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Abstract

This paper investigates the degradation characteristics of a DC/DC converter operating
under cold redundancy conditions when subjected to total ionizing dose (TID) effects. An
optimized RCC isolated auxiliary power supply circuit was evaluated through ©Co y-ray
irradiation up to 100 krad(Si) at dose rates of 3.89, 8.89, and 13.89 rad (Si)/s, with electrical
characterizations performed at both the system level and the device level, focusing on the
critical VDMOS transistors. The results indicate that the main output voltage and conver-
sion efficiency remain essentially stable after irradiation, whereas the auxiliary supply
voltage and efficiency degrade significantly, leading to a pronounced reduction in the
controller supply margin. Device-level measurements reveal a negative threshold voltage
shift of approximately 0.5-1.0 V with clear dose-rate dependence, while the subthreshold
swing shows no obvious variation, suggesting that the degradation is primarily domi-
nated by oxide-trapped charge effects. In addition, a substantial increase in drain current
at low gate voltages is observed, which may further exacerbate restart risks under cold
redundancy conditions. These findings demonstrate that the auxiliary power supply and
startup margin constitute critical vulnerability points of cold-redundant DC/DC convert-
ers under TID stress and should therefore be primary targets for radiation-hardened de-
sign.

Keywords: DC/DC converter; cold redundancy; total ionizing dose (TID); VDMOS

1. Introduction

The spacecraft power system is the core subsystem for energy generation, conver-
sion, and distribution; its performance and reliability directly determine mission success
and on-orbit lifetime. As a key functional unit of the power system, the DC/DC converter
performs bus power conversion and distribution, provides regulated power to payloads
and other subsystems, and ensures power quality [1]. Consequently, its reliability is often
a decisive factor for overall spacecraft availability and operational lifetime [2]. In the space
radiation environment, DC/DC converters face not only transient disturbances and cata-
strophic failure risks induced by single-event effects (SEE), but also the long-term accu-
mulation of total ionizing dose (TID), which can cause parameter drifts in power devices
and control/drive circuits, efficiency degradation, reduced loop margins, and even
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functional failure [2-5]. Prior studies have shown that power MOSFETs and their associ-
ated control paths in switching converters are sensitive to both TID and SEE, with system-
level degradation commonly manifested as efficiency loss, degraded regulation capabil-
ity, and abnormal startup or restart behavior [3,4]. In addition, threshold-voltage shifts
and leakage-current variations in high-voltage MOSFETs can further impact converter
losses and operating boundaries [6].

To meet the stringent reliability requirements of space missions, redundancy is
widely adopted in spacecraft power architectures. Among various schemes, cold redun-
dancy refers to the configuration in which one unit operates while the redundant units
remain completely powered off [7,8], offering the intuitive benefit of reduced electrical
stress and aging. However, in a radiation environment, “power-off” does not necessarily
mean “no degradation”. TID can induce charge trapping and defect generation in oxides
and at interfaces, leading to parameter shifts even under unbiased conditions; such deg-
radation may manifest upon re-powering as insufficient startup margin or abnormal bias-
supply behavior [9,10]. More importantly, experimental studies have reported that
DC/DC converters irradiated in shutdown/sleep (passive-reserve) states may exhibit re-
duced TID tolerance and can even represent a worst-case condition, challenging the engi-
neering intuition that cold redundancy is inherently more radiation robust [11]. Moreover,
the survivability and failure thresholds after irradiation can be strongly influenced by the
control chain and restart mechanism, indicating that the “cold-redundancy-restart” sce-
nario must be explicitly evaluated [4].

