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The radiation hardness of satellite subsystems, particularly their
susceptibility to total ionizing dose (TID), presents a significant challenge
in space mission design. This study introduces an innovative approach to
enhancing the radiation tolerance of a remote interface unit (RIU) by
leveraging commercial off-the-shelf (COTS) components in conjunction
with a strategic integration of hardware and software solutions.
Experimental irradiation results demonstrate that this approach
successfully increased the RIU's radiation tolerance from 20 krad to over
60 krad—a significant achievement given that geostationary satellite
simulations estimate a cumulative radiation dose of approximately 50 krad
over a five-year mission. Furthermore, comprehensive performance
evaluations confirm that the radiation-hardened RIU maintains stable and
acceptable functionality under high radiation exposure. All proposed
solutions were experimentally validated using Co-60 irradiation, and the
results indicate that the TID-hardened RIU can serve as a viable alternative
to specialized space-grade components in specific applications. This novel
approach reduces satellite development costs and time-to-market and
enhances design flexibility. The methodologies presented in this study
hold significant potential for adoption in other satellite subsystems, such
as on-board data handling (OBDH) units and telemetry, tracking, and
command (TT&C) systems, thereby contributing to the advancement of
more reliable space technologies.
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Fig. 1. Simulated results of total ionizing dose as a function of
aluminum shield thickness.
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Table 2. Part of the data from figure 1, presented numerically.

Thickness of aluminum Total ionizing dose
(mm) (rad)
0.05 2.17E+08
0.10 8.33E+07
0.20 3.03E+07
0.30 1.58E+07
0.40 9.43E+06
0.50 6.14E+06
0.60 4.29E+06
0.80 2.45E+06
1.00 1.59E+06
150 6.87E+05
2.00 3.53E+05
2,50 1.99E+05
3.00 1.20E+05
4.00 5.06E+04
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Fig. 4. Schematic of a dual-RIU structure for radiation testing
and switching evaluation.



i / Lﬁud)9u9f9l‘°
¥ 5lod VY byg0 AF-Y Jlo

W8S )18 (S5 0 593 2y 53 Wges 93 i i plo] Ladiges 4yl
29 Erae obyz SRS Gl ool VY o Ve (c0)i 593 5
a8 aad o il gt pl A sdalie 3 Slee 18 Cusd | A
5 48 @l ) 8 edgume ol )3 ladigal adgl (gygl b 2>
5 Cawl jle digad 90 oyl Juloo
S a3 G5 @l (guyp RIU JyuSgSie IS abais 36 @

B b ()8 il 5 g sl poe ol o IS abais

5 GlPley oz & haiges D) Gyl i » a2y
ot w0y Gl (sladiged Jilsiga 125 | ug ol S il o

ol Olaad plw Sl 4 e (ol daad S o3 a5 0

5 ol () Sbye oyl slpidin 4 e 4 pl Ll

23,5 TID & wlues ladad 2925

bil B Ly Jol dlsye (235 5l Jols @ls p 4SS L
SIS g (moge cbilin) (oOlidn ilupglie sty (i ]
p9> Al yo (TID & Cops (ol adhad (30l> 5 (6,508 by
25 1l g (5300000 (255 slotloj]
O USS 3pgd s sl Fr SIS @iie b (29SS L

2 bdiges Wil o asuie JSK& 0 aosls .l odd odly lis
L lord o305 15 sy j| eatude Alols 53 dmi Sy (o)
238 5b5 g o8 1) alols g o0 3 125 (6yguilol ojlus palais
SRS gy 5 d9b it dedz | e ol )5 4
Sudy Ry Sinl Aoty & dxio (9,5 S5 L g b
SIS 4 dnder I alold oad o)lal axsliy (Jlb a4 09 0
g2 5lasl el oly shS <SG dgds 93 5 A Canl 0ud palais
CAN L5l slp o 295 o 9 035 (el oo 295 5 903
Jate (2395 BU1 5l gy 0 CUC 5 445 @i 4 g 003 )15
4l 0Slas (il g oy 4355 03,8 Jog 5 glab ol 0ss
YA) 2355 g dois plos 3 il 005 plog] o S s (] dlaslg
sloygd gty 93 Sinl yiad 5l skl b (@2pe yio s YA 5
P390 0)93 JS ) &S 39 Juols pliseb] (pl b o (S0l
Syliliol )3 jlme ZVe 3l 3 1eSs pae (Jlgte celw £o 3g0s)
LSS el [V ]
L 5l o RIU 15 ey it o o355 0
Ol Sl cwl Ol galy g Jgl Jole 29 o0 s Jole 9 il
$38des Como pgd Jole g (B35 n 2 3 s S 0L
Jewl ol il Gl ASlee (2390 Jsb ) e
ol & pamde Gloj loojl 3 ses (Brae ol ol <8
MyelS S Joleo Lo yds el jo j Ligh opl lp Sloj o3l

