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Abstract: To address the constraints of limited FPGA resources, storage bandwidth, and power consumption, as well as the
inference instability caused by radiation-induced soft errors in spaceborne CNN inference, this paper proposes a hierarchical FPGA
accelerator architecture to balance inference performance and operational reliability. For performance optimization, INT8/FP16
mixed-precision computation is configured according to layer-wise sensitivity, and a decoupled access/execute (DAE) scheduling
mechanism is adopted to improve computational resource utilization and the overlap between memory access and computation.
For reliability enhancement, considering the different fault sensitivities of the data path and the control path, an asymmetric dual-
branch structure at the algorithm level and a feedback-based triple modular redundancy (TMR) mechanism at the hardware level
are designed to suppress the propagation of intermediate feature disturbances and reduce the risk of abnormal critical control states.
Experimental results show that, when deploying VGG-16 on the XC7VX690T platform, the designed accelerator achieves a
throughput of 226.4 GOPS, an inference latency of 136.52 ms, and an average effective execution efficiency of 81.5% for the
computing array. Under fault injection conditions, the system still maintains relatively high classification accuracy. The proposed
method provides a reference implementation path for efficient and reliable spaceborne edge intelligence inference under resource-
constrained conditions.

Keywords: on-board computing; convolutional neural networks; FPGA accelerator; mixed-precision quantization; software—

hardware co-designed fault tolerance
0 a|= B 1 ARAESS AL BRI SE, AR G0H) R dnEis 45
B MBI T S B R AL B, O DA A
Bt 0 M AT 55 0 2 (R o R A U A I RUESS e oKk ik, REIRREICHRE AR IE th i
BRI, DRETERBEEM AN RCEIZD YR R AR, B LR G
PR . IR T B AT e . DN I RS RIS HARA, DRI AR

* BEWH: RANKEATEHAIE (D030312)
#|REH: 2026-03-09

E-mail: zhouhai@nssc.ac.cn



PRI EAES SR ) [1-2] . fEARZ B H T KBRS LITR, M s NS &5
HEaH, IWign gs e 1% (Field- BT BRI, ASCHISEE R NN HERE A
Programmable Gate Array, FPGA) KFfE% =HF H P BE— AT SE 4 W R0 A0 1) A, A4 232 1 1) A2 B
R BARIDFEA B AT EA M, CRCAE R FPGA T YR AR A i R I AE 2R o AR SC 3 HE DTk
2% (Convolutional Neural Networks, CNN) R
BRI ) EE ST . (D $EHHERE— AT SEME P RO HESE,, K59

THI ) R B2 IR 5, DA B 9 3 A HREEEVERL. DAE TRPE. B EE R I s A A
R A RN BUE AL A T TS T S e . T E 4 w0 [ e — B S T SR H AR R
TEREAE R TG T, A0 2 T s R e ) AR A5 AR AE PR RE S T 5 mT SR s 1 E
KIKZk, DS A R, Li ZH 7 —F 7.
[ A KGR I 25 1) FPGA & Pt RE I 2%, (2) W JASEENLE, Sk i A X
I B R KA SRS T 565. 94 GOP/s 1) G332~ BB BE VAN AN B S Rl A 40 R R AR P Bl
HHR[3]. SR, BRI EAEE S A EE A TMR 0 e RS, B
S 7 S W IR E AR B, 25 55 DRI K 8 Ta) 7 K, AR il 3 . A XU
AL S ERE RN E, ML R R LR T (3) Wi FFLIM AT AL (Register
AR S IR R, B2, 5858 Transfer Level, RTL) 4@ INTS/FP16 V&
Fdt I e TS RGN . Zhang SEHE KEBE FPGA DNiEZEHy, @IEIRAREE MAC. FH L
Hif{) Caffeine HEZEMBFAHE MG NBRMME 22445 DAE AL FRTHEIER HAABHE LA R,
FeikIEHE T HKIFEY], IWMHA TR FFE V6616 L5 plithAe S MsE NS IE .
[4]; Gokhale ZFMIEMHRA BB IAL Tt , 5 ortt
RS R LT, WIS B (Post— | Dt IMERS YRS AL
Training Quantization, PTQ) FVRAMEHA 1.1 RBERIHEHELS
CENBRFII. beng SREZURAER RGN | B, VAR
SUATRRCELLG], Yao S5l Hessian B  yoe vips o mos A n Evol iy, 94000 B B4
i E U, DL AR 51 E R (7] . 28 e T s e ke S e e

o T N TR BRI PTQ, R R IR 5

M, VARERER i B HIR TR DT ST g o s e R AT EE NI
SR, b K S T
B TR HIE AT By R 1 R G0 0] S8 XU

BRIt SvEResh, Pramiy nl SRR B B3O
BT ZA A R . ISR, S AT
URETXT B AN N TS T & T T AR w1
DLREGH 2 (B 58 5 51 2 03 s o HEE I R A 2 i
(8-9] . (HINA 7 A7 E AN 5B 4 as
ALER R, 542 RA =4 (Triple
Modular Redundancy, TMR) BRAREBENGIRTT RGtn]
SEME, (HFR SR T E I ThFE . I 2B FORE A 5%
P, Heg a4 7 21 4.5 £5[10],
ME DL 2 B3 B X0 RSE . S AT FE 1 A% £
Wo J U5, FETR6 R M BRI
FERAARARSEYSAS, (HIE RIS Z 0 E 2
BRORYCIERG . RS PR T B ) B kAR R
$I 7 #H% (Single Event Upset, SEU) I, HyE
JE AL ] R DR ) R AR e [ 11-12] &
DRI, 2 A A o 8% 8 v T s ) e ] R
T (GRIETFEMEREIET:, A R i i i
B REME R TR AR T SENE, WA G

