P PLI 5 . 2024, 32(D)

+ 304 - Computer Measurement & Control

R 5ITEN A

XEHS:1671 - 4598(2024)01 - 0304 —08 DOI:10. 16526/j. cnki. 11-4762/tp. 2024. 01. 043

hESES . TP27; TP274 XTHAFRIRAD:A

Virtex-5 & %l SRAM ! FPGA B i F R
BEEFRERBIRIEFEATR

Hapn'’, R, B H %k B, % B’
(1. Padb Tl K2= TR ML2ERE . VE% 7100725
2. PEZEEFEARPREE RSB, V§%  710000)

FE: 5F %) SRAM B FPGA 7225 A 8 ST 3R 58T 55 K 28 SR T 2800 . 5 W B2 480 4 1E o A B0 2 B B ol e P T Ry [ . T e
T SRAM B FPGA FUpr 5000 3t 1A 48 IR B8 7 ik e . 4R M0 T RCEL A7 i A (CRAMD FIA7ffd (BRAMD B BT~ B 4% &0 0
MK H % . I LU Xilink 28 7] Tl 4% Virtex-5 251 SRAM % FPGA N 4, BT 78R T MR R4, TP THEE TER
I, BRIBCT A8 5 B9 OB T B0 K A1 CRAM., BRAM DLK SR P o 8% = BT AR AT /S 19 5ok 7 B A2 0 Bt s e/ AL
23 () PR B ARAE B AT T AE LB e 0. BT CREMES6 BEAL 3 74 5] XC5VEXT30T $4 ie B A7 il i GEO LB 1o Sk + 8 %
BEHH 6. 41X 10 IR/ A« K

X SRAM B FPGA; FUR 7200 s Bk 7B s Fol T HBG ey 748 ik K

Research on Heavy Ion Irradiation Test Method for Single Event Effects of
Virtex-5 SRAM FPGA
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Abstract: To address the problem that SRAM FPGA is prone to single event effect (SEE) in space radiation environment, which
may affect the normal operation of space borne electronic equipment or even lead to functional interruptions, a research on the ground
irradiation test method of SRAM FPGA’s SEE was conducted. The single event upset (SEU) test method of CRAM and BRAM was
proposed. The test system was designed using the Xilinx Virtex-5 series industrial-grade SRAM FPGA as the test object, and the
heavy ion irradiation test was carried out. The device's single event latch-up (SEL) test data and the SEU test data of CRAM,
BRAM, and the typical user circuits before and after TMR were obtained. Finally, the SEU rate was analyzed using space environ-
ment simulation software. Based on the CREME96 model, the SEU probability of CRAM of XC5VFX130T in GEO orbit was calcu-

lated to be 6.41X10 " times/bit * day.
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# 1 Xilinx FERAEE A6 X GEO 7E#LHR
Ko | WL | R AR | B C/bit » day)
Virtex-1I-pro| 130 nm bulk 34 292 768 3.56X10°"
Virtex-4 90 nm bulk 47 856 512 2.98X107"
Virtex-5 65 nm bulk 82 696 192 5.74X10°7
Virtex-7 28 nm bulk 447 337 216 1.33X10°7
UltraScale 20nm bulk 1031 731 104 2.77X10°°
UltraScale+ | 16 nm FinFET | 906 547 008 5.79X10 "
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Hex: A B € D 1.5 Bl-FR Mt iE

SelectMAP o p1 p2 D3|D4 D5 D6 D7|DO DI D2 D3|D4 D5 D6 D7
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Binary: 1_0_1 0|1 0 1 1|1 1 _0_ 0fl 1 0 1
Bit-
Swapped 1 1 0 1]0 1 0 1 |1 0 1 1
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00 11

SelectMAP
Data Pin:

Bit- D 5 B 3
Swapped
Hex: UG191_c2_22_ 050106
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UG B Ok e T B A
1.5.2 SEF 3k )5 ik