It should be emphasized that studies on unpowered/sleep-mode irradiation are not
absent. For example, Kessarinskiy et al. irradiated DC/DC converters in passive-reserve
(unpowered/sleep) conditions and observed a pronounced reduction in TID tolerance
compared with powered operation [11]. In parallel, TID-induced parametric drift and
threshold evolution under standby/unbiased conditions have also been reported in other
technologies; for instance, Bagatin et al. observed dose-dependent evolution of threshold-
voltage distributions in 3-D NAND flash memories [12]. Nevertheless, for the engineering
demands of long-duration, cold-redundant power-off operation in space missions, gener-
alizable converter-level conclusions remain limited, particularly in two aspects: (i) sys-
tematic comparisons of multi-dose-rate behavior under unpowered irradiation and (ii) a
clear system-to-device correlation linking post-irradiation startup/restart anomalies and
bias-margin degradation to the degradation of key power devices, which hinders reliable
failure attribution and targeted hardening design.

On the other hand, the fundamental physical mechanisms of TID effects—oxide-
trapped charge buildup, radiation-induced interface-trap generation, and their time- and
temperature-dependent evolution—are well established in the literature [13-18]. Thresh-
old-voltage shifts in power MOSFETs exhibit strong dose-rate and bias dependence and
may involve rebound or super-recovery behaviors, making conclusions drawn from a sin-
gle dose rate or a single characterization point difficult to extrapolate to long-duration,
low-dose-rate missions [10,19]. Therefore, a more closed-loop evidence chain is needed to
explicitly correlate system-level anomalies under cold redundancy and multi-dose-rate
irradiation (e.g., startup behavior, bias margins, and no-load current) with degradation
parameters of key devices (e.g.,, VDMOS transistors), thereby supporting reliable failure
attribution and engineering-oriented radiation hardening.

Accordingly, this work investigates the performance degradation of a DC/DC con-
verter module operating in a cold-redundant (powered-off) state under TID stress and the
underlying mechanisms. Overall, this work identifies the system-level worst-case degra-
dation trend across multiple dose rates under cold-redundant (long-term powered-off)
TID stress and establishes a closed-loop correlation between restart-relevant module
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signatures and critical VDMOS degradation, thereby enabling reliable failure attribution
and actionable hardening guidance.

2. Circuit Schematic Block Diagram

The object investigated in this work is an RCC-optimized circuit [20], whose circuit
topology is shown in Figure 1. This circuit was originally designed to withstand neutron
irradiation in nuclear detonation tests and is intended for future deployment in nuclear-
related equipment, where it serves as a core power-conversion unit. The product has
demonstrated tolerance to a neutron fluence of 3 x 10 n/cm?; however, its tolerance to
total ionizing dose (TID) effects has not yet been characterized. In particular, the TID re-
sponse under cold-redundant operating conditions remains unknown.

Motivated by this gap, this study conducts TID irradiation experiments under differ-
ent dose-rate conditions, with a total accumulated dose of 100 krad(Si), to systematically
investigate the radiation-induced degradation behavior of the RCC-optimized circuit in
the cold-redundant state.
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Figure 1. Optimized isolated auxiliary power supply schematic.

Total ionizing dose (TID) cold-redundancy irradiation experiments were conducted
on two switching VDMOS devices, denoted as V17 and V18, in the RCC auxiliary power
supply circuit. In the RCC topology, V18 functions as the main power-switching transis-
tor, while V17 serves as the auxiliary control switch; both devices share the same type and
specifications. By investigating the optimized RCC circuit under cold-redundant TID ir-
radiation at different dose rates, the performance degradation trends of the converter were
systematically evaluated. Furthermore, the radiation-induced degradation mechanisms of
the VDMOS devices were analyzed, and several practical hardening-oriented design
measures were proposed to mitigate TID-induced performance degradation.

3. Experimental Conditions

The irradiation experiments were carried out at the Lanzhou Radiation Technology
Development Center of the China Nuclear 404 Institute using a ®Co vy-ray source. Six ra-
diation-hardened DC/DC converter modules were selected as test samples. The internal
structure of the converter is shown in Figure 2. The VDMOS devices (V17 and V18) used
in the module were radiation-hardened N-channel MOSFET bare dies with the model
number XXXX67124, fabricated by the No. 58 Research Institute of CETC. All VDMOS
devices were manufactured from the same wafer lot, and their key electrical parameters
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are summarized in Table 1. The irradiation conditions and grouping scheme are summa-
rized in Table 2.