1 IEEBRRGRINEESR

Fig.1 System-level synergistic framework of the

accelerator

TEMBER BT B, IIEARKFE FPGA L4
RGBT R RIZ T . W TRAE
1 Xilinx DDR #5851 A H2  (Native Port)
X AT, FERIA A EAUE S NG A75k
IR =R EHE S S BH T KRG LA
RS R TMR RSHARZ A, S S HAT
MBI PR S ERIEE s HE S E T RS0



A AT IR 545 BT ANBYE 1) 56 il 2 (1 AR
BUSS . I IE L DX 7 Bt i S5 4% A i Y
FIEEVER R, SCBUSEIZ B A S A R A
(RS TE . RIS RTL SCEL AR RAf i M 1
&, M TH B AR GEER A TR 51 R B 30 o

12 HEHHhESREE R

AE CN I dsrh, Bdliimeg 5@
X R TR (SEUD) BURMEAAE] B2 . #X
I 08 % B A A e 2 TR 9 T AR ) 5
R R EBE mte, Fm Rl 2 2R EA . 1
1/ 38 i B DA R0 B A8 e AP kS £ 3 ] 477
ils (Rl SRl 2 AE B R s B e 22 E
IR S, WA GRS IR E R
LR, HABRASHL (FSMD S50 7612 4
PR IR, SEU SENRRUR, B LUReR R
A FEEE PRS8NP RS, HaZ sl
DU SR RN AR R, 2 — B 5l K R4t
PERTELIRE R AL Rk, AR SR F T [ 504 e
(R RV 2 TR 5 T ) 2 1 3 B RO B A2 S A 5
FHEEE R4 kg, DLAESZ B 3OS T B
[FFE T+ 2R G0 ] S5 SR
1201 Fok 2 Eekat

SRR AR s A g H AT P AR A e
() SRR 53 SCRFIESE U ZEA S B T 23 SCAEBR
AT W FE SR [FIS,  F B ARE 5 e —
JE (batch normalization, BN) ZJW4FAFS 1T
G3AT, AR SEU 5 & FZIUE Im A% [m) TR 2= X 2% 4%
5 R KBS s -

Fain = Bmain(X; Omain)

b, XOEAREARTKER, ¢, v E TR
BT Oman WO ISHEES

IR R, RGITIH R BN RO
3 KHREPIRGIRGIRE T KA RS0 &
2, TS A R SR R AT

Fbackup = backup X ebackup)

KH Ppaqup WETRAESREUEE T, 0,00, W
MBS .

ZARX BREE WA IR 2 T 32 T S 80k
TEMGAZI £y 3 AT RedEFFRR TR X FRoR .

ARG B B ARSI 2 0 R IR S AT
SEIF UL, PLEAL £ 70 SCAN AT SERE . £EXL
Iy SCRHIEA A /A S 4EFE 5, 12t 28
PR R IEFopain T IR R WAL Ch g, BETTZ
AW A B — AT EE T e

hget = RELU(FinainWeaet1 + bget1)

a = 0(hgetWaerz + Dget2)
ﬁ;:':, Wdetl\ Wdetl\ bdetl\ bdetzﬁﬂi}jﬁg:&_
W28, RELUJYBEGEIZS, 07y Sigmoid i bR
.

MHPEIralE T 143 R W 4800 SCRHERE
ITESIBEA S, X EE N SR IEFryseq /9:

Ffused =(1-a) OFpinta® Fbackup
X, OAZETCRIHR.

NRBE £ A 73 SCAEREAT S5 I B — B 1)
Ekee, IZRBY B gl NRFIE— B 20T . B AR
REREL Hor IR — B R A Ak

L=Lgs(y,y)+ A x MSE(Fpain, Fbackup)
K, Ly WA SR R0, y NRSERRAS, 9A
BTG, T ORI ERE s MSE
TR 5 53 SCAEVE S [ R RE— 50 A T4l
AEERE )5 AR ZE YRR T R AL
122 RAFEERT

@ G = ONN HEEE 26 R AR T BUE TR,
B LRI BT 51 AR B i L M i
REHATIN PRI, DRt R mT SEME BT i
FEEORA T R o AR5 28 A FRUIRASHL FSM
A K Stk /A5 %8 1115 5 45 S0 B 428 ) R A0 S Tt At
PR TMR NI, DABAARARS i 2 S B et ik o 2
i Ediop =2l

(1) Fzdbil e g m SE P A

AT il YO R, A SCRT SRR b
T R FSMOCIRZSFFAEas . b fsiilE 5 A0
S BB IS S S5 OSBRI AL, T 20 i il
CNN - HEFRAT 55 Hr 42 il 180 IR AS 7 AR XS SR 0
o MAEXSEEAS FPGA #F. T B AFA# T s
P ER AT AN SRR TN o ABEARY 3 28 J 8 kL
FHEIF (Single Event Upset, SEU) BIfgf) &
WA b, AT ARAA DAy BT T ] T 1 PN e
FPRBONMEL . A FTUAR 7> A U RO |
M7 o AR R 0 T 55 5 A) A O 2 ALl
(Multiple Bit Upset, MBU). FLAEhzhll 3t
LR A B R R A

WA S rh ] bk 5 e RAE S 1
RO FRRBEN Poyyr HAR RN
3], HAAERREAAEEA:

Perr = Detrt + Paar + Prsp = 1.0x 1078 + 6.4 x
1079+ 2.0%x 1072 =1.86x 1078

A Detris Paar~ Drsp 77 ARE TS5 Pz

itk ST VA EREN IR SV R & I <5 DK ey ] k=S

REBEL RSP T, WIESS & SRR S HOT,



— UHEBAT 55 TP LT AAR AT A ) R AT I
AR N :

Pouccess = e~ NerivPerr g =107X1.86x107° 8307,
A Nepge N FRIWHESS ISP . Lid
GRRN], EARSCBOERSF PR RZHOR, R
TN IE42% 1) 68 B T RE A A et (IR A5 5 3 AU 5540
AT RN, PR AT A0 BN S 42 il B A2 St Al
(SR

i B I, ASCRIT A IR B,
KA RICES T EF TR @S, AMEA
R PUEIABE T R . o, Hgd
SERRHEE R pr] AR SEU B, PR T
HWE. PEROR RGNS MR AT brE,
WUES PRIMBERAR A 485G p. B A
WKL Neyie S RTL SSAT I IAGETHHEAT A4 5505 FEASC
KR, p A4 T B RRE NGRS RR
ik, FH T L i ] i A AR R SR RS

(2) G =BOCRIH

WKl 2 fos, ASCHHE LSRR AR %
BOTMR 2844, %7 SCHINE E ST KRR SR
A ARTALG RRRREE, STl
I PR S B I SN BB AL, ST TR AR
I B

Corrected Statet

2 ET MR BIRZSHL (FSM) fEH5E4E
Fig.2 TMR-Based FSM Hardware Architecture
B TMR CIRASHLRIH 22000885, S, Sier 280
AT 73 3 BE AT 70 R DL A A =
AL (S; = S5 = S, FIERGIBATIER,
HAR IR 5 I PIERIULEC CAnS; = S # Sy
FI5E KA SEU, B R dstm it T OUIRAS,, Il
ok 2R AE TR — I R SRR IR AR R (Bl
BRI S A AR, IR R BB

¥ =B R HALRL (S, %S

Sk s UAISE KA MBU BRILASL R, SR G0RE Al A 4
S S IR AT R R AL, DARHBr R AR
ASYREE T L4 -
(3) FHLREVHAG
TSN SR BB ROERE, WK TMR 24

Si# Sir S #

IR RO AS TP % i e A 5 R )
BRI SRR RO py IR
SHZBANREZRIBEN M, 52 LRk # (False
Negative Rate, FNR) 7y & 4tk t AEFUPAREIRGS
MR PR TUE IR . RN R R
T, IR E R AR DI TR SR R
HARGS B — BT

Peng = (;)Pz(l _p)Ml_ 1 +p° (Mi 12
3p?
M

BHEUAT AT, FEARAS TS (REOK HLBR 70 S SRR
R BRI, TMR KRG K AT FEACAR LIRS
IR o IZEE RT3 SRR AN, R
BTSN R SEbR AR, AR
ZIEIR . RIRAFBRI LU~ FLm e S A sh )
Al BESZ M RA AR AT A o

St TMR NG, RG] P T2
AR 4 =R A R . A RANOR
I SCHE AL I A S8 R RN p, TSR
JAEAN TMR 85849 5 A= AN AT P S s (R g2 R«

Prygr = 3p* — 2p°

P, FUGHEIAT S o S RUR R

A5 N

Pfail ~1— e_Ncrit(3p2_2p3)

FEASCVE NG RIE R SHON, BUAAL T
SEOLERH, IR TMR AR A8 R (A il id s 5 i
RBFBUIATIRE IR %7 EEH 5
BEPEZ TMR O S b 2 1 A2 1 RS A 2
AR SEUIETR M PAEEN 4% ] SR T .

2 EHESWIMERF IR E G
2.1 IRRER RGN

BN G AT S5 0 S i 5 5 1 I
Fe B A ER, Ik st 7R R D A R
S 5ARINERIIER . f£48 CPU B AR
WG MM 5 P WL, AT IR 2 S8R U
DORRRZIRITT ™ A el A e itk —20
FINZBIUAR, WA INBH R IRE  Nit,
ASCR AR HE RIS, dT A2 %
Wi S U ENEAT, MR BRI
T4

ER LR, RGFHET Verilog #E4T
RTL Z4Elicit, #% 7 mdsia (high-level



synthesis, HLS) fEH FIRGHEFEH 5 5] NHIZ 4
TUAR AT MEAS 2 DA S AR D E—1E R —
1 (power, performance, area, PPA) LAt 52 BR 5% A
T 1% T7 S T YU % (block RAM, BRAMD
5E MR o (digital signal processor, DSP) 1]
FEAABR SRR, AT s BE IR A 2

TIESS RGE WK 3 Bis . RGCK AR
Vi/44T (Decoupled Access/Execute, DAE) i
X, KU SERITEMER, SCEdRE S5t
HIHT . BB B NS VO, #EHI LU HE S
B, e A S S MR KA
EAET e

Hrh, WfES 1O F R4t 5174 DDR
HAEnE SR IE, IR 2 REAF ¢ E
SRHIEE R EHE S ERC,  DAUSIRUT AR AE
iR 7 REETHHHEN TMR RSN, 8
o A RS I AR REAE S S ks EE S, S8
PR TS B S 2 B R BB B 4
WERREE . THE S R G HIFAT AL B IT RS
(Processing Element Array, PE Array) %, $#UT
BRRMEE, BRI P& 5 FRRKE
FERURE RN WE. WS4 RAT .

