg) constel-
enable secure, high-bandwidth, and interference-free data lations. Compared to traditional Radio Frequency (RF)
systems, OCT architectures deliver superior performance at
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mixed-signal components. Anticipated deployments across
Sun-Synchronous Orbit (SSO), Low Earth Orbit (LEO),
and Middle Earth Orbit (MEO) expose these systems to
various radiation environments, where Total Ionizing Dose
(TID), Displacement Damage (DD), and Single Event Effects
(SEEs) pose significant reliability risks over multi-year
mission lifetimes. Radiation effects and Radiation Hardness
Assurance (RHA) practices for electronic systems have been
extensively studied over several decades [1], [2], [3], [4],
[5], yet continued device scaling and increasing reliance
on Commercial Off-The-Shelf (COTS) components present
persistent challenges [6], [7], [8]. Higher integration density,
accelerated obsolescence cycles, and limited fabrication
transparency complicate both the prediction of radiation
response [9] and the implementation of RHA [10].

Literature consistently identifies radiation effects in space
optoelectronic systems as an active and evolving area of
research [11], [12],[13], [14]. A dedicated review of Photonic
Integrated Circuits (PICs) for optical satellite links surveys
the state of photonic device technologies and discusses the
potential impact of radiation on integrated photonic perfor-
mance [11]. A complementary survey of radiation-induced
degradation in optoelectronic space systems broadens the
perspective to include electronic—optical interactions and
qualification challenges in all technologies [13]. Another
experimental study notes that, despite numerous proposals for
System on Chip (SoC) optical integration in space avionics,
the literature on the impacts of space radiation on nanoscale
photonic devices remains limited [12]. This highlights chal-
lenges arising from poorly constrained radiation spectra and
significant device-to-device variability, which complicate
identification of dominant physical degradation and failure
mechanisms. As a result, while substantial knowledge exists
on radiation effects in individual components, there remains
limited system-level understanding of how these effects
translate to photonic-electronic OCT architectures deployed
across different orbital regimes. This complicates the reuse
and scaling of OCTs designs across missions, increases
reliance on orbit-specific redesign and requalification, and
obscures where radiation effects are comparable versus where
distinct mitigation strategies are required. The objective of
this work is therefore not to replace existing radiation effects
studies, but to synthesize and contextualize them into a
comparative, design-oriented analysis for photonic-electronic
systems across multiple orbital regimes.

This paper addresses this need through a radiation
effects analysis tailored to OCTs operating across multiple
orbital regimes. While the radiation environment analysis
employs established tools and models, the novelty lies in
the systematic correlation of environment-specific threats
with technology-specific failure modes across heterogeneous
photonic—electronic architectures, an analysis not previously
available for OCTs spanning multiple orbits. The principal
contributions are: (1) a technology-focused vulnerability
analysis of key photonic and electronic OCT components;
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(2) a quantitative comparison of radiation environments
across SSO, LEO, and MEQ, identifying regime-specific
dominant threats; and (3) comparative correlation of
orbital radiation spectra with component-level sensitivities.
To enable a consistent comparison of radiation effects
across orbital regimes and photonic—electronic technologies,
the fundamental particle interaction and energy deposition
mechanisms underlying radiation-induced failures are estab-
lished in Section II. Subsequently, Section III examines
OCT components and their sensitivities. Section IV presents
the multi-orbit radiation environment analysis, including
dose accumulation. Section V synthesizes the dominant
radiation-induced failure modes and their implications for
OCT architectures and validation. Section VI concludes and
summarizes the work.

Il. RADIATION MECHANISMS

A structured comparison of radiation effects across orbital
regimes requires a common physical basis. This section
therefore reviews the fundamental particle interaction and
energy deposition mechanisms that give rise to cumulative
and transient radiation effects in spacecraft avionics [3].
While these mechanisms are traditionally discussed in the
context of microelectronics, the same interaction physics
governs radiation-induced degradation in photonic devices.
The interaction mechanisms and resulting damage depend on
particle type, energy, and charge state [15], [16], [17].

A. PARTICLE INTERACTIONS

Radiation damage in spacecraft avionics originates from
energy deposition when incident particles interact with
materials. The amount and spatial distribution of deposited
energy determine whether effects manifest as cumulative
degradation or instantaneous effects. Space radiation inter-
acts with matter through three primary pathways: photon
interactions (photoelectric effect, compton scattering, pair
production), charged particle interactions (bremsstrahlung,
ionization, excitation), and nuclear interactions (absorption,
fission, (in)elastic scattering), as illustrated in Figure 1.
Photon and charged particle interactions deposit energy
primarily through electronic excitation and ionization, gen-
erating electron-hole pairs central to radiation effects in
semiconductors. Nuclear interactions transfer energy through
atomic displacements and recoil, producing lattice defects.
All mechanisms may contribute either directly or through
secondary particle generation. Detailed information on
interaction cross-sections and energy-dependent behavior is
available in standard [18].

B. ENERGY DEPOSITION

The interactions described above deposit energy in materials
through two distinct pathways: electronic energy loss through
ionization and excitation, and nuclear energy loss with atomic
displacements. These mechanisms underpin the metrics used
to quantify radiation effects in spacecraft systems.

68865



IEEE Access

J. Dijks et al.: Comparative Investigation of Radiation-Driven Failure Mechanisms

. N e
< @ -‘/ o o
e, ey

’ \‘~\_ e+

[ ]

photoelectric effect compton effect pair production

charged particle charged particle
. , _ charged partidle __ charged particle

brehmsstrahlung
n
Ly
Y

absorption

ionization

n n n n

C N N
AR é

fission inelastic scattering elastic scattering

FIGURE 1. Illustration of primary radiation interaction mechanisms with
matter: photon interactions showing photoelectric effect, compton
scattering, and pair production; charged particle interactions depicting
bremsstrahlung, ionization, and excitation; nuclear interactions showing
absorption, fission, and (in)elastic scattering. Adapted from [19].

1) ELECTRONIC ENERGY LOSS

When charged particles traverse matter, energy loss occurs
through stochastic interactions with electrons. The mean
stopping power in MeV cm™! is described by the Bethe
equation [18]:

<dE> pZ 2 (1 2me? B2y Wnax > 5(/3)/))
—N— )=Kk— |- Ih————-p"———— ),
dx A BZ\2 12 2

ey
where K = 47 Nya?h?/m, contains fundamental constants,
Z and A are the atomic number and atomic mass of the
target material, p the density of the target material, z is the
projectile charge number, 8 = v/c,and y = 1/{/1 — B2,
and / is the mean excitation energy. The equation contains
the density-effect correction term 8(f8y), important at high
¥ . Whax 1s the maximum energy transfer to a free electron:
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where M is the incident particle mass and m, is the
electron mass. Key dependencies in Equation (1) include
the 1/B% term producing the Bragg peak at low energies,
and the linear scaling with target density and projectile
charge number. The equation describes the mean energy loss,
actual energy deposition is stochastic and varies with material
thickness and particle energy.

Linear Energy Transfer (LET) quantifies the ionizing
energy deposited by electronic interactions per unit mass
thickness and is derived from the stopping power in
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Equation (1) [3]:

LET = ———. 3
D dx (€)

LET is expressed in units of MeV cm? g~ and is a primary

metric for characterizing SEEs in space systems, but also
foundational for TID effects.

2) NUCLEAR ENERGY LOSS
In contrast to electronic interactions, nuclear energy loss
occurs when particles interact with atomic nuclei through
elastic and inelastic collisions, displacing lattice atoms rather
than creating electron-hole pairs. Nuclear stopping dominates
at sufficiently low particle energies where electronic interac-
tions become inefficient. To account for these interactions,
higher-order corrections to the bracketed term in Equation (1)
are required [18].

The Non-Ionizing Energy Loss (NIEL) can be determined
using an analytic expression that sums these elastic and
inelastic contributions [20]:

Ny
NIEL = X (0W, + oiW)), “)

where o, and o; are the total elastic and inelastic nuclear
interaction cross sections, and W, and W, are average
recoil energies corrected for ionization loss. Like LET in
Equation (3), NIEL is expressed in MeV cm” g~! and
characterizes DD effects.

C. RADIATION EFFECTS

The particle interactions and energy deposition mechanisms
described above give rise to radiation effects in spacecraft
systems through both cumulative and transient processes.
During space missions, radiation-induced effects have caused
performance drift, functional anomalies, and permanent
failures across a wide range of technologies [21]. These
effects are commonly categorized as cumulative damage
driven by TID and DD, or as transient effects arising
from SEEs. Their severity and manifestation depend on
the incident particle spectrum, the shielding configuration,
the material composition, the system-level architecture,
and mitigation strategies. Because radiation-induced effects
originate at the material and device levels but ultimately
propagate to system-level behavior, a physics-based under-
standing is essential for assessing heterogeneous spacecraft
subsystems. Together, TID, DD, and SEEs establish the
link between the fundamental interaction physics discussed
before and the technology-specific vulnerabilities examined
in the subsequent section.