During the experiment, the six converter modules were divided into three groups
(Groups A, B, and C), with two modules in each group. The samples were irradiated at
three dose rates of 3.89, 8.89, and 13.89 rad(Si)/s, respectively, while the accumulated total
dose was fixed at 100 krad(Si) for all groups. Note that these dose rates are under acceler-
ated laboratory conditions; typical on-orbit dose rates are orders of magnitude lower, and
alower dose rate would correspond to a much longer exposure duration for the same total
dose. To emulate a cold-redundant (powered-off) state and eliminate floating-node po-
tentials, all external module pins were shorted together; thus, the module (and the em-
bedded VDMOS devices) remained in an unbiased, equipotential shorted state through-
out irradiation. Detailed irradiation configurations are listed in Table 2, and the pre-irra-
diation converter data are summarized in Table 3. After irradiation, the DC/DC converters
were electrically characterized, and the transfer characteristics of the VDMOS devices
were measured using a Keithley (Solon, OH, USA) 4200A-SCS semiconductor parameter
analyzer.

RCC,,
V17

vis &

Figure 2. (A). Layout diagram of VDMOS; (B).VDMOS OM top view.

Table 1. Electrical Characteristics of the VDMOS Devices.

Parameters Test Conditions Minimum Value Maximum Value
VBR)DSS Ves=0V,Ip=1mA 150 V -
Vas(th) Vbs=Vacs, Ip=1 mA 15V 5V
IGssr Ves=20V, Vps=0V -200 nA 200 nA
IGssr Ves=20V, Vbs=0V - -
Ipss Ves=0V, Vps=80V 150V 100 pA
Rpson) Ves=12V,Ib=5A 15V 460 mQ

Table 2. Test Conditions and Ratings.

DC/DC Con- Module No Dose Rate Total Dose Power Module Operating
verter Model ) (rad(Si)/s) Krad(Si) Condition

A 14 Cold Backup
24 389 100 Cold Backup
XXXX-(20- B 34 8.89 100 Cold Backup
50)-12-15/SP 44 Cold Backup
C 5# Cold Backup
64 13.89 100 Cold Backup

Table 3. Electrical parameters of the DC-DC Converter before irradiation.

Module No. Input Voltage (V)  Output Voltage (V) Voltage Regulation (mV) Load Regulation (mV) Efficiency
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1# 28 12.023 26 21 78.9%
24 28 12.022 28 22 78.8%
3¢ 28 12.031 27 27 78.8%
4t 28 12.046 25 23 78.6%
54 28 12.014 21 20 78.9%
64 28 12.024 24 19 78.9%

4. Results and Discussion

4.1. System-Level Test Results

Table 4 summarizes the variations of the electrical parameters of the DC/DC con-

verter after total ionizing dose (TID) irradiation under cold redundancy conditions.

Table 4. Electrical parameters of the DC-DC Converter after irradiation.

Module No. Input Voltage (V)  Output Voltage (V) Voltage Regulation (mV) Load Regulation (mV) Efficiency
1# 28 12.034 28 34 78.7%
24 28 12.029 26 30 78.6%
34 28 12.038 32 31 78.5%
44 28 12.035 34 45 78.3%
54 28 12.034 52 58 78.2%
6# 28 12.039 41 44 78.3%

As indicated in Table 4, six DC/DC converter modules were subjected to a total ion-
izing dose of 100 krad(Si) under cold redundancy conditions and were subsequently pow-
ered on for electrical characterization. Compared with the pre-irradiation data in Table 3,
overall, all converters remained functional after irradiation, and their key electrical pa-
rameters exhibited no significant deviation from the pre-irradiation values. A slight re-
duction in conversion efficiency was observed, which can be attributed to radiation-in-
duced degradation in semiconductor devices. For the VDMOS transistors, TID exposure
leads to an increase in on-state resistance and a negative shift in threshold voltage, result-
ing in elevated conduction and switching losses. To further clarify the impact of irradia-
tion on the auxiliary bias network [3,4], the RCC supply circuit was characterized sepa-
rately, as discussed in the following subsection.