e B s YU sl b e ol by asly Sy e 5 bl (slb

5 Sl dagilly s hog

Gl b Lo slagingy sl o Lol ol ) (S
2 3590 Sradgize liin Glagin plp 3 (Ses Sl ol
Scus die) 13 039 4 Caunl (BT Caund Ol 3pod 4 oaw yiawd
‘.{ ob.o.b 9 Dgdowe )L.M.u d9>90 bl qum?U L)“J% )9
Dg>g0 slCudgioe & i b idoh opl 50 ol slacudgise
b @l opl oJbs ol b sl oads o3l 25390 £+ LS molio
9 Pn e GsReal ogime b emen lajill
At axlge Sloj glacydgase
» Baes dgge £ IS mle £ IS mle slacudgisws
ol 3l eolitel s yite o3l (650 olojlu g (Sleyd 3STye
b wywod slacudgize g Sloy lacaglsl Jdd 4 mle
b oon o ille
Fo LS gl jl b 3 Fn e 19 Qe (S5Kenl e
buwg 8Ly jed g cAless S M. sl
D9 o Lrdigel
dlge By yd (g ladaize Sl i Lwdin lacedgise @
e dex 5l S sladiges 358 (Sl g 03 SasS
LSL‘”QQ.L")'] el sly ley pawass i ol slacadgiow @
cel g o ohen alacodgixe b dlse (S > (2395
235 o0 halejl b s Vb
2 25y sgptalesl pbl dly g8 ol 4 g L
ol 5" (o3l (g3l ol )3 35250 £+ SIS me i
Loyl 2lad Ll TID cous g (2395 p 3ylkiul gollas .ol o
boeoipgi copl ) cal plosl LB (el /krad(Si) YA+ b +/YF)
AN Jlade 4 590 Sinl ito I 55T s Ao dlold o
YAXYA sl (gl cuas dmis Cul 0030 )8 pudaid Celw o 0l 5bS
2 ol ole B3 leiS pas oylaibiol b llas a5 0dgr xaye yio Sl
el ya ) 36 bdiges (63,8des Como obj)l g Ve I i8]
ol 0 ol ol g 00 plo] (b‘”l,; S0 L))n.:)
590 ply 2 RIU Gladiges adgl (yglol b)) jgbaie 4
5l glise Ll jldlecrn jlas jl alie diged 93 ¢ ra2 (gl jiis:
Syl bulyds jd (0550, (o)8 LS )8 g dabiyy o) Sl58le )5
g iolesl cpl )3 15 Gilejl cow 2,8 adgp olKinles]
Cyglol s pend B b g W] TID s (sl sl b gollao



e plosl g el L)

@D iz ple g wlesldl )5 51 ,5YsS ) JSiie 5 (23S b >
ilodls cuwd l 2ogiy Sl ]y 095

I paie ghe S base I Sy 4o b
ol Sloals s 51Ty 2g5 oL LiS by oled My Pl dg
9 Jlio cll 93 )5 (2395 b (ol 3)5:) G K90 1] ke ki
2555 b Lol 3,0) 93 diges ) 5bS YEID 55l graws |
Blola oy g glad b odd Cudy yia o Vdgie (oo sl b ey |
3352) dus 4505 231, oS VF (49l b b sosminndll SU (539 S
Sy S5 VY ol s b (i 38 ige s b S
b Jolao (g addd (5S01) Sl dige b el )3 Coled 2
WS 0403 diged 50 (JSie g oy LS £ dgis

) kel slodyglios pgd dl yo sloislol b Jilow
)l lalas 655106y (o3l sjlopglie slaidg) sl 390 )
Sl Casl Sl pgd (g (2350 il g 020 @l Am