1) TOTAL IONIZING DOSE

TID represents the cumulative ionizing energy deposited in a
material over time and is commonly expressed in gray (Gy) or
rad (1 rad is equal to 0.01 Gy). For a monoenergetic particle
fluence, the accumulated dose can be approximated as

TID=e¢®-LET-107°, (5)
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where e is the elementary charge and & is the particle
fluence in cm™2. The factor 10~ accounts for unit conversion
from MeV g~! to J kg~!. In realistic space radiation
environments, TID accumulates from contributions across a
broad particle energy spectrum and is obtained by integrating
or summing Equation (5) over all relevant particle species
and energies. The fluence ® is determined by integrating the
time-dependent particle flux ¢(r), expressed in cm™2 s!,
over the mission duration.

Ionizing radiation deposits energy primarily through the
generation of electron-hole pairs in insulating and semicon-
ducting materials. The subsequent transport, trapping, and
recombination of these carriers modify local electric fields
and material properties. A representative example is the
response of Metal-Oxide—Semiconductor (MOS) structures,
where ionizing radiation generates electron-hole pairs in gate
oxides. Electrons rapidly escape due to their high mobility,
while holes may become trapped within the oxide or at mate-
rial interfaces, leading to threshold voltage shifts, increased
leakage currents, and long-term parametric drift. Partial
recombination and thermally activated annealing can produce
time-dependent recovery effects. Although continued device
scaling and reduced oxide thickness have mitigated some
classical TID sensitivities, modern technologies exhibit
new effect mechanisms, including enhanced leakage and
field-dependent effects [2], [22]. Similar ionization-driven
processes affect photonic materials, where radiation-induced
charge trapping in oxides and interfaces, together with bulk
defect formation, alters refractive index, increases optical
absorption via mid-gap states, and degrades carrier lifetime
through non-radiative recombination [23], [24].

2) DISPLACEMENT DAMAGE

DD arises from non-ionizing energy deposition associated
with elastic and inelastic nuclear interactions that displace
atoms from their lattice sites, forming vacancies, interstitials,
and complex defect clusters. Unlike TID, which accumulates
through electronic energy loss, DD accumulates through
nuclear energy loss quantified by NIEL. The corresponding
Total Non-Ionizing Dose (TNID) is obtained by convolving
NIEL with the particle fluence, analogous to the TID
calculation in Equation (5). In practice, TNID is often
expressed in units of MeV g~ ! rather than Gy or rad, yielding

TNID = ¢ & - NIEL. ©6)

Displaced lattice atoms introduce defect states within
the band gap that alter charge transport, recombination
dynamics, and optical properties [20]. Subsequent annealing
processes, which depend on temperature and carrier injection
conditions, may partially heal or further evolve these
defects over time, making DD-induced degradation strongly
dependent on particle energy, material composition, and
post-irradiation history. In electronic devices, these effects
commonly manifest as increased leakage current, reduced
carrier mobility, and gain degradation. In photonic devices,
lattice damage can induce volume compaction or expansion,
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modify the refractive index through bulk defect formation,
and degrade modulation efficiency [24], [25]. Because both
DD and TID alter defect populations and charge transport,
their effects can interact synergistically in complex device
structures.

3) SINGLE EVENT EFFECTS

In contrast to cumulative degradation, SEEs are transient
phenomena caused by individual particle strikes that deposit
sufficient charge within a sensitive volume to disrupt normal
operation. SEEs occur when the particle LET exceeds
a technology- and geometry-dependent critical threshold.
Charge deposition may result from direct ionization by
heavy ions or from indirect ionization when protons or
neutrons generate high-LET secondary particles through
nuclear reactions. The deposited charge is collected through
drift and diffusion processes, producing localized current
transients that can alter circuit or device states [1].

SEEs are commonly classified as non-destructive or
potentially destructive. Physically non-destructive effects
include Single Event Upsets (SEUs), in which the state of
a memory element or logic node is altered, and Multiple-
Bit Upsets (MBUs), where a single event affects multiple
storage elements. Single Event Functional Interrupts (SEFIs)
correspond to more complex disruptions in which a particle
strike places an integrated circuit into a temporary fault
state requiring recovery. Single Event Transients (SETs)
manifest as short-duration voltage or current perturbations in
combinational logic and analog circuits, and can potentially
cause any of the aforementioned transient effects. [26].
Potentially destructive effects include Single Event Latch-ups
(SELs), which activate parasitic current paths, Single Event
Gate Ruptures (SEGRs), which cause localized dielectric
breakdown, and Single Event Burnouts (SEBs), which induce
thermal runaway in power devices. Without appropriate
mitigation, these events can lead to permanent functional
loss [27].

Photonic devices can also experience SEEs through mech-
anisms that differ fundamentally from those in electronic
circuits. One mechanism occurs when an energetic particle
generates a dense cloud of electron-hole pairs within or near
an optical waveguide. The resulting increase in free-carrier
density leads to transient optical attenuation through free-
carrier absorption, inducing optical power losses [28].
This is also described by the term Optical Single Event
Transient (OSET), defined as a radiation-induced transient
perturbation of optical power within an integrated photonic
component [29].

Ill. OCT TECHNOLOGIES

OCT avionics rely on tightly coupled electronic and pho-
tonic technologies whose reliability is constrained by their
response to the space radiation environment. This section
reviews the space avionics technologies most relevant to
OCTs from a radiation-effects perspective. The objective is
to identify dominant radiation-induced failure mechanisms,
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FIGURE 2. Functional block diagram of representative OCT architecture showing electronic and photonic

subsystem interfaces.

their physical origins, and their system-level manifesta-
tions, enabling direct correlation with the orbital radiation
environments analyzed in subsequent sections. Figure 2
provides a functional overview of the key electronic and
photonic building blocks in a representative OCT. Bulk
optical components are outside the scope of this section.

A. ELECTRONICS

Electronic subsystems form the control, processing, data
handling, storage, and power backbone of OCTs and are
primary drivers of radiation-induced functional disruption.
This subsection reviews the electronic technologies most rel-
evant to OCT avionics. The synthesis emphasizes dominant
radiation-induced failure mechanisms, to support correlation
with the orbital radiation environments and assurance strate-
gies developed in subsequent sections.

1) DIGITAL PROCESSING AND CONTROL

Digital processing elements provide both control- and
data-plane functionality in OCT avionics. Control logic
governs terminal configuration, Pointing, Acquisition, and
Tracking (PAT), and fault management, and therefore pri-
oritizes high availability and deterministic behavior. Data
logic supports high-throughput signal processing, modulation
and demodulation, encoding, Error Detection and Correction
(EDAC), and payload data handling, where transient errors
can often be tolerated or corrected at higher abstraction
levels. In SmallSat-class space avionics, which represent
the primary target platform for OCTs, these functions are
predominantly implemented using Field Programmable Gate
Arrays (FPGAs) and Microcontroller Units (MCUs), with
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SoC devices and Digital Signal Processors (DSP) used more
selectively, including in hybrid processing architectures [30].
These distinct roles lead to different sensitivity profiles and
mitigation requirements under radiation exposure.

FPGAs play a critical role in space avionics because of
their architectural flexibility and their ability to integrate
both control- and data-plane functions into a single device.
Radiation-induced effects in FPGAs primarily arise from
cumulative ionizing damage and SEEs. The dominant failure
mechanisms depend heavily on the underlying memory tech-
nology and internal architecture [31], [32]. Across all FPGA
technologies, SETs can occur in user flip-flops, leading to
upsets in the user logic. The effect of radiation depends on
the configuration memory technology used. In Static Random
Access Memory (SRAM)-based FPGAs, the configuration
memory itself is also highly susceptible to SEUs, making
these devices particularly sensitive to radiation effects. Block
RAM (BRAM) is similarly vulnerable to SEUs. When SETs
occur or propagate to the FPGA state management circuitry,
SEFIs can occur, though this represents a smaller area and
is therefore less sensitive than configuration memory [33],
[34]. Flash-based FPGAs reduce sensitivity to memory
SEEs but face distinct challenges due to TID, particularly
in floating-gate circuitry, which limits their use in high-
dose missions [35]. For both technologies, TID can also
cause propagation delays [22]. SELs are also possible in
both technologies, though their occurrence often depends
on particle energy and the bias voltage in the I/O banks.
In advanced technology nodes, charge sharing in routing
and configuration resources further increases the likelihood
of MBUs. The reliability of FPGAs in OCTs is generally

VOLUME 14, 2026



J. Dijks et al.: Comparative Investigation of Radiation-Driven Failure Mechanisms

IEEE Access

determined by the integrity of their configuration state rather
than transient data-path errors. This highlights the need
for mitigation strategies such as configuration scrubbing,
selective or full Triple Modular Redundancy (TMR), and
system-level error detection and recovery mechanisms [33],
[36].