Table 5 and Figure 3 show the measured output characteristics of the RCC auxiliary
supply circuit after irradiation. For all six DC/DC converter modules, the RCC output
voltage exhibits a noticeable reduction after TID exposure, although the supply voltage
remains above the minimum requirement of 8.7 V for proper operation of the PWM con-
troller. Nevertheless, the VDMOS devices have already experienced measurable perfor-
mance degradation. Under higher dose-rate conditions or at larger accumulated doses,
the RCC output voltage is expected to further decrease and may eventually fall below the
operating threshold of the PWM controller, leading to startup or functional failure. There-
fore, it is necessary to analyze the degradation trends of the VDMOS devices and to pro-
pose appropriate radiation-hardening measures. In the following, the underlying reasons
for the different RCC output voltage degradations observed at the three dose rates are
investigated, with particular emphasis on the radiation-induced performance degradation
of the critical VDMOS switching transistors (V17 and V18).
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Table 5. Electrical parameters of the RCC after irradiation.

Module No. Input Voltage (V) Output Voltage (V) Load Regulation (mV) Efficiency

14 28 11.365 132 62%
24 28 11.378 141 61%
3# 28 10.775 213 56%
44 28 10.763 221 55%
5# 28 9.354 452 49%
6 28 9.387 443 50%
T T T T T T 65.0
115+ —— \out
—&— Efficiency Jg5 5
11.0F Vin =28V 1650
= ~
o 157.5 R
(=2} -
JL; 10.5F >
s 1550 &
B &
8 10.0F 41525
-150.0
9.5
-147.5
1# 27 3% pP 5% oF
Module No.

Figure 3. Test data of the RCC circuit after irradiation.

4.2. Device-Level Test Results
4.2.1. Comparison Between V17 and V18

The VDMOS devices V17 and V18 in all six DC/DC converter modules were charac-
terized, and similar degradation trends were observed among the samples. Taking sample
2# from Group A as a representative case, Figure 4 shows the measured transfer and out-
put characteristics of V17 and V18 after total ionizing dose irradiation.

Under cold-redundant (unpowered) irradiation at the same dose rate, devices V17
and V18 exhibit highly consistent degradation trends. The dose-dependent evolutions of
key parameters, including threshold voltage shift (AVu) and drain leakage current (),
show nearly overlapping curves, indicating similar total-ionizing-dose sensitivity in terms
of fabrication process, packaging, and charge-accumulation response. Although the
VDMOS devices are irradiated while integrated within the DC/DC converter, no direct
electron transport occurs between devices during cold-redundant irradiation. In particu-
lar, despite the circuit-level interconnection between V17 and V18 in the present design,
the devices remain electrically unbiased and effectively isolated throughout irradiation,
with no electric-field-assisted injection or bias-dependent charging effects involved. Con-
sequently, the observed degradation is primarily dominated by ionization-induced
buildup of fixed oxide charge and interface-state generation [13-18], with both the direc-
tion and magnitude of the parameter shifts governed by the intrinsic device properties,
thereby enhancing the consistency of degradation behavior between the two devices. In
the following, the influence of dose rate on TID-induced degradation is further investi-
gated, with V18 selected as a representative device for comparison.

https://doi.org/10.3390/mi17020197
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Figure 4. Electrical characteristics of the VDMOS devices; (A) Transfer characteristics of V17; (B)
transfer characteristics of V18; (C) output characteristics of V17; (D) output characteristics of V18.