9 5) $m il o a5 b s b iolejl 2l cgs b @
D)5 e 551l 2 ey M ,T (e b

Y Colbus 4 @b g oy blas Y 5l oolaiwl : abge cblas @
2l e gl QA 5 e B i in
390 Bl Josomy lagbyy o5 ol (L yide lagwp
Gl b il gl casl (e g9ise ol Ui el b
0556 5 Cuble Cgley o & Cuwl (SKee b .aSb lagye 49l
5 sl oS las TID ()8 3l ags b 5+ LS (5,38 30
5 LT ) 45 gy ol @B g o iblis aY ) eslinl
1y oad dbul slaoyis snly d dien ylys b g Canl oy
S5k Gl e p p3 4By I 4 dlge b (ivren WS (s
A5l e

Crig) ol )70 (il B Lhgy (G5l gyt S @
boad ol g BB Jlidl 4 oo (Lhgels col S5
& Sy Sl Gl plo 58b pp J ol
WS S8 gy cnl (il

L glaskad b Gl aslad (030l 1 Slon e (030l @
£e b ae oyl arg BB Sl e YL gyl
W .)1) 9L§

A3 sl Gl sl los ol (i oy ol
bisl 390 (23555 b ol (ul 5l (pols sl )lidlu 5 2 jlae TID

Oy ol BB e g (BIF R (P 0 4 a2y LSS I
slon] 51 G pa iz glacdls Cus w0ld (BOg (sladiges

@L&d)suer’%‘/ e
¥ 5ylas IV 590 OFF s

alob slaise plo 4 ol | coilas gl bl (23555
Mo pasuio 2oyd ol juas ol &5 Sloj Yoo olab
Sl e Olyed jaes Bedie yube ol Sl Yo
GlPl Ggh il (See Sl (Bp 2 S e ool
Cuwd jly 638es @lgs I (oi5u eSS QL2 5> (g
e ) Cwd sl & (g3 Gl s b nl )3 45 09
2500 U1 aglol aw plgisar ) Cul 0l Saos @y ]
2395 0 Oljre e 2 1905 (5w 93 5 Allie )3 e polul cl
s g adiged (IS0l Gliee £ UK 53 il 0l (B)15S
G Bdiged (b 3Shee JS5 53 g (e (gl 90
Coohl  p3Y andl Lol ond o3l (LS memS guml jigr 9
B Loy 0 a8 )b alise (00 Sles mlgs RIU jaow oS cunl
SleMbl 356 ela 3905 S5 5 6l (6l ol 0 o Ll o 4,
ol odd &) Ao pl 50 Lod jguiow <818 5, Slae Byo Wi

Cos gladiges (LISl Olie £ S ) ab o)L3l axcly
s Canl 0 03> (LS (re2 (grliigr j93 coe p (BOF
ESR PIPRERNNINE SE RN SO Py NI
ol (89908 yemme bl o (255 Cels K dgas Fr LS deuis
a3 o LS ]) el e o  aigas (IS 0l (l3e 368 gl
i S e elon,S oozl ay) 4y addad ) &S laaiges
Sl @i e asdad b3y g el e Y10 3500 sl 55
gl S0l & aladiges )3 3 el e Y54 gl alad
SRSL Lials gy 5l e cele V=5 dgas )b o5V
Wlio ,5YsS, Sy 5l baigal oyl dod sl 00 o o2S b
by o lis 35 5l ol Hl8) o et 4y Wilod)S salatul
S ol @l Gl el gl (39 Gloj e Gl
odnlin 2355y Celw Y8 D90 5l o 90 diged § S diged 0
38 @3 Ses bl (iSOl ales Gl cal JUis 4 09 oo
o) Sl diged Loy ls 6l pas g ol sniad LS
Sl g ol 03> 2 YL (ra2S 53 53 dw diged sl (IS 0l
e (2397 Cslu Bl Gy (g s oS 7 U jlen L9
ool 0uis odalie (S L

Olaled W93 i (g9 yguinw (Slod 5 S5 )3 ead 0,L3l axslix
Couo jl luedsl ol sulgs slod il 5l Bua Ll ssd el
23 o b o ylyged (pl ol (2057 Job 10 diges (ol > Slas
s g abl sl 5yg0 0dgamme 40 diges (S by &S Slojy U &S
Hlo g 38 o, G 4 bdises cul 03l Fy ol dgre
57 JSS @l (ol 58w LS L S e oal ) 1) 25V (63 Shee
5 3 S RIU Gilin (slasised )3 68 20r5 ol U5