A SEF M, SR 3h 7 03k 214l 5 kL % i v H
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A, Giic st — K SEF. F P e N i A BOER SE Ry 32
B, BUHRIREE N 32 {1 16384 & FFT 72 S ki, KW
B AT I B R AT AR . AE DUT ki3 — 410k
AR R 5080 U5 R0 A [R) B 3 A0 =BT Ay FFT s AR, Wi
FPGA a8 R BL & 1) FFT 77 S8 5k, 5 DUT
B2 B 45 B AT . FET JUist o i 45 #4 an 18 11 s
1.5.3 SEL M3k Jr ik

SEL M5 £ % H 1y 2y 3R IR F H 8 B fE . Rtk
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b . S RIRTE
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W, M R RS i i SEL S 3 A& i T SEU 2
T B L T BE S, AR LI B K R . o oG AT A
HL . RIE AT E N .

TEAYGRE . &4 SEL 354 DUT 1 TAE
WREIERW TAEBRTMN 2 4%, FFHEEDfRw,. O
TG ik 1 BN 2R K R R B Ty B8 RN IE R R U, A 26 i
HORTHBR K. R4 R A B EB ] 1 X107 4/
em” B #FH KRE—WK SEL, K4 SEL J&, 75 7 B 977 {1 i )
PR 28 AN 32 K HL 5 ) B 4547

SEL AR AN 12 frs, BARERI T .

D BERFMEMERR, XNREHT LEYHEL
(iR

2) BT M RERE T ;

3) IR

4) R SR, HIEER AR S 8 CBEN IEF B
W2 D . WRG, BEE 5 WRE, P 6

5) ICEHEMMIE, HHERHEEE FEEHEE4E R
fH, Bk D

6) 383k 42 A7 B R AR A L A T AR, N Bk &
5, HRBWE . MO KB AEYE, rd kiR, i1k
FRER, IR U)W A A e R

7 LR,

BATRGHAF . K
PUFE R 2 BEIE R

AT AL

12 SEL i3k o 72 &

2 RWERKSH
KM LET N 1. 73~4. 43 MeV « ecm®/mg ) C. O I
F & Fxf 884 17 SEU M UHE IR, &4k 748 RS2 s .

M SelectMap B4 133 i 24 1 57 31l FPGA 1) CRAM %4
P I 5 A BC R LR SO EAT X B Gt A 2 S R
e H B S A AR B B . R S B CRAM I
BRAM ) SEU W% 73 5 i 4 M3 5 s .

F 4 XC5VEX130T AL i f7 6t s 1) SEU il $ 4

BT LET {4 R B N | SEU kK

2 (MeV + cm*/mg) (A>/em® ¢ s) | (4 /em®) N pers
F 4.427 520 3X10* 2 587
F 4.427 520 3X 10 2 558
F 4.427 520 3X10" 2 952
F 4.427 520 3X10* 2759
O 3.1 970 3X10* 2 438
C 1.73 470 3X10" 1027
C 1.73 470 3X10* 881

%5 XC5VEX130T BRAM (5 SEU s ¥4 4%

[EE LET {# EEFE | BEE N [SEU KK
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I B B AR SR IR B B R, Wi 0 WAR B TR S
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ATALHL, AT A5 5] 25 0 e v s An 2 6 T .
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2k cm’ /mg) B 0./ (em® /bit) Gwn/ (cm? /bit)
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A A 5 38153 B9 CRAM 9 SEU U1 . 45 & SCHR
L9 gy iyt A, #EAT 5 A K LA . 18 5 CRAM @
ey LET E LG thZe il 12 pros. Ho, A4
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BH CRAM iy SEU R K 6. 41X 10 "I/ « K. %45
SRR IR Dol s fF 1) CRAM B A% 25 L6 5 0 28 1A% 3 A4~
B, Xit—2ull], COTs gy =S [ N FH e, 2520 5
WL FURL T B % UM OF X FER B 2 A28 A B X E Y i [
Tt