Fixed-function processors, such as general-purpose
MCUs, provide an alternative to FPGAs for OCT tasks
dominated by sequential control and software-defined
functionality. Radiation-induced faults in such processors
primarily manifest as transient state corruption, control-
flow errors, or SEFIs caused by SEUs and SETs in
registers, on-chip memories, and peripheral control logic.
Experimental studies on low-power COTS processors show
that, while destructive events such as SELs are often rare or
limited in severity, SEFIs leading to processor resets, hangs,
or peripheral malfunction can dominate observed failure
rates, directly impacting system availability rather than data
integrity [37], [38]. Flash memory in commercial MCUs
exhibits increasing susceptibility to corruption and loss of
writability at elevated TID levels, with some devices showing
significant degradation beyond 200 krad(Silicon (Si)).
Configuration-dependent sensitivity further complicates
reliability assessment, as Central Processing Unit (CPU)
SEE cross-sections can vary by an order of magnitude
based on cache usage and peripheral settings. As a result,
processor suitability for OCT avionics is largely determined
by recoverability and observability under radiation exposure,
motivating mitigation strategies based on watchdog timers
and external reset handling for soft error recovery, selective
use of Error Correcting Code (ECC) where available, and
task-level redundancy rather than fine-grained hardware
hardening [38].

2) MIXED-SIGNAL CONDITIONING

Mixed-signal conditioning circuits interface the digital
processing chain with physical signals in OCT avionics,
supporting functions such as sensor readout, bias generation,
monitoring, and actuator drive. These circuits combine
precision analog front-ends with embedded digital control
and configuration logic. Their radiation response is therefore
governed by the combined effects of cumulative degradation
and destructive transient events in analog devices and
additional non-destructive SEEs affecting associated digital
elements, often leading to subtle and difficult-to-detect
system-level failure modes.

In conventional Complementary MOS (CMOS)-based
mixed-signal circuits, TID effects dominate long-term degra-
dation through charge trapping in gate and isolation oxides
and the formation of interface states. This results in threshold
voltage shifts, leakage current increase, transconductance
reduction, and excess low-frequency noise directly degrade
gain, offset, linearity, and Signal-to-Noise Ratio (SNR)
[39]. While aggressively scaled gate oxides may exhibit
improved tolerance, thicker isolation oxides and I/O devices
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remain vulnerable, making mixed-signal blocks particu-
larly susceptible to performance loss under accumulated
dose [5].

At the system level, design diversity redundancy can
partially mitigate these effects. Mixed-signal diversity TMR
has been shown to improve resilience against TID-induced
degradation by avoiding common-mode failures inherent to
identical implementations. Experimental results indicate that
performance degradation in individual channels, such as
nonlinearity growth in data converters, does not necessarily
propagate to system-level failure when architectural and
temporal diversity are employed [40]. Such techniques are
typically applied at the functional block level, as fine-
grained redundancy within mixed-signal circuitry is often
impractical.

Circuit-level mitigation strategies differ fundamentally
between digital and analog domains. While digital storage
elements can leverage hardened structures such as Dual
Interlocked Cell (DICE) latches, analogous hardening in
analog circuitry is less straightforward. Radiation-tolerant
analog design techniques include current-mode operation,
elimination of sensitive reference current sources, increased
capacitance, and bias point optimization to reduce sus-
ceptibility to parameter shifts [5], [41]. These measures
can improve tolerance to cumulative damage but typically
impose trade-offs in power consumption, bandwidth, or noise
performance.

SEEs can further disrupt analog circuits through transient
perturbations in bias networks or embedded digital logic,
leading to temporary misconfiguration or SEFIs. Alternative
semiconductor technologies such as Silicon Germanium
(SiGe) bipolar CMOS have demonstrated enhanced tolerance
to TID and reduced susceptibility to SELs due to their
heterojunction device physics. However, SEUs in associated
CMOS logic remain possible, and the impact of SETs on
high-speed SiGe analog signal paths remains an active area
of investigation [42], [43].

In addition to CMOS-based implementations, Gallium
Arsenide (GaAs) technologies have been historically
employed in analog and RF conditioning circuits due to their
high electron mobility and resistance to SELs. Radiation
studies indicate comparatively strong tolerance to TID,
with dominant degradation instead driven by DD, leading
to gradual gain reduction and increased noise rather than
abrupt functional failure [44]. While Si-based technology
integration is usually favored, GaAs remains relevant for high
frequency analog front-ends where predictable parametric
degradation is preferred over SEEs disruption.

3) MEMORY

Memory technologies used in OCT avionics can include
volatile memories, such as Dynamic RAM (DRAM) and
SRAM, and Non-Volatile Memories (NVMs) based on flash
and emerging memory technologies. Volatile memories offer
low latency and high endurance but require continuous power,
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while flash provides non-volatility at the cost of increased
write latency and sensitivity to cumulative radiation damage.
In space environments, charge-based memories are suscepti-
ble to TID, SEUs, MBUs, and SEFIs, necessitating the use
of EDAC, redundancy, and periodic memory scrubbing to
ensure reliable operation [45].

Flash memory devices are particularly vulnerable to
TID due to degradation of charge pumps and floating-
gate structures, affecting write and erase functionality. Both
NOR and NAND architectures exhibit comparable radiation
sensitivity, with no clear inherent advantage in radiation
tolerance [46]. As a result, flash memory reliability in OCTs
is typically governed by peripheral circuitry and system level
mitigation rather than intrinsic cell robustness.

Emerging NVM technologies, including Spin-Transfer
Torque Magnetic RAM (STT-MRAM), Resistive RAM
(ReRAM), Conductive-Bridge RAM (CBRAM), Phase-
Change RAM (PCRAM), and Ferroelectric RAM (FeRAM),
replace charge-based storage with magnetic, resistive,
or phase-change mechanisms and therefore exhibit improved
tolerance to cumulative ionizing radiation [47]. While the
memory cells themselves show strong resilience to TID,
dynamic operation remains susceptible to SEEs, primarily
through associated control and interface logic rather than the
storage elements [48]. Radiation response in PCRAM and
FeRAM further depends on material stability, with heavy-ion
exposure inducing defect formation or bond reconfiguration
processes that can affect long-term reliability [49].

4) POWER

Power electronics support power conversion, regulation,
and distribution in Direct Current (DC)-DC converters,
linear regulators, and driver circuitry. In conventional Si-
based power devices, cumulative radiation damage primarily
manifests through TID and DD. TID in power MOS Field-
Effect Transistors (MOSFETs) leads to threshold voltage
shifts, increased on-resistance, elevated leakage currents,
and reduced breakdown margins, while bipolar devices
exhibit gain degradation due to increased electron-hole
recombination in the base-emitter junction. In associated
control circuitry, degradation in CMOS logic can reduce
Pulse Width Modulation (PWM) accuracy and switching
stability. DD further impacts opto-couplers through reduced
current transfer ratio [50].

SEEs represent a dominant risk for power electronics
due to their potential for catastrophic failure. Heavy-ion
interactions can trigger SEB and SEGR in power MOSFETs,
particularly under high drain bias. Modern trench-based
Si-power devices remain susceptible to these effects and
can additionally exhibit localized microdose damage that
accelerates parametric degradation [51]. Non-destructive
SEUs and SETs in power control and feedback circuitry
can induce transient regulation errors, missing switching
pulses, or sustained oscillations in switching converters,
compromising output stability and availability [50].
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Wide-Bandgap (WBG) semiconductors, notably Gallium
Nitride (GaN) High-Electron-Mobility Transistors (HEMT)
and Silicon Carbide (SiC) MOSFETs, have emerged as
attractive alternatives due to their high breakdown fields
and efficiency. The radiation response of these devices
remains strongly technology- and bias-dependent. GaN
devices exhibit threshold voltage shifts and transconductance
degradation driven by defect formation and carrier removal
mechanisms [52]. At the device level, however, GaN power
transistors have demonstrated susceptibility to SEB with
significant device-to-device variability, necessitating conser-
vative voltage derating in space applications [53]. SiC power
MOSFETs generally show improved tolerance to cumulative
damage but remain vulnerable to heavy-ion-induced SEB,
requiring careful biasing and protection strategies to bound
failure risk [54].

B. PHOTONICS

Photonics form the optical signal path of OCTs, integrating
passive and active functions with electronic control on
a single platform to enable high-speed signal generation,
modulation, routing, and detection. A recent comprehensive
review of radiation effects in PICs for optical satellite com-
munication links provides a broad and systematic overview
of the state-of-the-art [11]. This section builds upon that
review and synthesizes its findings with additional studies to
highlight radiation responses and design considerations for
photonics in space.

1) OPTICAL ROUTING

Optical routing in OCT photonic subsystems uses integrated
optical waveguides, resonant structures, and optical fibers to
transport, split, and spectrally filter optical signals between
functional blocks. In PICs, waveguides form the fundamental
routing elements and enable interferometric devices such as
Ring Resonators (RRs) and Mach-Zehnder Interferometers
(MZIs), which rely on controlled optical phase accumulation
for wavelength selective operation. Radiation affects these
structures primarily through changes in material optical prop-
erties, leading to refractive index variation and, in some cases,
additional propagation loss. Both TID and DD contribute to
these effects, with their relative impact strongly dependent on
material platform, waveguide geometry, cladding configura-
tion and dose rate [11].