‘ ‘ /&wd)9u5f9k'
¥ 5lod VY byg0 AF-Y Jlo

400 T T T T T
—O— -y digas
i — k93 diga
o .
~ | ! — = — - dus digai
< I | "
E 350 * | + ley digas|
S ® !
) ! '
3 I k
Re] I |
Vi i |
* It |
. I
3‘ 300 |
S “ )
!
|
|
-
AT RS S
250 L L
0 10 20 30 40 50 60

=e2d Osswlisiss 5o (krad)

Osel 359 j93 iy (P95 o8 bdigel (el ) (ISl —F SISO
(o) 5kS) oo

Fig. 6. Current (mA) of irradiated samples vs. total dose (kRad).
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Fig. 7. Measured temperature of irradiated samples as a
function of total ionization dose (kRad).
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Fig. 5. Irradiation configuration of the second series samples.

1. Cold Standby Redundancy



e plosl g el L)

[6] Y. Zheng et al., "Space radiation and plasma effects
on satellites and aviation: Quantities and metrics for
tracking performance of space weather environment
models," Space Weather, vol. 17, no. 10, pp. 1384-
1403, 2019, https://doi.org/10.1029/2018SW002042.

[71 M. Kumar, J. S. Ubhi, S. Basra, A. Chawla, and H. S.
Jatana, "Total ionizing dose hardness analysis of
transistors in commercial 180 nm CMOS technology,"
Microelectronics Journal, vol. 115, 2021, Art. no.
105182, https://doi.org/10.1016/j.mejo.2021.105182.

[8] H. Evans, "Space environment basics & calculation
methods,” in ESA Internal Course, EEE Component
Radiation Hardness Assurance Tutorial, ESTEC,
2016.

[9] Space Product Assurance, ECSS-Q-ST-60-15C,
Europena Cooperation For Space Standardization,
ECSS Secretariat ESA-ESTEC, 2012.

[10] "Single Event Effects Test Method and Guidelines,"
European Space Components Coordination, ESCC
Basic Specification, no. 25100, 2014.

[11] "Total Dose Steady-State Irradiation Test Method,"
European Space Components Coordination, ESCC,
Basic Specification, no. 22900, 2016.

[12] L. D. Edmonds, C. E. Barnes, and L. Z. Scheick, An
Introduction to Space Radiation Effects on
Microelectronics, Jet Propulsion Laboratory, National
Aeronautics and Space Administration, Colifornia
Instltute Of Technology Pasadena, California, 2000.

[13] R. D. Schrimpf and D. M. Fleetwood, Radiation
Effects and Soft Errors in Integrated Circuits and
Electronic Devices, World Scientific, 2004.

[14] S. Shukla, Utkarsh, M. Azam, and K. C. Ray, "An
efficient fault-tolerant instruction decoder for RISC-
V  based dual-core soft-processors,” IEEE
Transactions on Circuits and Systems 1: Regular
Papers, vol. 70, no. 12, pp. 4816-4825, 2023,
https://doi.org/10.1109/TCS1.2023.3315604.

[15] R. Omidi Gosheblagh and K. Mohammadi, "SEU
rate and reliability analysis in leo satellites," Journal
of Space Science and Technology, vol. 5, no. 3, pp.
1-9, 2012, (in Persian).

[16] R. Omidi Gosheblagh and K. Mohammadi, "Three-
level management algorithm to increase the SEU
emulation rate in DPR based emulators," Journal of
Electronic Testing, vol. 30, pp. 739-749, 2014,
https://doi.org/10.1007/s10836-014-5489-x.

[17] A. Fetzer, M. Anger, P. Oleynik, and J .Praks, "Total
ionising dose multilayer shielding optimisation for
nanosatellites on geostationary transfer orbit,"
Advances in Space Research, vol. 73, no. 1, pp. 831-
845, 2024, https://doi.org/10.1016/j.asr.2023.10.028.