4.2.2. Comparison of V18 in the DC/DC Converter Under Different Dose Conditions

For the DC/DC converters irradiated under three different dose-rate conditions, one
representative sample exhibiting the most severe degradation of the RCC circuit was se-
lected from each group for detailed analysis, namely sample 2# from Group A, 4# from
Group B, and 5# from Group C. The experimental results are shown in Figure 5. For each
dose-rate condition, two converter modules were irradiated and characterized, and two
VDMOS chips were measured from each module (n =4 devices per dose rate).

As shown in Figure 5A, the transfer characteristics of the VDMOS devices exhibit a
clear negative shift in threshold voltage after irradiation. For the A-2# module irradiated
at a dose rate of 3.89 rad (Si)/s, the threshold voltage decreases from 3.7 V before irradia-
tion to approximately 3.2 V after an accumulated dose of 100 krad(Si), corresponding to a
threshold voltage shift AV of 0.5 V. For the B-4# module irradiated at 8.89 rad (5i)/s to the
same total dose, the threshold voltage decreases to approximately 2.7 V, yielding a larger
AV of about 1.0 V. In contrast, for the C-5# module irradiated at the higher dose rate of
13.89 rad (Si)/s, the threshold voltage decreases to about 2.9 V, corresponding to a AV of
approximately 0.8 V. The comparison of threshold voltage shifts under different dose-rate
conditions is summarized in Figure 5D.

https://doi.org/10.3390/mi17020197
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Figure 5. (A) Comparison of transfer characteristics of V18 under different dose-rate conditions; (B)
subthreshold characteristics; (C) output characteristics; and (D) dependence of threshold voltage

and drain saturation current on dose rate.

The results indicate that, under cold-redundant conditions, the threshold voltage of
the VDMOS devices shifts negatively for all dose rates; however, the magnitude of the
shift is strongly dose-rate-dependent. Notably, the shift at 13.89 rad(Si)/s is smaller than
that observed at 8.89 rad (Si)/s. Under unbiased irradiation, the net trapped-charge
buildup is governed by the competition among hole trapping, electron-hole recombina-
tion, and time-dependent relaxation/annealing during exposure. For a fixed total dose Dro,
the exposure time scales as t = Dw/D. In our experiment (Dwr = 100 krad(Si)), the corre-
sponding exposure times were approximately 7.1 h (3.89 rad(5i)/s), 3.1 h (8.89 rad(5i)/s),
and 2.0 h (13.89 rad(Si)/s). At a lower dose rate, the much longer irradiation time allows
more in-situ relaxation/annealing of radiation-induced charge and defects, partially com-
pensating the net trapped-charge buildup. At higher-dose rate, enhanced carrier recom-
bination reduces the effective hole yield, and prompt recovery processes further suppress
the net trapped charge. Consequently, the competition between trapping, recombination,
and time-dependent recovery can naturally lead to a maximum net oxide-charge effect at
an intermediate dose rate, providing a physically grounded explanation for why 8.89
rad(Si)/s appears as the worst-case condition in Figure 5D under cold-redundant irradia-
tion.

Figure 5B shows the subthreshold characteristics of the VDMOS devices. The sub-
threshold swing (SS) is related to the interface-state density (Di) according to the follow-
ing relationship [9,21]:

SS = (kq—T)ln 10(1 + 22ty 1)

where C,, is the gate oxide capacitance, k is the Bolzmann constant, and T is the ab-

Cox

solute temperature. As can be extracted from the curves, the subthreshold swings of the
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four curves are nearly identical, indicating that low-dose-rate of total ionizing dose irra-
diation does not significantly increase the Si/SiO: interface-state density D;; nor does it
markedly alter the depletion capacitance C;.In other words, the irradiation-induced deg-
radation is mainly associated with oxide-trapped charge Q., rather than interface-state
generation [22]. The formation of interface states is generally correlated with irradiation
time and accumulated dose level [23], and a total dose of 100 krad(Si) may be insufficient
to induce a noticeable increase in Dj;.