Since resonant photonic devices rely on precise opti-
cal phase accumulation, radiation-induced modifications of
material optical constants directly translate into shifts of
resonance wavelength and interference conditions. These
changes originate from trapped charge formation, defect
generation, surface oxidation, mid-gap state absorption, and
volume compaction or expansion [24]. Resonant structures
such as RRs and MZIs are therefore frequently used as
sensitive probes of refractive index variations in integrated
waveguides. Resonance wavelength shifts have been experi-
mentally observed in fiber-based resonant and interferometric
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structures, demonstrating sensitivity to cumulative, material
dependent parametric changes [55]. Deliberate material
selection and mode confinement can improve radiation tol-
erance. In particular, SiC/Silicon Dioxide (SiO,) waveguide
platforms exploit opposite-sign refractive index changes in
core and cladding to minimize net effective index drift under
ionizing radiation [56]. Similarly, Si-photonic waveguides
with increased thickness and strong mode confinement
exhibit reduced sensitivity to refractive index variations and
propagation loss, even at high accumulated dose, making
geometry optimization an effective hardening strategy [57].
Experimental studies on Si RRs confirm this tolerance,
with passivated devices showing no systematic degradation
in Q Factor (Q), free spectral range, or peak position up
to 100 Mrad of gamma irradiation [58], and resonance
wavelength shifts limited to 0.4 pm/krad at 300 krad [59].
Indium Gallium Arsenide Phosphide (InGaAsP)/Indium
Phosphide (InP) RRs similarly exhibit limited degradation at
320 krad, with Q variations of approximately 13%, Extinction
Ratio (ER) variations up to 4%, and linear resonance
red-shifts [60].

Charged particle strikes can generate OSETs through rapid
creation of dense electron-hole clouds, leading to transient
free-carrier absorption and phase shifts. Recovery is governed
by carrier diffusion and recombination processes, with
characteristic timescales ranging from pico- to nanoseconds
depending on material properties, waveguide geometry, and
strike conditions [28], [61]. Pulsed laser experiments on
integrated Si-waveguides have demonstrated OSETs with
transient transmission reductions on the order of several
percent, with substantially larger excursions observed only
under extreme carrier injection conditions used to emulate
worst-case events [29]. Mitigation strategies for radiation
effects in optical fibers primarily rely on material and
structural engineering, including optimized core and cladding
compositions, radiation-hardened and microstructured fiber
designs, and appropriate wavelength selection. System-level
approaches such as link margin allocation and multi-fiber
redundancy can further improve robustness, whereas shield-
ing and protective coatings provide limited benefit for highly
penetrating radiation [62].

2) MODULATION AND AMPLIFICATION

Optical modulation in OCT photonic subsystems is com-
monly implemented using integrated Mach-Zehnder Mod-
ulators (MZMs) or Ring Modulators (RMs), relying on
electro-optic mechanisms such as plasma dispersion, carrier-
density modulation, the quantum-confined Stark effect,
or the Pockels effect, depending on the material plat-
form. Si, InP, and Lithium Niobate (LiNbOs3) are the
dominant technologies for high-speed integrated modula-
tors. Radiation testing across these platforms shows that
modulators typically exhibit parametric degradation, with
devices generally remaining operational over radiation levels
comparable to or exceeding typical mission requirements.
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In Si-photonic MZMs, ionizing radiation primarily affects
doped p-n junction phase shifters through defect generation
and charge trapping, leading to reduced modulation effi-
ciency, extinction ratio degradation, and effective refractive
index shifts [63]. Recent device generations demonstrate
significantly improved tolerance through optimized doping
profiles and reduced low-doped regions [64], [65]. DD
effects in modulators depend strongly on particle type
and device material. Si-based modulators demonstrate high
resilience to neutron irradiation [64], whereas InP-based
MZMs show pronounced sensitivity to high proton fluence,
with near-complete suppression of modulation response
observed [66]. LiINbO3 modulators exhibit a distinct degrada-
tion pathway, where irradiation primarily increases insertion
loss at high fluence [67]. This behavior reflects the intrinsic
radiation robustness of the Pockels effect compared to
carrier-based modulation mechanisms. OSET studies on Si-
MZMs show strong dependence on modulator bias point,
with maximum sensitivity at quadrature operation [68]. These
transients are short-lived and can be mitigated at the system
level through coding, interleaving, or link margin.

Optical amplification in OCTs is commonly implemented
using semiconductor optical amplifiers or Erbium-Doped
Fiber Amplifiers (EDFAs), particularly in architectures
employing external modulation. Radiation effects in optical
amplifiers are dominated by cumulative degradation, with
performance impact primarily arising from attenuation in
the gain medium. Irradiation studies on EDFAs exposed
to electron and proton radiation report pronounced output
power degradation and noise figure increase with increasing
dose [69]. EDFA usability is therefore primarily con-
strained by cumulative damage, with acceptable performance
generally limited to low-dose orbital environments. The
dominant degradation mechanism in doped optical amplifiers
is accumulation of radiation-induced loss in the doped
fiber due to defect and color-center formation [70]. More
studies show that amplifier radiation tolerance depends
strongly on fiber composition and pump operating conditions,
with radiation-hardened designs exhibiting substantially
reduced gain degradation. Irradiation experiments further
indicate weak temperature dependence of gain degradation
kinetics and support extrapolation to low dose-rate space
environments, where performance remains dominated by
radiation-induced attenuation in the doped fiber [71].

3) LIGHT SOURCES

Light sources in OCT photonic subsystems use direct band
gap semiconductor materials to enable efficient optical
gain and emission at infrared wavelengths. The most
commonly employed material platforms include InP, GaAs,
Gallium Antimonide (GaSb), and their alloys, supporting
device architectures such as Fabry—Pérot (FP), Distributed
Feedback (DFB), and Distributed Bragg Reflector (DBR)
lasers. Radiation effect studies on laser sources typically
evaluate variations in threshold current, output optical

68871



IEEE Access

J. Dijks et al.: Comparative Investigation of Radiation-Driven Failure Mechanisms

power, slope efficiency, emission wavelength, and noise
characteristics [11].

The radiation response of semiconductor lasers is largely
governed by DD, which degrades minority carrier life-
time through defect generation in the active region and
surrounding layers. This mechanism manifests primarily
as increased threshold current and reduced output power,
while ionizing radiation generally produces negligible direct
damage to the gain medium. Laser designs employing
heterostructures, quantum wells, strained layers, and opti-
mized carrier confinement exhibit substantially improved
radiation tolerance, with partial recovery often observed
under forward bias due to injection-enhanced annealing
effects [72].

Experimental qualification of InP-based multi-quantum-
well lasers under radiation demonstrates that DD from
hadrons is the dominant degradation mechanism, whereas
TID up to 100 kGy induces minimal performance
change [73]. Threshold current increases of only a few mil-
liamperes are typically observed at end-of-life fluence levels,
while lasing operation and spectral integrity are preserved.
Investigations on DBR cavity lasers fabricated using generic
PIC integration platforms indicate high robustness to both
gamma and proton irradiation at dose and fluence levels
relevant to LEO missions. In these devices, no systematic
degradation of output power or threshold current is observed,
while small, monotonic wavelength shifts (sub-nanometer)
can occur under ionizing radiation [74], [75]. These shifts
are attributed to radiation-induced refractive index changes
in passive grating sections rather than degradation of the gain
region.

Advanced light source architectures based on Quan-
tum Dot (QD) active regions further enhance radiation
tolerance through strong carrier confinement and reduced
active volume. Proton irradiation studies demonstrate that
QD lasers maintain stable threshold behavior, low relative
intensity noise, and strong resilience to optical feedback over
fluence levels exceeding those encountered in space missions
analyzed in this work [76].

4) OPTICAL DETECTION

Optical detection forms the receiver interface of OCTs by
converting incident optical signals into electrical signals
for amplification and processing. Avalanche Photodiodes
(APDs) are widely used in high bit-rate, long-haul opti-
cal communication links due to their internal gain and
improved sensitivity, although p-i-n Photo Detectors (PDs)
remain attractive for their lower noise, simpler biasing,
higher maximum optical power, and improved radiation
robustness. Key radiation-sensitive performance parameters
include responsivity, dark current, gain (for APDs), and
bandwidth. Common detector material systems include
SiGe for near-infrared wavelengths and Indium Gallium
Arsenide (InGaAs)/InP or Indium Arsenide (InAs)-based
heterostructures.
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DD introduces defects in the absorption and multiplica-
tion regions, leading to increased dark current, degraded
carrier lifetime, and higher noise levels. Proton irradiation
studies on InGaAs/InP single-photon APDs show that
detector parameters remain largely stable at fluences below
10° ¢cm~2, while higher fluences induce strong increases
in dark current and shifts in breakdown voltage, defining
a DD-limited operational envelope [77]. Similar trends are
observed in InAs APDs, where high proton fluence leads
to measurable degradation in avalanche gain and leakage
current, while responsivity remains largely unaffected across
a wide range of irradiation energies and fluences [78].
Neutron irradiation of waveguide-integrated SiGe p-i-n PDs
shows susceptibility to carrier removal effects, yet devices
remain fully operational with no meaningful degradation in
responsivity, bandwidth, or capacitance, indicating substan-
tial DD tolerance of integrated receiver structures [79]. Partial
recovery of radiation-induced noise through annealing has
also been demonstrated, indicating the presence of metastable
defect populations [77].