WEIBULL Ions

1. 00e—006

0
o
‘2 1. 00e-008 - Let Threshold
3 Weibull
% 1. 00e-010 | Cross Section Data -«
§ 1.00e-012
=
2 1.00e-014 | SEUME AN | 1. 13E-07] ]
2 i SEURME 0.5] |
§ 1.00e-016 W 15.97
(&}
1.00e-018 | ) . . S X . 2 193, ]
0 20 40 60 80 100 120

LET (MeV * cm®/mg)

B 13 XC5VEX130T B FEA7i B AR 304 28 3 5 4

# 7 XC5VFX130T B & £ it #5 72 51 Bl %
(GEO, K B SE-#+41 . 100 mils 48 it , CREME96)

i CRAM i1y SEU # /1%
(R AU REPN 31.6
(IS EEPN 6.41X107

SEF 2058 b I 25 0 0 228 1y 3L 80 17 PR B O FET 9% 45
BHE . R OR T AT 5 MR, W T AR b W OB, IR AR R
AR (2) AR MR R B R Y SEF B . PR H AR
(3) JFEAF R A

Osell

= 3
" Osel2 Rk

A BRI R, A RORE A S A [ 45 s R
BT o o RN [ A A S 70 HL B SEF JRIAT, o 2275 T[]
Jei Hy B R H e SEF R
FFT % i35 S A e 19 SEF 156 500 1 2% 8 s .
# 8 FFT 7 A8 H PO 45 R

B 7 |LET {f/(MeV - | = SEF #% 16| =455 SEF # i [ 13
ik cm’ /mg) own/Cem® /E) | oo/ Cem® /2RE) | B pe

(0] 3.1 9.37X10°°

1.97X10°° 4.76

FET % fiis B ) SEF #imi o 107 /%, =85
SEF A% F =4 A0 TR T 222, RIAXCR FH = #8548 it 5
BB SRR 4.8 £, BT =BIURE —F A1 i, mT
A5t e =B F, % G v — 8 % 1 R T AR A R, (HE B
HHERTFHEREHRRR AR R AR, =BT
AR TE IR T A IR R P g R, F B S BT AR R it R
A P, =TT A 1 it 6 200 45 A I BT R i — AR . R
JE B 4 it & B 20 1IE CRAM ) SEU, % SEU B2 55
AR H, I8 () A 15 PO AR 900 R 2E

SEL i35 % ] LET {6 % 81. 35 MeV « cm®/mg [ Ta &
TR S AT RR IR, ER B P EE R 1X10T A/
em’, FEBEEAEARWIN 3.3 V. 1.2 VAL 1.0 V LRI AY A
WASAAEDL . WK 14 iR, 1.0 V R85, H T/
WA FERAIMS, HRRERA RS EF TEB RN,
HE WA LA GHREEE 1.0 A, Z0HZERS %M
ZATRER T Hoh B 80 00 B 3R B A% 1 B kL
FHBEME KT 81. 35 MeV + em’/mg,

2.0
1.8 |
1.6
1.4
< 1.2
e
& 1o}
# 0.8
0.6
0.4
0.2 *}:‘:‘:’:._/_-::t:‘
0 1 1 1 1 1
0. 00E+00 2. 00E+06 4.00E+06 6.00E+06 8. 00E+06 1.00E+07 1.20E+07
i (ions/cm?)
—o—3. 3VHLE (A) —o—2. 5VEL I (A) 1. OVEL¥E (A)
B 14 FPGA SEL i3 1 2 i 3 28 fL 1B
3 B5RIE

Virtex-5 Z51 FPGA %A 65 nm 1.2, & # k145 R
B IE . %R S & R B SR B {E R T 81. 35 MeV
« cm’/mg, CRAM ) SEU ®{H/NF 1. 73 MeV + cm®/mg,
F ] CREME96 #8025 & I B #% 8, 100 mils 55 5 #k
0. GEO i CRAM 4 [b4F BIFE 5 6. 41 X107 )/
K, BaEREEN 316 /K, WL REWNZHETE
TR T B UGS R o AR SO =R T A 1 A o [ R
HEAT T VP4l 25 2R UL B A0SR FI = A6 e n [ &% R B
AL R s S .