Computer Engine Subsystem

o

%@iﬁﬁﬁﬁ

=1
=

Es

[E] 3 ONN /iR =S R4 S A 284
Fig.3 Overall architecture of the CNN accelerator

22 REWEHTIHERITILT
WA BB E vk

RHE IR G BA T s A AECR R
RENEBTEH, A FML ER AP 1) UKL
RS . NI H AR SRR, A
T2 P BURE TR BIR A AE FE I B SR, 4%
BT ZE AL SRS . SRR AR S R
KA S B, HIEm &k 5 n E
R RN N

2.2.1

q=clip (Li—| +Z Qins Qo)
s

X=s- (q—2z)
A, xNEREEEE SHIN, g NENEIE R
B, 2ARENEIIEET SEE. sSARERT
(scale), zNE A (zero-point), |-|F/RIUETL
AN, clip(-) ¥ = A0 AE R 2 B B3 A

I_qmin H qmax J °
9 E B VAR AN [F] X 28 R 0 B A P B A A
B ARSI A, [

AizAfp_Ai

A, A AEREEILRIERE, A 9O 5512 520
BHERRGIERE. 5 THUREA, ST ET
ARG A N RS LA R A R
fﬁﬂ]g‘pi:

_ (FP164;>T
Pi = {inraa<c

W 4 Fos, XEEUEBUR A E A =
KH FP16 iHEDMRFRRFIERAERE /), TAEE
BEVER I A ERUZ R A INT8 &k, &t
ZHAE BN B e, IFEREN S AL E
T, AT RE S HERE I Bk AT B B S HOE
o SEEPATHTIMBAIN RS FERCE, EHKZ
I 2 i1 (multiply—accumulate, MAC) ¥.707E INTS
5 FP16 B AT RO T R D)4 o

‘ = = = =
= = = =
INPUT = z ; = = Q OUTPUT
o &) o o

4 ETERBRENRESRERERER
Fig.4 Sensitivity-guided mixed-precision assignment
RAHEE MAC 9L

SCFF INT8 5 FP16 [IREHEE MAC #7T
VE RGBS A% O AR TT, IR R
TR SR G — WS 2[R — PB4, Ty D
B SR AR . A2 & 5 B
N, BT RNA S ABOE K E X 5
Mew , JFECE 40 bit AL9EHIHE 7> F152 4 (Partial
Sum Buffer, PSUM Buffer) AW 44 22 i A2 (37

222



xel/Feature

Pi
Partial Sums
MAC_CELL 0
40 bits
MAC_CELL 1
I MAC_CELL 2
Conv
Sequence MAC_CELL 3

Control

PSUMBuUffer

MAC_CELL 30

5 REHEE MAC 324
Fig. 5 Mixed-Precision MAC Architecture

12328 55 TG A JE X BRI K 26 AT SR ) :
INT8 IS RFE g Ig 5, 1 FP16 AR
TR FH R BRI K St 70 SRl o i 447 i B A%
TR R . X055 S A R i A S AR BT
PR ARE T, TR 2 R
71. [FIRXT FP16 ia%iE X FP16 (IEEE standard
754) HHATHEEY, JEITE S NaN 5 Inf SRFEREL
{EL A3 R FH AT S, AT R D US4 A A Y
2RI

TENCZ BRI 7 1T, 3@ RASHL 2 B s i)
SEPLA Xilink DSP48E2 #EIIE . FP16 5
INT8 iEZH L[ 16x16 FiLELE K 5-bit CLA
s, JHAE FPl6 5 JEWIEhA T DSP
HRBRIRAIT . K1 A TR ZNHIES
PEREXT L . AT AN A 1 A~ DSP, AHEL R4
XOEEBIETTE 2 A DSP b4 200 A
LUT, H FP16 HEUAERHHEBENT Xilinx
BT 1P,

Fz 1 [ MAC BITIIN 5 RIMEREXTEL
Tab.1 Performance comparison of different MAC unit

implementation schemes

B y a1
~ e FHIXUE  Xilinx FP16
Ei=2nn VNS
PR[14] P
INT8/FP1  INT8/FPI
THERG FP16
6 6
TR
(INTS/FP 12 /1 3
16)
DSP 5 1 3 1
IR
(LUT/FF 258/92 458/- 170/77

)

23 BHEEEESHITIHFMLL

B A JEE i 3 oA 55 70 R SV A7 B
FIFHATIAT, AP A 6 Bros. BN
ZEETFAANT, FlE | SRR RS HOR T
A5 NBCE A S (Config Queue). 47T HilH
J K 5 BA SIS S8 K A E 5 0 B 1 R 4
DDR Vj i1 K, B LMAZ M 51T Z A EH )G
IENFAT A EEERITRE S (Processing Element Array,
PE Array) $#UTERITE . THE AR FITE )G
ARG e R N BUE S EERE, &
T Y 22 b S 8] AN o

FPGA Accelerator

Off-Chip Memory

Control Plane

[__config Queue |-+ Decodesispatch .
2 = come
nnnnnnnnn

— Hardware Dey pendency Queues (Sync Queues)

6 WEHEE RS
Fig. 6 Hardware scheduler architecture

iR E MR R AR, Ui A AR A
R T BT AR%5 73 K (Tag-based Dispatching)
ML IBTE N . RS A A PR AL
OO S B S U S SR T N 7 2 R
FE, IR [ RFL P HOE I b4 ) 3 A A Hits Sk
AR 7 B R B Ao B EEHE (Tag=WGT)
Loy KM T 1S N 4b 3 B 6 ( Processing
Element, PE) P i) A Hi /7% 45 (PE Local RAMD;
PGSR (Tag=ACT) W7EANATZEPMIX (Line
Buffer), Fidid ift/K 2 I 78 {570 2 B A
FERITEANE O BN, AMHE T R RS S 35
REMS 1HE AR E T TIRAS .