TID effects in PDs depend strongly on device geometry
and integration approach. TID testing of SiGe p-i-n PDs
under X-ray irradiation shows no measurable degradation
in dark current, frequency response, or electro-optical
conversion efficiency, even when accounting for back-end-
of-line dose enhancement from nearby high-Z materials [80].
These results indicate that integrated PDs can exhibit strong
intrinsic tolerance to ionizing radiation.

SEEs in PDs manifest as transient current disturbances
caused by localized charge generation along the particle
track. Pulsed-laser and heavy-ion studies on SiGe p-i-n
PDs show that OSETs amplitude and duration depend on
device geometry, biasing, and optical operating point, with
illuminated detectors exhibiting reduced transient peaks due
to field screening by photo-generated carriers [61]. Statistical
analysis demonstrates that these transients can induce bit
errors in realistic modulation schemes, but system-level
and device-level hardening techniques can -effectively
mitigate their impact without permanent performance
degradation [81].

5) SUMMARY OF PHOTONIC RADIATION TOLERANCE

To provide a systematic comparison of experimentally
measured radiation tolerance across photonic technologies
relevant to OCTs, Table 1 consolidates representative results
from literature.

IV. RADIATION ENVIRONMENT

This section analyzes the radiation conditions across different
orbital regimes, focusing on trapped particles, Solar Energetic
Particles (SEPs), and Galactic Cosmic Rays (GCRs). The
analysis is conducted using SPENVIS [82], and follows a
methodology similar to [83]. This section provides radiation
flux and fluence spectra for various energy and LET values,
serving as a foundation for further SEE estimation and
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TABLE 1. Summary of representative experimentally measured radiation tolerance levels for photonic PIC devices relevant to OCT architectures.
Radiation types are listed per study. Dose is reported as TID where applicable, and fluence in cm=2 for particle irradiation.

Device Radiation Dose or Fluence Key Observed Effect Reference
Si waveguide (3 pum) Gamma 41 Mrad Stable performance [57]
Si waveguide (3 um) Proton 1 x 1016 cm—2 Stable performance [57]
Si waveguide Gamma 100 Mrad No significant dose dependent changes [58]
SiC waveguide Gamma 10 Mrad Negligible insertion losses [56]
Si/SiO2 waveguide =~ Gamma 300 krad Spectral shift up to 0.03 pm/krad [59]
Si on insulator RR Gamma 300 krad Spectral shift up to 0.4 pm/krad [59]
Si RR Gamma 100 Mrad No significant dose dependent changes [58]
InGaAsP/InP RR Gamma 320 krad AQ 13%, AER 4%, red-shift 810 pm [60]
Si MZM X-ray 130 Mrad Phase-shift of 10% at 60 Mrad and 1 V bias [63]
Si MZM Neutron 1.2 x 10'® cm~2  No significant degradation [63]
Si MZM Neutron 3 x 1016 cm—2 No phase shift degradation [64]
Si MZM X-ray 1 Grad Highest doping concentration showed performance degradation [65]
InP MZM Proton 1 x 105 cm—2 Near-complete modulation suppression [66]
LiNbO3 MZM Ion 1 x 1016 cm—2 Degradation of operational parameters and significant insertion loss [67]
EDFA Electron 1 Mrad Output power degradation, noise figure increase [69]
InGaAsP/InP laser Proton 2 x 10 cm—2 DD-driven threshold current increase [73]
InGaAsP/InP laser Gamma 10 Mrad No measurable damage [73]
InP DBR laser Gamma 50 krad Wavelength shift of emitted peak in linear correlation to TID [74]
InP DBR laser Gamma 106 krad No radiation induced degradation [75]
InP DBR laser Proton 1.5 x 101 cm~2  No radiation induced degradation [75]
InAs/GaAs QD laser  Proton 7 x 1013 cm—2 Stable behaviour, 1 dB Hz~! increase of relative intensity noise [76]
InGaAs/InP APD Proton 108-1013 cm—2 Dark current increase, breakdown voltage shift, and dark count increase [77]
InAs APD Proton 109-10"" em=2  Gain and leakage degradation at high fluence [78]
SiGe p-i-n PD Neutron 7.5 x 1012 cm~2  Susceptible to carrier removal (DD effect), but no meaningful impact to performance [79]
SiGe p-i-n PD X-ray 5 Mrad No significant changes in performance [80]

assessment. Dose rate effects and time-dependent annealing
processes are not explicitly modeled in this analysis, but may
significantly affect component response.

A. ORBITAL REGIMES

The anticipated deployment spans multiple orbital regimes,
namely SSO, LEO, and MEO, selected to capture the
representative range of radiation environments relevant to
emerging OCT architectures. The orbital parameters sum-
marized in Table 2 represent conservative, near worst-case
configurations within each regime, with altitudes ranging
from 567 km for SSO to 8200 km for MEO, and inclinations
between 87° and 97.7°. A uniform 6 year operational
lifetime is assumed across all regimes to enable consistent
comparison of radiation exposure. Results are normalized to
annual values based on this duration. The LEO configuration
reflects a worst-case low-altitude environment with elevated
trapped particle fluxes, whereas the MEO case is intentionally
positioned comfortably in the transition region between the
inner and outer radiation belts, consistent with recently
authorized commercial orbital deployments [84]. Unless
stated otherwise, radiation flux and fluence spectra are
computed assuming 1 g cm™2 Aluminium (Al) shielding
(equivalent to 3.7 mm), a standard baseline for preliminary
radiation assessments.

B. TRAPPED PARTICLES

Earth’s magnetosphere traps energetic particles, forming
the Van Allen radiation belts [85]. These belts consist of
an inner region, dominated by high-energy protons and

VOLUME 14, 2026

TABLE 2. Overview of mission orbits for OCTs across different orbital
regimes, including altitude and inclination parameters.

Orbit  Altitude /km  Inclination / ©
SSO 567 97.7
LEO 1200 87.0
MEO 8200 87.0

electrons, and an outer region, primarily composed of
electrons [86]. A third transient belt has also been observed,
where ultra-relativistic electrons remain trapped for extended
periods due to wave-particle interactions [87]. The belts
are highly dynamic, undergoing rapid flux variations from
geomagnetic storms and longer-term changes linked to the
solar cycle [88]. A key feature of the inner belt is the
South Atlantic Anomaly (SAA), where Earth’s magnetic
field allows trapped particles to reach lower altitudes,
increasing radiation exposure for spacecraft [89]. The SAA
is gradually drifting westward due to slow geomagnetic field
variations [88].

This study employs NASA’s AP8-min and AES8-max
models via SPENVIS, which have been the historical stan-
dard for radiation belt environments. AP8-min was selected
for protons, as the highest trapped proton intensity occurs
during solar minimum. AE8-max was selected for electrons,
as the highest trapped electron intensity occurs during solar
maximum. However, these models are static and do not
account for solar modulation of trapped fluxes [90]. The
newer AP9/AE9 models improve upon this by incorporating
multi-cycle data and a probabilistic approach to environment
definition. Nevertheless, comparisons with in situ data show
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FIGURE 3. Earth’s radiation belts visualization with the three orbits using
AE8 and AP8 models, showing integral flux contours in cm—2s~! for
electrons (>0.6 MeV) on the left and protons (>10 MeV) on the right.

that while AP9 better captures the spatial distribution of
the SAA, flux predictions differ regionally from AP8/AES,
with higher predictions in low-inclination LEO and the slot
region but lower predictions elsewhere, requiring mission-
specific validation [91]. For the high-inclination orbits
considered in this work, these differences are not expected
to affect the relative ranking of orbital regimes or the
identification of dominant radiation sources. The qualitative
conclusions regarding which environment is most severe
and which radiation source dominates in each regime are
therefore expected to be robust against model choice, though
absolute dose and fluence values should be validated with
AP9/AE9 or in-flight data for detailed mission-specific
qualification.

Figure 3, generated using the radbelt Python package
with the international geomagnetic reference field [92],
[93], [94], illustrates the spatial distribution of trapped
particles. The inner belt, centered at 1.5 Earth radii (Rg),
contains both protons and electrons, while the outer belt,
around 4 Rg, consists primarily of electrons. Between them,
the slot region exhibits reduced flux due to wave-particle
losses. Empirical models provide static representations,
however observations reveal rapid variations occurring within
minutes during solar events, as well as gradual long-term
shifts [88].

Figure 4 presents the integral trapped proton and electron
fluxes for the SSO, LEO, and MEO orbital regimes. Solid
lines denote protons, while dashed lines denote electrons,
with colors indicating the orbit class. At low energies, the
trapped proton flux in MEO is significantly higher than in
LEO and SSO. However, above approximately 20 MeV, the
MEO proton flux drops sharply, and LEO and even SSO
exhibit higher flux levels. In contrast, trapped electron fluxes
show a similar spectral shape across all orbits, with MEO
consistently presenting the highest levels over the full energy
range. These trends indicate that SEEs driven by high-energy
protons are the dominant radiation concern in lower orbits,
whereas TID effects from low-energy protons and electrons
are more critical in MEO.
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FIGURE 4. Integral trapped particle fluxes for SSO, LEO, and MEO orbits.
Solid lines represent protons (p+) (AP8-min), while dashed lines
represent electrons (e-) (AE8-max). Shielding Line color indicates the
orbital regime.