[18] H. Daneshvar, K. G. Milan, A. Sadr, S. H. Sedighy,
S. Malekie, and A. Mosayebi, "Multilayer radiation

2lad (g)ld g pole
¥ 5ylad 1V 550 AFY Ju/ Al

I8 bl 290 9 silwosly gle (SlbjL 5 cladad (g2
015 (gjlupglie sladisal 59y 2 2355y Sloptlel] @ls 288
gl 70 dgss il 4 i bgy (5508 gy a8 sl oL
Glabad looltwl b e (slibib )3 adel clls 4 Caus e
Gxlp a5l Gt GRIBL 4 e VL eyl b Sl
1m0 LS gy ol (slaaibl 3,8 oy kS 5 b e (g5l
(labad 385 5] 5 canlie (3lopglie sla by, 5l odlil | &
o5 Ogedliigs 393 iy > (SogrSI slalie (650l o0
b 3 Sge Giags o s ol Gl ey B ssba )
rlo g @lad ap)ls Gy (Sl Gl cale

255 )1)8 oolasiwl 550 1555 (sl lairo

@b).ﬁ 9 M&“

Ok ol (g slpill pbol 3 & JliKea 4SS
S P O (B Sy 9 (paas glaojglie SIL &S 2355y

oo 1y G10,08 5 S5 LS eslonged W] gy (pl Cuddge 4

&8l o,

Gl 0 Gl Bl g bawg z8lio (\5)lai 43S

&y
[1] Y. Chi, C. Cai, and L. Cai, "Radiation effects of
advanced electronic devices and circuits,"”

Electronics, vol. 13, no. 6, 2024, Art. no. 1073,
https://doi.org/10.3390/electronics13061073.

[2] K. Ghordoyi Milan, A. Sadr, S. H. Sedighy, and H.
Daneshvar, "Analysis, design and optimization of the
multi layer radiation shielding of satellite electronic
components,” Journal of Space Science and
Technology, vol. 14, no. 2, pp. 71-76, 2021, (in
Persian), https://doi.org/10.22034/jsst.2021.1246.

[3] Y. Sun etal., "Investigation of total ionizing dose
effects in 4H-SiC power MOSFET under gamma
ray radiation," Radiation Physics and Chemistry,
vol. 197, 2022, Art. no. 110219,
https://doi.org/10.1016/j.radphyschem.2022.110219.

[4] M. Naito et al., "Investigation of shielding material
properties for effective space radiation protection,"”
Life Sciences in Space Research, vol. 26, pp. 69-76,
2020, https://doi.org/10.1016/j.1ssr.2020.05.001.

[5] NASA Technical Reports Server (NTRS). [online].
Available: https://ntrs.nasa.gov



https://doi.org/10.3390/electronics13061073
https://doi.org/10.22034/jsst.2021.1246
https://doi.org/10.1016/j.radphyschem.2022.110219
https://doi.org/10.1016/j.lssr.2020.05.001
https://ntrs.nasa.gov/
https://doi.org/10.1029/2018SW002042
https://doi.org/10.1016/j.mejo.2021.105182
https://doi.org/10.1109/TCSI.2023.3315604
https://doi.org/10.1007/s10836-014-5489-x
https://doi.org/10.1016/j.asr.2023.10.028

lad (5 )9lé 5 pole
\AS /\° Bolad AV 555 AT Lo

Nuclear Science, vol. 52, no. 6, pp. 2602-2608,
2005, https://doi.org/10.1109/TNS.2005.860709.

[22] J. S. Li et al., "Reversible total ionizing dose effects
in  NiO/Ga;0s; heterojunction rectifiers, "ECS
Transactions, vol. 111, no. 2, 2023, Art. no. 35,
https://doi.org/10.1149/11102.0035ecst.

[23] M. Poizat, "TID total ionizing dose: Radiation
environment and its effects in EEE components and
hardness assurance for space applications," in 15th
European Conference on Radiation and Its Effects on
Components and Systems (RADECS), Moscow,
Russia, 2015.

e B s YU sl b e ol by asly Sy e 5 bl (slb

shield for satellite electronic components protection,"
Scientific Reports, vol. 11, 2021, Art. no. 20657,
https://doi.org/10.1038/s41598-021-99739-2.

[19]"Space product assurance, Radiation, Hardness
Assurance," ESA-TEC-QE/2009/22. Issue 1, 2009.

[20] "Radiation Design Margin Requirement.” NASA,
Lesson number, 792, 1999. [Online]. Available:
https://llis.nasa.gov/lesson/792

[21] S. C. Witczak, R. C. Lacoe, J. V. Osborn, J. M.
Hutson, and S. C. Moss, "Dose-rate sensitivity of
modern nMOSFETs," IEEE, Transactions on



https://doi.org/10.1038/s41598-021-99739-2
https://llis.nasa.gov/lesson/792
https://doi.org/10.1109/TNS.2005.860709
https://doi.org/10.1149/11102.0035ecst