S E 0k

(] bhE, wEA & W, % —F AR 2 U 6E T E L%
i D3] AFERLIE S 2022, 30 (4): 149 - 154,

[2] ZHEN G, JINHUA Z, TONG Y, et al. Fault tolerant design of
large-scale digital beam forming in SRAM-FPGAs for software

defined satellite platforms [J]. China Communications, 2020,

BB MU www. jsjclykz. com



%1

WIS, %, Virtex-5 2% SRAM % FPGA Bk T34 0 T 25 7 4 R I8 5 RBF 5

« 311 -

7. 67-79.

(3] Effifls. FBrwE. & JE. % 35T FPGA M7EL EM it o5
L B AL S . 2020, 28 (12): 213 - 216.

L4 frfanl, & B3, FE M, 5. — B 48l sk 1 e A 7 AR A
WUk (100 S pL i 54 . 2020, 28 (10): 51 -54.

[5] SHUAI G, XIN-YU L, SHI-WEI Z, et al. Heavy ion-induced
MCUs in 28nm SRAM-based FPGAs: upset proportions, classi-
fications and pattern shapes [J]. Nuclear Science and Tech-
niques, 2022, 33 (161): 1-10.

[6] 7 2, AEM, W, . FPGA K JEICRAAT ALY FH 4 #r
(0. il 58, 2022 (7 65-72.

7]z« #% &, EBF, 4. Xilinx SRAM %! FPGA i i 41
Bt AR L] TR, 2007 (1. 123 -129.

[8] KOGA R, GEORGE J, SWIFT G, et al. Comparison of Xilinx
Virtex-II FPGA SEE sensitivities to protons and heavy ions
[J]. 1IEEE Transactions on Nuclear Science, 51 (5); 2825
—-2833.

[9] LILI D, ZHONGMING W, WEI C, et al. Bitstream-based sim-
ulation for configuration SEUs in Xilinx Virtex-4 FPGAs [C] //
2016 16th European Conference on Radiation and Its Effects on
Components and Systems (RADECS), IEEE, 2016.

[10] DAVID S L, GREGORY R A, GARY S, et al. Single-Event
Characterization of the 20 nm Xilinx Kintex UltraScale Field-
Programmable Gate Array under Heavy Ion Irradiation [C] //
2015 IEEE Radiation Effects Data Workshop (REDW), IEEE,
2015.

[11] VLAGKOULIS V, SARIA, VRACHNIS J. et al. Single event
effects characterization of the programmable logic of Xilinx ZYNQ-
7000 FPGA using very/ultra high-energy heavy ions [J]. IEEE
Transactions on Nuclear Science, 2021, 68 (1): 36 —45.

[12] MELANIE B, HAK K. ANTHONY P. et al. Xilinx Kintex-

Ultrascale Field Programmable Gate Array Single Event

Effects (SEE) Heavy-ion Test Report [ R/OL]. [2023-06-07].
https://ntrs. nasa. gov/api/citations/20205007765/downloads/
20205007765, pdf.

[13] ADELL P, ALLEN G, ASBURY C, et al. Guideline for the
selection of COTS electronic parts in radiation environments
[Z]. JPL Publication, 2019, 19 -9.

(4]t 2. & 8. BT ZEUIOTR M AATR & FPGA "] & 1%
Bt LI, AFRALINE S, 2019, 27 (12): 244 - 248;
[15] VASILEIOS V, AITZAN S, GEORGIOS A, et al. Configura-
tion Memory Scrubbing of SRAM-Based FPGAs Using a Mixed
2-D Coding Technique [J]. IEEE Transactions on Nuclear Sci-

ence, 2022, 69 (4). 871 —882.