L1 Global FSM

Wm Layer
Config
SSSSS FETCH_ Done RUN_
iLE |yl FETCT LaveR | s> DONE
L2 Layer FSM (per Layer) v
PREP_ TILE_ Last Tile LAYER_
LAYER LOOP DONE
L3 Tile FSM (Pipeline Schedule) Y
Tag=WGT / _ __ \  LineBi uf
LOAD_ Ready ACT_ Warm COMP_ | Calc_Done POST_
WGT WARMUP PARALLEL WRITE
A J




7 S EREBEARZSHL
Fig. 7 Hierarchical FSM for tile scheduling

T2 56 AR VT W AR 58250 K, NIRIIE
PATIERE R E R B, SR N 152
FSM &%, HEEWE 7 . WHEEZE E T
TR R ERES R E R FIREIAT
Hrr, A RARESHLR T 2% 2 I B AR E 5 Y
Bl EGORESHLTE B ETHRAT 55 2 Hi
B SIEA S RERICRENL (Tile FSMD Iy
PME (Load)+ 75 (Compute) 55 [A] (Store)
B B BRI 4

Kl 7 fiizs Tile FSM [ BAR AT IR AR Q0502
1 IR o BRIy Bt SR, HESHLAE AR AL E
S¥EGEEUE, FHT RSB IAE (Data Drain
task) SHEIEHI: ATERENEL FIFO Hifig
HC 30 i% o dm DL %0 BA Sk BH 2 ( Head-of-Line

Blocking), JE#4KX5l PE FRIIPAT ERRNIZ S .

H I AL S5 AR B K R P AR IR FE RN W B
m. ReLU #uf SEAM. RRENFEHR, R&EHEE
il 5 L Bl P T Us H 8 RIF LR K S
NGt S .
BE1 ETHRESANEHSIAE
Alg.1 Tag-dispatch based tile scheduling
#¥IA: CMD_Stream (54-¥i), DDR Bus CiEZe%#)
H¥itH: PE Array (IFHEFEFIIEH]D, WB_Stream (5 [H
EVE/RTD)
switch State do
case FETCH_CFG:
Load Layer Params(DDR_Bus);
case LOAD WGT:
Issue DDR Read(Tag=WGT, Addr=W_Base,
Len=Oc_Size);
while FIFO.Top(). Tag = WGT do
PE Local RAM <= FIFO.Pop();

end while
case LOAD_ACT_WARMUP:
/i = T
Issue DDR Read(Tag=ACT, Addr=A_Base,
Len=In_Size);
while LineBuffer.Valid Rows < Kh do
LineBuffer.Push(FIFO.Pop(Tag=ACT));
end while
case COMPUTE_PARALLEL:
11 IATHIT B bS5 M 5
while More Acts In DDR do

LineBuffer.Push(FIFO.Pop());
end while
for Window in Tile do
Accumulate(Reduce Lanes(
PE Array Calc(Window)));
end for
case POSTPROC_WRITE:
for Result in Accumulator do
Stream_To DDR(Pack(Quant(ReLU(
Add_Bias(Result)))));
end for
if not Tile_Done then
State = LOAD_WGT,;
end if

end switch

3 SLWHERSH
3.1 IRE

SZHG ] NWPU-RESISC45 3% B 45 X6t
FrHR R AT AR, IR EE SR EE IR 82 Hh
%y, FHERANEGRG RN 224 x 22415
Fo AR VGG-16 1ERNFZERLM LS, FEEfE
HAEHE, B2 SR, FTITRIESR
PR AR A TR RN RS N T s [RIE S
VGG ZMZE(E FPGA CNN bk 28 8F 58 ih 4
MRz, +506 T/ET#ERS%.

ARSI IMAR AR B R 2 SRS UE A
M. BSZRIT B LT PyTorch2.1.0 SEEVEZA
EII4E PTQ Z 42 MR 3e k&6 & T
Xilinx Virtex-7 XC7VX690T FPGA “F-&, 34
Vivado 2024.2 5EER G5 SR TRbR HE
R RUERIR (OA) HEREFAIER (GOPS) LK
MR T I ik Re k. Hid, OA A
GOPS 73l SUN:

Ncorrect
04 = "< % 100%
total

Optotal

T
s Neorrece NIETIITRFEALL Neoray HIAFE
AEH OPropo VRS IZ TR, TOUHERE R
[
32 FENHBEMMSIERM O

RIVEA 53 A HN LA SR IR LS T 1R
s X FIRREE SR TMR B TTHR,

GOPS =




A AEHERERY BT R iy N S W R s is . S0
TRFFERSE . % TR, IRAREELE . DAE #
JEHEZE. FPGA “F& KA A —3, B H
TRIE SRRy SO @RS TMR BAME R . i)
Byt N AR B B R R R B S AT AT
PR TEARAE B AR A R (AT BEA LA RS
RBREEVEAAN 1. 20 5. 10 4> bit flips, =R
HEAN 5,105 20,50 4 bit flips; JG& %% FSM
WAETAR TEHar 728 S b AE Re 5 534780
RN, FFUMESREA R T LI RE KA
RIS B LU ST TS5 FE R . AR SCHEE N8 T
DI AADIGIE, NS [F) T 380 A% (A4 S e