C. SOLAR PARTICLES

SEPs are high-energy protons, electrons, and ions originating
from solar activity. Their flux and energy follow the 11 year
solar cycle, with peak emissions occurring during Solar
Particle Events (SPEs) and Coronal Mass Ejections (CMEs).
While these events are more frequent at solar maximum,
they can occur unpredictably throughout the cycle [89]. SEPs
contribute significantly to the space radiation environment,
particularly in high-altitude and interplanetary missions.

The analysis employs CREME-96 for peak 5 minute
flux estimations and ESP-PSYCHIC for long-term fluence
predictions at a 95% confidence level. However, these
models have inherent limitations, particularly in accurately
representing the full energy spectrum of SEPs [95]. While
current models focus primarily on the MeV range, lower-
energy particles can also contribute to material degradation
and charge accumulation effects [96].

As shown in Figure 5, solar particle environments exhibit
broadly similar spectral shapes across SSO, LEO, and MEO,
with differences primarily driven by geomagnetic shielding.
Solid lines represent protons, while dashed lines represent
helium-4 ions, with line color indicating the orbital regime.
An overview of representative proton flux and fluence levels
is provided in Table 3. For both solar flare fluxes and
cumulative fluence, SSO and LEO benefit from stronger
geomagnetic protection, resulting in reduced exposure com-
pared to MEO. In contrast, MEO consistently experiences
the highest proton and ion levels due to diminished magnetic
shielding. These results indicate that SEPs constitute a
significant radiation concern for high altitude and deep space
missions.

D. GALACTIC COSMIC RAYS

GCRs are very high-energy particles originating from outside
the solar system, arriving isotropically from all directions.
Their composition consists of approximately 85% protons,
13% alpha particles, 2% electrons, and a smaller fraction
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FIGURE 5. Annualized integral solar particle fluence spectra computed
using the ESP-PSYCHIC model. Protons (p+) (solid) and helium-4 ions
(dashed) fluence levels are shown for SSO, LEO, and MEO orbits assuming
1 g cm—2 Al shielding. Values are normalized to one year to allow scaling
to arbitrary mission durations.

TABLE 3. Overview of integral solar flare instantaneous proton fluxes
determined using the CREME-96 model and total proton fluences
(trapped and solar) determined using the ESP-PSYCHIC model, across
different orbital regimes and representative energy levels, assuming 1 g
cm~2 Al shielding. Fluence values are normalized per year to allow
scaling to arbitrary mission durations.

Orbit E/MeV ¢/ecm™ 2571  &/ecm2yr?!
SSO 70 2.54 x 109 8.42 x 108
120 6.97 x 10° 5.60 x 108
200 1.87 x 105 1.73 x 108
LEO 70 3.05 x 109 1.27 x 10°
120 8.37 x 10° 9.38 x 109
200 2.23 x 10° 3.47 x 10°
MEO 70 5.58 x 106 6.38 x 108
120 1.54 x 108 2.13 x 108
200 4.12 x 10° 3.28 x 107

of heavier nuclei, with abundances differing from universal
elemental distributions [97], [98]. GCR fluxes exhibit an
inverse correlation with solar activity, with higher fluxes
occurring during solar minimum due to the weakened
heliospheric magnetic field [99], [100]. While supernova
remnants have traditionally been considered the primary
source, recent evidence suggests that superbubbles may
contribute significantly, particularly in the transition between
GCR and extra-GCR, which occurs around 107 eV for
protons [101].

This analysis uses the ISO 15390 model under solar
minimum conditions to represent worst-case GCR exposure,
as implemented in SPENVIS. However, model accuracy
varies with particle type, energy range, and epoch, presenting
challenges in representing the complex mixture of particles
and the influence of geomagnetic shielding [102]. Figure 6
shows the shielded proton and ion fluence for the three
orbital regimes. Across all orbits, the proton fluence varies
depending on the position of the orbit with respect to the
radiation belt. MEO has slightly more high energy protons,
while LEO has more lower energy protons. SSO has generally
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less proton fluence. The ions show a slight increase in fluence
from SSO to LEO to MEO. Key LET spectra values are
summarized in Table 4.
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FIGURE 6. Annualized shielded fluence comparison of GCRs and solar
protons (p+) and helium-4 ions across orbital regimes, assuming 1 g
cm~2 Al shielding. Values are normalized to one year to allow scaling to
arbitrary mission durations.

TABLE 4. Annualized shielded particle fluxes and fluences evaluated at
representative LET thresholds relevant for SEEs. LET values of 15, 38, and
60 MeV cm? g(Si)~! correspond to typical SEE sensitivity levels. Assuming
1 g cm~2 Al shielding.

Orbit LET/MeVcem? gSi)y~! ¢/ecm= 2571 d/ecm=2yr—?!
SSO 15 1.11 x 107 3.95 x 1011
38 2.57 x 109 8.08 x 1010
60 9.85 x 10° 3.10 x 1010
LEO 15 1.35 x 107 2.62 x 1012
38 3.10 x 106 4.67 x 1011
60 1.19 x 108 1.72 x 1011
MEO 15 2.48 x 107 1.01 x 1012
38 5.74 x 108 3.23 x 1012
60 2.20 x 10° 1.27 x 1011

E. DOSE ANALYSIS

The radiation dose analysis quantifies the cumulative effects
of particle interactions in photonic-electronic systems across
different orbital regimes. TID and TNID effects are analyzed
as a function of Al shielding thickness to evaluate mitigation
strategies for different mission profiles.

1) TOTAL IONIZING DOSE

TID calculations are performed using SHIELDOSE-2, which
models radiation transport through a centered Al sphere,
as implemented in SPENVIS. While this method provides a
reliable approximation, its simplified detector assumptions
may not fully represent modern semiconductor structures,
where CMOS scaling effects and device geometry sig-
nificantly influence radiation response [103], [104]. More
advanced modeling approaches, such as compact physics-
based models, incorporate oxide-trapped charge, interface
traps, and their impact on device behavior, improving
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predictive accuracy for MOS technologies [105]. However,
these methods require detailed device parameters, making
them less practical for early-stage or conceptual mission
analysis.

Table 5 shows the accumulated annual dose versus shield-
ing thickness across different orbits. Shielding is particularly
effective in MEO, where TID levels decrease sharply with
increasing Al thickness. At approximately 7.5 mm of
shielding, MEO dose levels drop below those of lower orbits,
though this result should be interpreted considering model
limitations. For a reference shielding thickness of 5 mm, LEO
experiences TID levels roughly 7.5 times higher than SSO,
while MEO exposure is approximately 4.5 times that of LEO.

TABLE 5. Comparison of annualized TID and TNID for representative Al
shielding thicknesses in SSO, LEO, and MEO. Thickness range selected to
reflect typical avionics enclosure and board-level shielding achievable in
SmallSat-class satellites.

Orbit  Al/mm  TID/krad(Si)yr—!  TNID/MeV g(Si)~ ! yr—!
SSO 2 2.77 1.22 x 107
3 1.32 8.98 x 106
4 0.73 7.32 x 106
5 0.46 6.30 x 106
6 0.33 5.70 x 106
7 0.26 5.20 x 106
8 0.23 4.75 x 106
LEO 2 12.79 9.35 x 107
3 6.88 7.83 x 107
4 4.50 7.07 x 107
5 3.35 6.43 x 107
6 2.80 6.15 x 107
7 2.50 5.85 x 107
8 2.33 5.57 x 107
MEO 2 189.72 4.30 x 108
3 76.97 1.58 x 108
4 33.69 7.65 x 107
5 15.17 4.00 x 107
6 7.25 2.98 x 107
7 3.82 2.22 x 107
8 2.32 1.66 x 107

2) TOTAL NON-IONIZING DOSE

The JPL (Si) 1996 damage curve, implemented in SPENVIS,
is used to estimate TNID across different orbital regimes,
with results shown in Table 5. While widely used, this model
has known limitations, particularly in handling low-energy
electron damage and NIEL dependencies. More advanced
models, such as the athermal-recombination-corrected model
and NIEL approaches with additional corrections, show bet-
ter agreement with experimental data, improving predictions
across different energy ranges [106], [107].

The results indicate that LEO experiences approximately
ten times higher TNID levels than SSO due to inner Van
Allen belt interactions. However, beyond approximately
4.5 mm of shielding, MEO TNID drops below LEO levels.
This crossover is explained by the trapped proton energy
spectrum as shown in Figure 4. The MEO trapped proton
flux falls sharply above approximately 20 MeV, whereas LEO

68876

TABLE 6. Relative radiation source contributions across orbital regimes,
corresponding to the absolute values in Table 7. No information indicates
a contribution below 0.1%.