[16] PIERRE M, YANRAN P C, JASON V, et al. Radiation-Tol-
erant Deep Learning Processor Unit (DPU) -Based Platform
Using Xilinx 20-nm Kintex UltraScale FPGA []]. IEEE
Transactions on Nuclear Science, 2023, 70 (4). 714 -721.

[17] SWIFT G, CARMICHAEL C, ALLEN G, et al. Compendium
of XRTC radiation results on all single-event effects observed
in the Virtex-5QV [Z/OL].  [2023-06-07]. https://nepp.
nasa. gov/respace _ mapld11/talks/tue/ MAPLD/1420% 20-%
20Swift. pdf.

[18] HEATHER Q. HEITH M, PAUL G, et al. Static proton and
heavy ion testing of the Xilinx Virtex-5 device [C] // 2007
IEEE Radiation Effects Data Workshop, IEEE, 2007.

[19] Mimexs, B0 55, & J3. m TR HE Virtexs 51 FP-
GA Bohi BB BR [J]. =l FH A, 2017 (3): 85 -
91.

[20] Xilinx. Virtex-5 FPGA Family Overview [DB/OL]. [2016-4-
127]. http://www. xilinx. com/support/documentation/datashe-
ets/ds174. pdf.

[21] Virtex-5 FPGA Configuration User Guide [Z/OL]. [2023-06-
07]. https://docs. xilinx. com/v/u/en-US/ugl91.

229,299,299,299,099,099,299,299,299,299,239,099,099,999,999,293,293,933,039,099,299, 993, 293,293,933,239,239,299, 993, 993,293,993,239,239, 299,999, 993,293,993,239,239, 239,999, 993,293,993, 230,239,239,999,993,299.

(L HE%E 303 D)

[12] #a 6, BOLR, B, 55 BT DQN 2 AR R H &
HERRIAYUE S B or i [J] 5k, 2022, 37
(1): 142 - 150.

[13] XBE 3G, FeF 5 Ak 2% > i I8 AL I 45 11 5% U5 43 I 0 3% 122 B0 &)
[DJ. Je#p. WTRHE R, 2022,

[14] A e, BT amAkas 0 Jo AL ©AT g BAASTIS 43 1 B AR BF 58
[D]. W/REE: W/REE TR, 2020,

L15] RAETF. BETAESMW LMK FE BRI/ H A (D] JlH: W
FRHE KR, 2020,

[16] =425, BT PR B ok Ak 2% > (9 %8 I 43 I fo) g F 5% (D], b
e JL RO R E . 2021,

[17] SCHULMAN ], LEVINE S, ABBEEL P, et al. Trust region
policy optimization [C] //International conference on machine

learning, PMLR, 2015 1889 - 1897.

BB www.

[18] SCHULMAN J, WOLSKI F, DHARIWAL P, et al. Proximal
policy optimization algorithms [ J]. arXiv preprint arXiv:
1707.06347, 2017,

[19] RUDER S. An overview of gradient descent optimization algo-
rithms [J]. arXiv preprint arXiv: 1609. 04747, 2016.

[20] Z=2eh, & 7R MPREE R RREEWMIR Gk (U] fF TR,
2020, 23 (2): 4.

(2170 X HEAE . SAMERE, ALK, 5T 300 i 0 w0 b 350k 9 2 300
Gt MBS TR (V] B SRR R, 2022,
4 (4). 142 -155.

[227] ARIVUDAINAMBI D, REKHA D. Broadcast scheduling
problem in TDMA ad hoc networks using immune genetic algo-
rithm [J]. International Journal of Computers Communications

&. Control, 2013, 8 (1): 18 -29.

jsjclykz. com