~0— Baseline CNN
0 Faulttolerant CNN 801 o~ Fault-olerant CNN

—0— Baseline CNN

0 1 2 ¥ 10 0 1 5 10 20 50
Number of Bit Flips per Inference Number of Bit Flips per Inference

(a) Low-intensity fault injection (b) High-intensity fault injection

8 TEERESFEEINFH TRESAERHETTH
Fig. 8 Classification accuracy under different fault
injection intensities
Bl 8 it 1 AN [ o B Bl i B N 2%
PR P U R AL S . T Baseline
CNN X REAJE FHSE E AR R AR, Fault-
tolerant CNN 3 82 Jit FI S A4 X4 SR B A b5 L
HI IR Z AL, AT, EAROR R
TENIS, PR 7 SHER R 2= R, i
BRSPS R G A R BE% bit flips
BEE N, Baseline CNN  [FJ#ERfZE T P& NEA L,
1M Fault-tolerant CNN [FiR{L AN T2, 1%
ZRRY], FEE AR RS E —E R LA
B B T R DL Sh A% 3k
NIX 3 EE )RR SR TMR )RR
TR, AT 4 4LHREACE, 2Rk 2 P
e Fet, BlEIE AR OREE AT SO R
[N N i R W e i B Sl s O
) E K AT 55 56 R R s il WS NS AR
FESSARKAE R T AL RS RBCEGRIN 1 E Al
IREHIRLR S REFRE SON:
Rgata X Retrl
Rmix = 100
K, Ryara NEHEBRAEHEREEE, Ry AN
PEHIEER A 55 T

R 2 NEHAEHMIREESER
Tab. 2 Ablation configurations and results of software—

hardware fault tolerance

o Cl X5 C2 {XiE €3 5%

TiH

Baseline IEZfh TRkl  HE
EVRERAE X J X J
Pibli@ " " ; ;
TMR
— TR MRIEE P mE A
N W B OE TANE
e 93.3 93.2 93.3 93.2
HERIZ /% ' ’ ' '
R R

T A S 79.8 82.6 80. 0 82.9
HERZ/%
B v
BREFE 855 88.6 85.7 88.9
/%

83.4 83.7 95.1 95.4

71.3 4.2 81.5 84.8

2 AT, S HAEEZE AR, C1 W
o oo P RO I R S R R CO Y 79.8%
BIE 82.6%, XFMNAEMIRIAFFRE 85.5% 7
& 88.6%, IM{EHIEMATES e MEABEN,
VL BABLE 2 X0 7 S5 40 32 B s B i m 4 sh
o Sekase . VUSRI HEE TMR I, C2 (1)
R4 56K 83.4% Tt R 95.1%, (HEHRE I
G WA R S R SR AR, U R o ] 3 A
FHIRASEREL . bk dail A 7 i 45 b 2 i
Mz,

SERETT R C3 7E B I B A A 5 AR FE R
B HEBAT S E R LR R EKT, AR
Frigtn 84.8%. 5 C1 F1 C2 #HLL, €3 Mtk
AIEAAARTA B — AR I KIS T, T2 (R A7E
i B A 2 A4 1 o P S R R AR
ZEERUH, FEERESEFE TMR 7Rk
Bdront g b B HAME, wlSL[R T o B 3%
H,

33 BfRETE S

Ko 44 T iESs RTL N EEE. &
Ginshia, EHEHEE R IREh R T . I



TINS5 A FRRK LR, S B frid ki —
|, REISLWB TR TSHEINR. 55 510
JRAT LSRR, M TAEAZ A 168
MHz; 7ESZPRE8E R 150 MHz M2 T, Bk
ity 2 AR S5V FE 20478 000 AN JE 34, %)
MAEFERE N 136.52ms, RGAETFRET] 226.4
GOPS, J& |2 i1 5 [ 51 ~F 35 AT R A
81.5%.

9 fNiEEE RTL RIS ELE T

Fig. 9 RTL timing simulation waveform of the

accelerator

# 3 44H 7 FPGA HIEMFHEN. RS
BRAM HHEN 82.11%, FEJET A FLEIF.
IToAT AN R S5 A A, LA/ 5 DDR
Vil e m i fF—iH S ESFEE . LUT. FF M
DSP FIHZE SN 33.6%- 25.6% F1 28.8%, %
PRAETF AT SEBYE Y, IR SR MAC KH
A dE . TMR 0 AR 5 N0 w02 4 55
e

= 3 FPGA BRFERIBER
Tab.3 FPGA resource utilization

HIRE afﬁ R FIFR
= H

LUT 145,626 433,200 33.6%

FF 221,993 866,400 25.6%

DSP 1,038 3,600 28.8%

BRAM 1,207 1,470 82.11%

x4 45T VGG-16 K EHAT RS .
Conv2 2. Conv3 3 Fl Conv4 3 % T EHEME
DSP FIFZ D HEF] 91.2%. 89.8% F1 88.5%,
VEHITE 4RI ECE T, DAE WA A E22 176
R M AE R SRS RS . MILZ T,
Convl_1 ) DSP MHZEN 72.4%, FIRe2E|HE
JEATEAT TR TN A AN S8 52
Classifier J2 DSP FIHZA 38.6%, FEHITH
EEUN ST RBAR LSRR 5