Orbit Source HEH Low-LET High-LET TID TNID

SSO  Trapped 54.1% 74% 53.7%
Solar 44% 79.3% 71%  26% 46.3%
GCR 1.9% 20.7% 92.9%

LEO Trapped 94.4% 94.9% 94.2%
Solar 5.4% 79.6% 71% 5.1% 5.8%
GCR 0.2% 20.4% 92.9%

MEO Trapped 92.8% 98.8% 90.3%
Solar 6.9% 79.6% 74% 12% 9.7%
GCR 0.3% 20.4% 92.6%

maintains higher flux at these energies. Atincreased shielding
thickness, lower-energy particles are effectively attenuated,
and the residual TNID is dominated by high-energy protons,
for which LEO presents the more severe environment.

F. RELATIVE CONTRIBUTIONS

To identify the dominant radiation source for each orbital
regime, Table 6 and Table 7 summarise the annualized
radiation levels and relative contributions of trapped particles,
solar particles, and GCRs to key radiation metrics. High
Energy Hadrons (HEHSs), defined here as protons above
20 MeV, are relevant for both proton-induced SEEs through
nuclear reactions and cumulative dose contributions. Trapped
protons dominate the HEH fluence across all orbits, con-
tributing over 90% in LEO and MEOQO, although in SSO
the trapped and solar contributions are more comparable at
54% and 44% respectively. For low-LET ions, represented
by helium ions above 15 MeV/n, solar particles are the
dominant source across all regimes at approximately 80%.
In contrast, the high-LET environment, represented by iron
ions above 60 MeV/n, is overwhelmingly dominated by
GCRs at over 92% across all orbits. This source crossover
from solar-dominated at low energies to GCR-dominated at
high energies is consistent across all orbital regimes. Trapped
particles also dominate TID and TNID in all orbits, with their
contribution increasing from SSO to MEO.

V. DISCUSSION

The preceding sections have examined radiation effect mech-
anisms, OCT technologies, and operational environments.
By combining standard radiation environment models with a
structured multi-technology vulnerability assessment, direct
identification of where radiation effects are transferable
across orbital regimes and where orbit-specific adaptation is
necessary becomes possible. This section synthesizes these
results to identify dominant failure mechanisms, system-
level implications, and practical considerations for radiation
assurance. Table 7 summarizes the annualized radiation levels
across orbital regimes, while Table 8 and Table 9 consolidate
component-level failure mechanisms, providing a basis for
orbit-specific design strategies.
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TABLE 7. Annualized total radiation levels across orbital regimes assuming 4 mm Al shielding, showing HEH fluence (integral proton fluence above
20 MeV from trapped, solar, and GCR sources), low-LET ion fluence (helium ions above 15 MeV/n from solar and GCR sources), high-LET ion fluence (iron
ions above 60 MeV/n from solar and GCR sources), TID, and TNID. All values are normalized per year to allow scaling to arbitrary mission durations. The

corresponding relative source contributions are provided in Table 6.

Orbit HEH/cm~2yr~! Low-LET/cm~2yr—!

High-LET /cm~2 yr—!

TID / krad(Si) yr—!  TNID /MeV g(Si)~! yr—!

SSO 2.25 x 10° 2.26 x 107 1.50 x 10% 0.73 7.32 x 109
LEO 2.21 x 1010 2.71 x 107 1.77 x 10% 4.50 7.07 x 107
MEO 3.17 x 1010 4.96 x 107 3.18 x 10 33.69 7.65 x 107

A. ORBITAL DEPENDENCE

The radiation response of OCTs is strongly orbit dependent,
with each mission class imposing a distinct balance between
cumulative dose and SEE exposure as shown in Table 7.
These differences directly shape system level design con-
straints and qualification strategies. In SSO, the radiation
environment is comparatively mild. SEEs inducing particles
have a low flux, and TID accumulation is typically bounded to
low tens of krad(Si) over multi-year mission lifetimes. As a
result, both electronic and photonic subsystems retain wide
operational margins, enabling the use of COTS or lightly
qualified components provided that basic SEE mitigation is
applied. LEO missions are dominated by trapped protons,
making proton-induced SEEs the primary system-level risk.
While TID levels remain moderate, frequent SEE interactions
impose availability constraints on digital electronics and
mixed-signal subsystems. Photonic components are exposed
to the same environment but are primarily affected through
gradual margin erosion rather than immediate loss of
functionality. In MEO, the radiation environment becomes
fundamentally harsher. It should be noted that standard
environment models and tools such as SPENVIS provide
mission-average estimates and may underestimate short-term
flux enhancements due to geomagnetic storms, SPEs, and
outer-belt injections, particularly for high-altitude LEO
and MEO. Additionally, any transfers from lower orbit to
higher orbits are not included in the analysis. Elevated TID
combined with increased heavy-ion flux shifts the design
driver from transient disturbance tolerance to long-term sur-
vivability. Performance margins must be explicitly budgeted
at mission planning, as cumulative degradation defines end-
of-life capability and the probability of destructive SEEs is
higher.

B. FAILURE MODES

Radiation-induced failure modes differ fundamentally
between electronics and photonics, driven by distinct physical
mechanisms and temporal characteristics.

1) ELECTRONICS

Failure modes in electronic components originate from
ionizing and DD processes described in Section II, with
architecture-dependent manifestations detailed in Section III
and consolidated in Table 8. The key distinction is between
cumulative parametric degradation and stochastic transient
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events that directly threaten functional availability. Ioniz-
ing radiation drives gradual degradation through threshold
voltage shifts, leakage current increase, and noise degra-
dation, while rapid charge collection at sensitive junc-
tions produces SEEs when the deposited charge exceeds
the device-specific critical charge. The manifestation is
architecture dependent: SRAM-based configuration memory
exhibits high SEU sensitivity, flash memories fail pre-
dominantly through peripheral circuitry degradation, mixed-
signal circuits experience parametric drift and noise increase,
and power devices are susceptible to destructive SEB and
SEGR. Device scaling introduces competing effects, with
thinner gate oxides improving TID tolerance and reduced
node capacitance increasing susceptibility to transient charge
collection.

2) PHOTONICS

In contrast, photonic components predominantly exhibit
cumulative parametric degradation, with technology-specific
responses detailed in Section III and consolidated in Table 9.
Lattice displacement and ionizing radiation induce defect
formation that degrades carrier lifetimes, alters the refractive
index, and increases optical absorption, with severity strongly
dependent on the material system. OSETs occur through
free-carrier generation but recover on pico- to nanosecond
timescales through carrier recombination and diffusion.
Although OSETs can induce transient bit errors under realis-
tic modulation schemes, their short recovery timescales and
their amenability to system-level mitigation through coding,
interleaving, and link margin allocation distinguish them
from the discrete, availability-threatening failure modes char-
acteristic of electronic subsystems. Degradation manifests
predominantly as monotonic shifts in most passive and active
devices, although modulator and amplifier technologies may
exhibit threshold degradation at high fluence.

C. SYSTEM ARCHITECTURE

The asymmetry in failure modes between electronics and
photonics directly shapes viable system architectures and
mitigation strategies across orbital regimes. Such systems
leverage component technologies with well character-
ized radiation response across a broad range of orbital
environments, enabling design commonality and reduced
non-recurring engineering costs, though mission-specific
margin allocation and qualification remain necessary.
SRAM-based FPGAs emerge as viable candidates when
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TABLE 8. Overview of dominant radiation-induced failure mechanisms for electronic components in OCT avionics across orbital regimes. Mechanisms are

listed for each orbit class assuming 4 mm Al shielding. Failure severity and manifestation exhibit significant device-to-device variability within each
technology class, particularly for COTS components where process variations and architecture differences can alter radiation response by orders of
magnitude. Dose-rate effects are also not accounted for.

Technology SSO LEO MEO References
FPGA SEE: SRAM configuration memory  TID: I/O degradation, propagation TID: I/O degradation, timing de- [22], [31]-
corruption, logic upsets, SEFIs. delay increase. lays. [36]
SEE: SRAM configuration memory  SEE: Configuration corruption (in-
and BRAM corruption, logic upsets,  cluding MBUs), logic upsets, SE-
SEFIs, SELs under high I/O bank  FIs, SELs.
bias.
MCU SEE: Register and memory corrup-  TID: Parametric drift, current leak-  TID: Flash memory and peripheral [22], [37], [38]

Mixed-signal

Memory

Power

tion, control-flow errors, functional
interrupts.

SEE: Control-logic upsets, transient
misconfiguration, bias network per-
turbations.

SEE: Data corruption in volatile
memories (SEUs), transient mem-
ory state disturbances.

SEE: Non-destructive events in con-
trol and feedback logic causing
transient regulation errors, missing
switching pulses, and oscillations.
Destructive events in Si-power de-
vices under high bias.

age.
SEE: Register and memory corrup-
tion, SEFIs, resets and hangs, flash
eITOrS.

TID: Threshold voltage shifts,
leakage current increase,
transconductance reduction,

excess low-frequency noise, gain,
offset, linearity, SNR, and I/O
degradation.

DD: Additional threshold shifts.
SEE: Control-logic upsets, SEFIs,
transient misconfiguration, bias net-
work perturbations.