Figure 5C illustrates the output characteristics of the VDMOS devices, namely the
relationship between the drain current (Iss) and the drain voltage (V). After cold-redun-
dant total ionizing dose irradiation, no obvious change in the output characteristics is ob-
served at a dose rate of 3.89 rad (Si)/s. When the dose rate increases to 8.89 rad (5i)/s, the
Ips—Vps curves shift upward significantly, whereas at the higher dose rate of 13.89 rad
(Si)/s, the curves tend to stabilize and show reduced sensitivity to further dose-rate in-
crease.

By extracting the on-state resistance from the output characteristics, it is found that
sample B-4# exhibits the smallest on-resistance, followed by C-5#, while A-2# shows the
largest on-resistance. This trend is opposite to the commonly reported increase in on-re-
sistance under biased irradiation conditions. Equation (2) represents the classical expres-
sion of the on-state resistance [21].

Ron = Ren + Race + Ryper + Rp + Reup )

where R, is the channel resistance, R, is the accumulation-layer resistance, Rjpgr is
the JFET-region resistance, R}, is the drift-region resistance, and Rj,; is the substrate re-
sistance. Under cold-redundant conditions, the device operates in an unbiased or weakly
biased state. Total ionizing dose irradiation mainly induces charge trapping in the gate
oxide and generates radiation-induced defects at the Si/SiO: interface. These effects di-
rectly modify the electrostatics of the gate-controlled channel, leading to threshold voltage
shift and carrier mobility degradation, which predominantly affect the channel resistance
R.p. In contrast, the drift region resistance, JFET region resistance, and substrate resistance
are primarily determined by device geometry and doping profiles and are therefore much
less sensitive to total ionizing dose effects. As a result, under cold-redundant irradiation
conditions, the observed variation in the on-state resistance of vertical power MOSFETs
is mainly attributed to the degradation of the channel resistance R, while the contribu-
tions from other resistance components can be neglected [9,22,24]. Equation (3) represents
the fundamental physical relationship of the MOSFET channel resistance [25]:

1

RCh x H(Vgs_Vth) (3)

when Vg5 = 4V, aradiation-induced reduction in the threshold voltage V,; resultsin an
increased gate overdrive (Vgs—V;p), thereby leading to a decrease in the channel re-
sistance R., and a corresponding reduction in the overall on-resistance R,,.

The drain saturation current Ipgs, was extracted from the output characteristics. At
Vgs = 0.1V, the extracted Ips, under different dose-rate conditions is shown in Figure
5D. For each dose-rate condition, two converter modules were irradiated and character-
ized, and two VDMOS chips were measured from each module (i.e., n =4 devices per
dose rate). All chips were fabricated in the same production lot, providing high part-to-
part consistency. Therefore, in Figure 5D, the four scattered points around each Vi,
marker correspond to the individually extracted V;;, values of the four chips (two chips
per module, two modules per condition), illustrating the device-to-device dispersion un-
der identical irradiation and measurement procedures. The square markers connected by
lines represent the mean trend of Vi, versus dose rate. It can also be observed that, for
dose rates of 3.89, 8.89, and 13.89 rad(Si)/s, Ipssa: increases by factors of 2.1, 8.0, and 8.48,
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respectively. When the dose rate exceeds 8.89 rad(5i)/s, Ipss.: tends to saturate and shows
little further increase.

SS reflects an effective D;; contribution and may be insensitive when Not dominates;
DCIV is energy-resolved and therefore reveals D;,(E) differences. Using the Direct-Cur-
rent Current-Voltage (DCIV) technique [23], the relationship between the trap energy
level E; and the interface trap density D;, was extracted, as shown in Figure 6. The tests
were performed at 300 K, and the DCIV sweep was conducted in a stepwise manner with
a 20 ms integration/measurement time per point. For the same total ionizing dose, the low
dose-rate condition of 3.89 rad/s results in the most pronounced increase in D;;. This be-
havior suggests that defects generated under low dose-rate irradiation are characterized
by slower relaxation and annealing kinetics, leading to a more efficient accumulation of
interface traps.