Ko
*® 4 V6G-16 XEEMEELGIT
Tab.4 Performance statistics of VGG-16 key layers

M e HE=E BIE DSPH| k&
= /N /GOP /ms Mz /GOPS
Convl 224x22

0.17 0.58 72.4% 293.1
1 4x64
Conv2 112x11

3.70 8.92 91.2% 414.8
2 2x128
Conv3 56%x56

7.40 18.15 89.8% 407.7
3 x256
Conv4  28x28

7.40 18.42 88.5% 401.7
3 x512
Conv5  14x14

2.36 6.20 83.5% 380.6
3 x512
Classi  1x1x4

0.01 0.12 38.6% 83.3
fier 5
Total - 30.9 136.52  81.5% 226.4

Nt o B RE SRR, AR SCMVIfETR RS
VM EES AT BT ek
BiE % DDR PERETHEGES, ASOARE R SE
JI DDR R, ME RSB AR
4 1 DSP FIHEHEITERA . MTH NG
MZE, HHEE DDR Vil &[T IER R N:

By = Bini + By, + Bout,i + Bpias,

ﬁ;:':n, Bin,l\ Bw,l\ Bout,l *H Bbias,lﬁ%U%%%iﬁ)\
FRAE B ASCER S i AR A B S B =

SERRUTAFIE /182 BIRFER . AEE a7t
HEVIMM. ASCRA DAE BB A Nk
LRI EMERE RS, FEERSH BT
#t Load. Compute F Store iIIHE, MIITEF 4%
AEFRF AT BRBGH  Vi A EIR . R 3 e

BRAM (5 B AR T DL A4y B2 (it
Oy, 1B IE M T 480 VGG-16 W 2% I
XC7VX690T V& Tt ae—Btdad, (HIEH
KBRIE ZAT 5 MRt — PR R

NVAG A SCEEM PR 2 FPGA CNN s 2%
R EREEN, R S I EBFREEW
VGG/VGG Z FPGA SEHL RHHAT XL . Bridk
TAES> IS 8bit &M 8/16bit JRAKEE
THREAIAHIT AN 6 T VGG =T W48 fn s
HE, TTHTIEIREE., MR ECR S
JHHATS% . Hoh DSP {# FRCR € SUN:



Pgops

Npsp =
Npsp

P, Poops NHRGEMZE, Npsp A DSP fiH]
Bt e TR AL DSP SR ITRIF
At RE
& 5 BRMMEES FIRME
Tab. 5 Performance and resource efficiency

compar ison of different architectures

SR

PEfEFeRs  SClik[15]) scmk(16] (7] AL
Ultra96- ZC706 /
fEEES XCTK325T XCTVX690T
v2 xc7z045
B VGG-
X 2% g VGG VGG VGG-16
based
ks 8 bit 8/16 bit 16 bit 8/16 bit
TAESIZ/MHz 200 200 150 150
DSP {ii & — — 891 1,038
FoEE/GOPS  819.2 175.30 167.5  226.4
DSP i FH 3%
— — 0.188  0.218
/ (GOPS/DSP)
ZREEAL — — — WA

% 5 AT, SCER[15]/) 8 bit 5E s 7 R A
HEEALE, ARG RE E AR M R T
MRS, (HARFEEIRA R ERIARE IR T
Ko ASCHIET SCHR161HITR A K5 B E IS T
B A B A R AT AJF DSP EHE
) 3CH#R[17], DSP {HHZZFH 0.188 GOPS/DSP
PTFE 0218 GOPS/DSP, HHIEAKE MAC
HH. Fr EEAEM DAE R REMS I it SR
PR, FB, AR5 NSEE 50
TAEFIELEZ @M TMR O, 7E&fEE
S IR TR RS e M. DR, AR RAMY
AABI AR TR RCR, tERFE R
YR A7 IR AT SEMEL R I 0B F 75 oK

4 2

ASCTH A2 CNN H#EHEH FPGA %R,
TERE T SIE AT A S A RO R ), $RH—
Pl Re— TS B RO IL I FPGA s 28 % it
Ti ko G VEACE S 8 - 4 ) S ) e
JEME 2 AT S it AEMEREAL T T, SR
JERBUREIRE ) INTS/FP16 JREHE L, IF
4i4 DAE RIE. H EZERBRE D R Mt

VISR AT RS i, FAR

10

T I Ay ST RN BN AS Rl 0 R R AR S,
i F 235 S A TMR 6 e 5 132 5 0k 4T
R0 o

SIS AE R, #E XCTVX690T FPGA &
HE VGG-16 MR, JEESSAE 150 MHz R
W 226.4 GOPS ¥ F|simfent 28,  FRMTHEIE N GE
N 136.52 ms, JIKJZ TR RS AT 3R
81.5%. JHRALSZIGR I, HILZ A F B e s
PR T AR R O O, RS TMR
F B s O S RS SRR, TR R A
% [F) 0 78 o5 P ST P R AR . 1 2B R A B K
BGOSR R 0l AR B 48 R 4 Anf 5
RS AR ET VGG-16 FRHHLAL
ISR, AR A T LB E R se G

élﬁl ﬁ:} )
£E& 3k (References)

[1]YIN Z S, WU C H, GUO C B, et al. A
comprehensive survey of orbital edge computing:
systems, applications, and algorithms[J]. Chinese
Journal of Aeronautics, 2025, 38(7): 103316
[2IMYSTKOWSKA G, MONOPOLI M,
NANNIPIERI P, et al. Hardware platforms enabling
edge Al for space applications: a critical review[J].
IEEE Access, 2025, 13: 143939-143956