TID: Peripheral circuitry degrada-
tion, increased leakage currents.
SEE: Volatile and NVM data and
state corruption (SEUs, SEFlIs),
flash write and erase margin loss
dominated by peripheral and
charge-pump degradation.

TID: Current leakage, threshold
voltage  shifts, increased on-
resistance, reduced breakdown
margin, bipolar gain degradation.
DD: Additional threshold shifts,
opto-coupler current transfer ratio
loss.

SEE: Non-destructive events in con-
trol and feedback logic causing
transient regulation errors, missing
switching pulses, and oscillations.
Destructive events in Si-power de-
vices.

degradation, current leakage.

SEE: State corruption, loss of
writability in flash memory, SEFIs,
destructive events.

TID: Threshold voltage shifts,
leakage current increase,
transconductance reduction, excess
low-frequency noise, gain, offset,
linearity, SNR, I/O degradation,
functionality loss.

DD: Additional threshold shifts,
gradual gain reduction and noise in-
crease in GaAs-based circuits.
SEE: All types of non-destructive
events, potential destructive events
in embedded digital logic, reduced
SELs susceptibility in SiGe tech-
nologies.

TID: Retention loss, peripheral and
charge-pump failure in NVMs, loss
of writability in NVMs.

DD: Material degradation in emerg-
ing NVMs affecting long-term reli-
ability.

SEE: Volatile and NVM data cor-
ruption (including MBUs), memory
state machine interrupts, destructive
events.

TID: Current leakage, threshold
voltage  shifts, increased on-
resistance, breakdown margin loss,
bipolar gain degradation, degraded
PWM accuracy and switching
stability.

DD: Additional threshold shifts,
opto-coupler current transfer ratio
loss, transconductance loss.

SEE: Non-destructive events in con-
trol and feedback paths. Destructive
events in Si- and WBG-power de-
vices.

[51, [39]1-[44]

[45]-[49]

[50]-[54]

paired with configuration scrubbing, though flash-based
alternatives may be preferred for MEO missions in lower TID
classes. Configuration scrubbing, selective TMR, and EDAC
provide scalable mitigation strategies that can be tuned to
mission requirements. Similarly, photonic subsystems benefit
from parametric predictability. Once characterized, devices
can be deployed across orbits with adjusted link margins
rather than redesigned hardware. For power electronics,
WBG semiconductors offer improved DD tolerance and
reduced SEL susceptibility compared to Si, though voltage
derating remains necessary to reduce SEB risk. Memory
subsystems present a more constrained selection space.
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Volatile memory requires continuous scrubbing and might
show retention loss in MEO, while flash exhibits potential
loss of writability at high dose. Emerging NVMs provide
a path toward TID-tolerant and low power storage, though
control logic remains sensitive to SEEs. Mixed-signal
circuits remain a vulnerability. Precision analog performance
degrades monotonically under TID, while embedded digital
control logic remains susceptible to transient soft errors.
Design diversity can mitigate common-mode TID failures,
but increased adoption of photonic sensing and conditioning
may ultimately prove more effective than hardening analog
electronics.
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TABLE 9. Overview of dominant radiation-induced failure mechanisms for photonic components in OCT avionics across orbital regimes. Mechanisms are
listed for each orbit class assuming 4 mm Al shielding. Failure severity and manifestation exhibit significant device-to-device and material-dependent
variability within each technology class, particularly for COTS components where process variations, doping profiles, and integration platforms can alter

radiation response by orders of magnitude. Dose-rate effects are also not accounted for.

Technology SSO LEO MEO References
Waveguides SEE: Transient attenuation and  TID: Propagation loss increase, ef-  TID: Propagation loss increase, ef- [11], [24],
phase shifts. fective refractive index change, res-  fective refractive index change, res- [28], [29],
onance wavelength shift in sensitive ~ onance wavelength shift. [55]-[57],
devices. DD: Propagation loss increase, re-  [61], [62]
DD: Propagation loss increase, re-  fractive index change.
fractive index change in sensitive ~ SEE: Transient attenuation and
devices. phase shifts.
SEE: Transient attenuation and
phase shifts.
Modulators SEE: Transient attenuation and  TID: Reduced modulation  TID: Reduced modulation [63]-[68]
phase shifts. efficiency, extinction ratio  efficiency, extinction ratio
degradation, effective refractive  degradation, effective refractive
index shift, bias point shift, index shift, bias point shift,
increased insertion loss. increased insertion loss.
DD: Phase shifts, modulation effi- DD: Phase shifts, modulation effi-
ciency reduction, attenuation. ciency reduction, attenuation, loss
SEE: Transient attenuation and  of functionality in InP-based de-
phase shifts. vices.
SEE: Transient attenuation and
phase shifts.
Amplifiers SEE: Transient attenuation. TID: Gain degradation, noise-figure ~ TID: Gain degradation, noise-figure [69]-[71]
increase, radiation-induced loss in  increase, radiation-induced loss in
gain medium. gain medium, loss of functionality.
DD: Additional gain degradation, DD: Additional gain degradation,
noise-figure increase, radiation- noise-figure increase, radiation-
induced loss in gain medium. induced loss in gain medium, loss
SEE: Transient attenuation. of functionality.
SEE: Transient attenuation.
Lasers SEE: Optical power transients. TID: Small wavelength drift due to  TID: Small wavelength drift due to [11], [72]-
refractive index changes in passive  refractive index changes in passive  [76]
sections. sections.
DD: Threshold current increase, DD: Threshold current increase,
slope-efficiency degradation. slope-efficiency degradation, out-
SEE: Optical power transients. put power reduction.
SEE: Optical power transients.
PDs SEE: Transient detector current ex-  TID: Small dark current increase in ~ TID: Small dark current increase, [61], [77]-

cursions.

sensitive geometries.

DD: Dark current increase, noise in-
crease, responsivity change.

SEE: Transient detector current ex-
cursions and bit errors.

SNR degradation.

DD: Dark current increase, noise
increase, breakdown voltage shift,
avalanche gain degradation.

SEE: Transient detector current ex-
cursions and bit errors.

(81]

D. ASSURANCE

The synthesis shows that conventional RHA methodologies
based on pass-fail component qualification are insufficient
for photonic-intensive OCTs, and increasingly inadequate
for highly integrated electronic systems. Because many pho-
tonic devices remain operational while exhibiting degraded
performance, qualification must emphasize parametric end-
of-life behavior rather than functional survival. Effective
validation requires dose- and fluence-dependent character-
ization of optical performance metrics, consideration of
operating conditions during irradiation, and explicit trans-
lation of device-level degradation into link-level margins.
For electronics, the focus must shift from universal RHA to
mission-tailored mitigation strategies. SEE sensitivity varies
by orders of magnitude depending on device configuration,
necessitating system-level testing rather than reliance solely
on component-level cross-sections. Similarly, TID and DD
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effects in mixed-signal and power circuits require parametric
tracking rather than binary failure thresholds. System-level
mitigation often proves more effective and affordable than
aggressive component-level hardening. This shift requires
closer integration of radiation engineering with system
design, moving assurance upstream rather than treating it as
a final design stage.

VI. CONCLUSION

This work presents a comprehensive radiation effects inves-
tigation for OCTs deployed across SSO, LEO, and MEO
regimes, addressing a critical gap in multi-orbit RHA for
heterogeneous photonic—electronic architectures. SPENVIS-
based environment characterization reveals distinct radiation
signatures: SSO presents a mild environment with TID below
1 krad(Si) per year and low SEE flux, LEO is dominated by
proton-driven SEE with TID in the 1-10 krad(Si) per year
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range, and MEO represents the most challenging regime,
with TID exceeding 30 krad(Si) per year at typical Al
shielding and heavy-ion fluxes driving both cumulative
degradation and elevated SEE rates. Technology-level anal-
ysis reveals fundamental differences in radiation response
between photonic and electronic subsystems. Photonics
exhibits predominantly parametric degradation that can be
bounded through margin allocation, whereas electronics
remains vulnerable to discrete, stochastic failure modes
that directly threaten system availability and require active
mitigation. These findings motivate a progressive shift of
high-speed signal-processing functions from electronics to
photonics in future OCTs, reducing reliance on highly scaled,
SEE-sensitive digital logic while retaining electronics for
lower-speed control and monitoring tasks better suited to
hardening. Reconfigurable architectures based on FPGAs,
photonic subsystems with predictable degradation, WBG
power semiconductors, and emerging NVMs enable com-
ponent commonality across orbital regimes when coupled
with environment-specific margin allocation and mitigation
strategies, reducing development cost relative to fully custom
designs while requiring tailored qualification for each
radiation environment. Photonic devices require parametric
end-of-life characterization under representative dose, flu-
ence, and operating conditions with translation to link-level
margins, while electronic systems demand mission-tailored
mitigation strategies and system-level testing. Future work
should focus on experimental validation of photonic devices
under representative space radiation spectra, development of
system-level performance models capturing correlated multi-
technology degradation, long-term on-orbit data collection
from operational OCTs, and standardized test protocols for
photonic-intensive space systems.
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