50F ' ' ' ' '-
N i i
> 4.0
NGJ
|
g 30t :
a
o
';({ 20 B ./ N
- —— A-2#
o) —e— B-4#

1.0 | C-5# 4

—o— Before irradiation
1 L 1 L 1 L 1

L 1
020 022 024 026  0.28
Er (eV)

Figure 6. Relationship between the trap energy level (E7) and the interface trap density (Dj;).

5. Radiation Hardening Measures
5.1. RCC Auxiliary Power Supply and Start-Up Path (Highest Priority)

The nominal 8.7-V threshold should be treated as a design margin rather than a func-
tional operating point. The auxiliary winding, rectification and filtering network, start-up
resistor, and VCC energy-storage capacitor should be re-designed based on the worst-case
post-irradiation degradation of the RCC output, ensuring that the VCC voltage remains
sufficiently higher than both the PWM supply requirement and the UVLO threshold. This
prevents operation near critical thresholds, which may otherwise lead to start-up delay or
unstable restart behavior after irradiation.

5.2. Introduction of UVLO Hysteresis with Controlled Retry/Soft-Start

To mitigate radiation-induced VCC degradation, a UVLO scheme with sufficient hys-
teresis should be employed to avoid oscillation near the turn-on threshold. In addition,
controlled retry or soft-start mechanisms can be introduced to limit start-up stress and
abnormal current during repeated restart attempts, thereby improving the re-powering
success rate under cold-redundant conditions.

5.3. VDMOS (V17/V18) and Power-Stage Hardening Against False Turn-On

A deterministic gate-off bias design should be implemented by adding gate-source
pull-down paths and appropriate VGS clamping or limiting circuits. This is particularly
important to suppress unintended turn-on caused by radiation-induced threshold voltage
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reduction combined with transient coupling. Experimental results show that at very low
gate bias (e.g., V;s = 0.1 V), the drain saturation current can increase by nearly one order
of magnitude, making near-off-state conduction a critical risk during cold-redundant re-
start.

5.4. Enhanced Cold-Redundancy Strategy for Reliable Restart

The cold-redundancy strategy should be upgraded from a purely powered-off mode
to a periodic bias-refresh and health-monitoring scheme. Short-duration power-up or
controlled biasing can be applied periodically, while key indicators such as start-up time,
no-load current, and VCC build-up margin are monitored to reveal degradation before
functional failure. In addition, input isolation optimization and local shielding resources
should be preferentially allocated to the RCC and VDMOS regions, as degradation in this
control chain directly determines restart capability even when the main output stage
remains functional.

6. Conclusions

Under 100 krad (5i) total ionizing dose irradiation in cold-redundant conditions, the
optimized RCC isolated DC/DC converter maintains stable main-output voltage and effi-
ciency without evident functional degradation. However, the auxiliary power supply
path exhibits significantly higher radiation sensitivity. After irradiation, both the RCC
auxiliary supply voltage and efficiency degrade noticeably, resulting in a substantial re-
duction in the controller supply margin and becoming the primary bottleneck limiting
restart reliability under cold-redundant operation. Device-level characterization reveals
that the threshold voltage of the critical VDMOS devices experiences a negative shift of
approximately 0.5-1.0 V with a clear dose-rate dependence, while the subthreshold swing
remains nearly unchanged, indicating that the degradation is dominated by oxide-
trapped charge accumulation. Meanwhile, the drain current in the low gate-voltage region
increases markedly, which may introduce unintended conduction and stress amplifica-
tion during turn-off and start-up transients, thereby propagating device-level degradation
into system-level risks. Consequently, radiation-hardened design of cold-redundant
DC/DC converters should prioritize the auxiliary power supply and start-up margin of
the RCC controller, in conjunction with reinforced VDMOS turn-off control and supply
protection measures, to enhance long-term restart capability and reliability in high-TID
environments.
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