[3ILI H M, FAN X T, JIAO L, et al. A high
performance FPGA-based accelerator for large-scale
convolutional neural networks[C]//Proceedings of
2016 26th International
Programmable Logic and Applications
Lausanne: IEEE, 2016: 1-9

[4]ZHANG C, FANG Z M, ZHOU P P, et al. Caffeine:

towards uniformed representation and acceleration

Conference on Field
(FPL).

deep convolutional neural
networks[C]//Proceedings of the 35th International

Conference on Computer-Aided Design. Austin:

for

Association for Computing Machinery, 2016: 1-8
[SJGOKHALE V, ZAIDY A, CHANG A X M, et al.
Snowflake: a model agnostic accelerator for deep
convolutional neural networks[OL]. arXiv preprint
arXiv: 1708. 02579, 2017

[6]WANG K, LIU Z J, LIN Y J, et al. HAQ:
hardware-aware automated quantization with mixed
precision[C]//Proceedings of the 2019 IEEE/CVF
Conference on Computer Vision and Pattern



Recognition. Long Beach: IEEE, 2019: 8612-8620
[71 LI Z F, NI B B, YANG X K, et al. Residual
quantization for low bit-width neural networks|[J].
IEEE Transactions on Multimedia, 2021, 25: 214-
227

[8]SHAO Y Z, WANG J Y, HAN X D, et al. Research
on spaceborne neural network accelerator and its fault
tolerance design[J]. Remote Sensing, 2024, 17(1): 69
[9JRECH P. Attificial neural networks for space and
safety-critical applications: reliability issues and
potential solutions[J]. IEEE Transactions on Nuclear
Science, 2024, 71(4): 377-404

[10]KIM C, LEE D, NA J. A comparison of reliability
and resource utilization of radiation fault tolerance
mechanisms in spaceborne electronic systems[J].
Aerospace, 2025, 12(2): 152

[11]GAVA J, HANNEMAN A, ABICH G, et al. A
lightweight mitigation technique for resource-
constrained devices executing DNN inference
models under neutron radiation[J]. [EEE
Transactions on Nuclear Science, 2023, 70(8): 1625-
1633

[12] HUANG H T, XUE X H, LIU C, et al.
Statistical modeling of soft error influence on
networks[J]. IEEE Transactions
Computer-Aided Design of Integrated Circuits
and Systems, 2023, 42(11): 4152-4163

[13]GAO Z, GAO S H, YAO Y, et al. Systematic
reliability evaluation of FPGA implemented CNN
accelerators[J]. IEEE Transactions on Device and
Materials Reliability, 2023, 23(1): 116-126
[14]JUNAID M, ALIEV H, PARK S, et al. Hybrid
precision floating-point (HPFP) selection to optimize

neural on

hardware-constrained  accelerator for CNN
training[J]. Sensors, 2024, 24(7): 2145. DOI:
10.3390/s24072145

[15]LI Shasha, LI Xiayu, LIU Shanshan, et al. Design
and implementation of an FPGA-based general
accelerator for convolutional neural networks[J].
Journal of Fudan University(Natural Science), 2022,
61(1): 69-76, 84 (FUb1b, ZE &, XM, & —
FhEET FPGA 38 G R 45 I 2 (K it
5] & B (E R BHARR), 2022, 61(1):
69-76, 84. DOL: 10.15943/j.cnki.fdxb-
jns.2022.01.003)

[I6]CHEN Yi, LIU Bosheng, XU Yongqi, et al.

11

FPGA accelerator design for hybrid precision
frequency domain convolutional neural network[J].
Computer Engineering, 2023, 49(12): 1-9 (%if%, X
A, ARAKHE, &5 TR R BT A b 242 A 2%
FPGA 2% iH[I]. THHENLTFE, 2023, 49(12):
1-9. DOLI: 10.19678/j.issn.1000-3428.0066701)
[17]ZENG Chenglong, LIU Qiang. Design of High
performance  convolutional neural  network
accelerator for embedded FPGA[J]. Journal of
Computer-Aided Design & Computer Graphics,2019,
31(9): 1645-1652 (% e, xia&. Ak A 2
FPGA (1175 RES B 48 0 48 DI s B v H0]. 3t
FNLGH BB E 5 BB SR, 2019, 31(9): 1645-
1652)

(EEEOPIE

X CRAEED 55,2001 AT 2B
LR, B o [ R 5 g 1 58 ] B 2 Al 27
A, BEFE T R R e A AR B AR B B H ARl
RIS,

E-mail: liuhui23@mails.ucas.ac.cn

F g GEE1EED
SR T, B R 2 g o [ o o e R fiE
= EAE, WA I, BT, BET5 1A H AR R
RSV N E Y (B2

E-mail: zhouhai@nssc.ac.cn

B, 1987 FEH AT 2B


mailto:liuhui23@mails.ucas.ac.cn

	Software–Hardware Co-Designed Fault-Tolerance and Optimization for a Spaceborne CNN FPGA Accelerator
	0 引言
	1 系统总体框架与分级容错机制
	1.1 系统级协同框架
	1.2 软硬件协同分级容错策略
	1.2.1 算法层容错设计
	1.2.2 硬件容错设计


	2 星载高效加速器架构的硬件实现
	2.1 加速器系统架构设计
	2.2 混合精度并行计算单元设计
	2.2.1 混合精度配置策略
	2.2.2 混合精度MAC实现

	2.3 硬件调度逻辑与并行访存优化

	3 实验结果与分析
	3.1 实验设置
	3.2 容错机制有效性与消融分析
	3.3 硬件性能评估与对比

	4 结论
	参考文献（References）
	作者简介：

