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I B 238, ) 8%t I P 28 T S B 2R A T A
T S8 D TR TR, BEARBE R B2 IR FF 4, JF 1
ERETERERL L.

B AT i 21T F551 (field-programmable gate
array, FPGA) 1 —Fh R % Hmsiiir-r-5, ik
EORZB A WA SNN finst iy BAR e R, AR 2 Xt
N & SR (application specific integrated
circuit, ASIC) 7 REFIZLE L A fig xR .
e PERE, Fefn IBM A9 TrueNorth'0) FlE4s /K (1)
Loihil'V, H 24— ASIC i F #6 2 H 4R 45 19
TRFT S, — B a, &7 2B ot
ST, Sz REE MRS L0 FPGA
REAS 16 AR 0 RO T B Ll AR B v 10 R
PR R 191 Bt A 5L AT DUAR $g 4T 55 AN SR
WA F T T NGRS, LAGE I R a2k 1R 8 R 45
AL, SE M A ot Re 1. L, AR
RIGEER A TES T, FPGA [ ASIC Hih
A AbHE SNN R, teah, SNN Fsh idrtE, (15
Ko Mo 2RO 2P ES R L, A /D
TCAEREE I ] S R O b 1), FPGA RT3 R0R) X
Fs g, A6 B8 J5R R R 5 TR 1 SR B S35
§§“ [15,16]

ULAER, FET SNN MR IhFE | FH IR SR,
X2 N B A R 7200 L) S BRI 1 A
IR FIH S AU RERK. 2022 4 Gerlinghoff 25 21 Ji H
TP RS SNN A3 31 s 4 FHESE E3NE,
ZHELLR A2 2T 2 dnti )y 2, A RUETH
TSR, (TR 5 FRRAK 50% LA, DIFE
/N 20%, I HEBUER A T 1 MR 2023 4,
Chen 45 22§ 1 7 —Fh i P R 38 Ik ol ARk 21
FATT (SCPU) M HAF AU, 240 B/ CIFAR-10
il CIFAR-100 $dla gk E ARG 51355 92.45%
H168.55%, Hif [a] 4 HLIT AT 3K 40 frames/s, 3%
IR T REE SNN JtH & 5% 25 P Al | 1) st
2 2024 4F, Chen %5 ) gt—FH T SiBrain 28K
THRRE SRR, A O HE F T kb B AL S bkt
BB 23 I TAL B TT IR, L R B 5 ki 4
BRI ARG ZHHIT CIFAR-10 44
e I 90.25% FI4ZMERTR, fEslsih 83GSOPs/
W; [A4E, Aliyev 55 P4 1 k2 H B iR & 1
Ak, H A B AR B A A B AR
Bl IR TR B O U T R S ik b B BT
B EAE R RIS AR 5 B A

wENH

B RS TR T SNIN B &5 1914 B
D5 TS T SR (BT S SR BR A i,
VI T SR I Z I [E25 I 2R L3R s O 45 R, 1X e
g TR AIAE TR, A, REBARHK
AT G TR, IR K R AN fi
ar, FECEANAY I REFNINFE. DR BRI, A
SCEEE T — PR ALY ResNet-10 Jik b 28 ¥ 45,
IR ER TR 2D 2507 S8 DARRIR TSR A A 3. HEM
Ze R B RS2 (quantization-
aware training, QAT). #itV4—4k (batch normali-
zation, BN) JZ il 5 55 5 W 7 455 11 2 B0 T 46 5]
0.69M. ILAh, 78 FPGA -5 ESCBL T 2T ML)
AbPRES Y. BRI BT R R NSRS R
W, LAG e BT R ISR, T2 1] R 4 K 2R
P AL, NSRS MG T b
HeBEHLAE A7t #% (block random access memory,
BRAM). f/i, A SCHr# 15230 FPGA 5% 2%
Jhk e 22 X 248 Aub JHL 988 A i BRI (1) R B80T T 44
PR B PR RE.

2 WHEITHFHREMNMNLE

SNN 7% 5t b H 48 i 5t 14 A0 = 4 3K Sl R, X
FRR M AR B AL PR T REME SC I = 0T
GEL ORI, TESEBRAE S SNN B8R Mk 1 2
PRk, — 7T, B SRR W I TR
BE; 53— 7T, AR 6 i e oK R B = I N A
diH, 2RI T RERERERI. N T X
Sepnl g, ARG GG W E R A
RHERAR, X BRI TR B R 40, DA RIS
WA AR TS, XA OR T EdlE Tt
LA oK, WAR T THERRAER, (IR SNN
REAS T = R b IS AR D RE A - 15

AR SCHT M 25457 ResNet-18 FYAR{K, AT
JEAEREAIRIAR, 45T ResNet-18 H1 64 3l iE Al 512
A Ay, AR 10 R TTUINGAE (A& 5k 2=
4% shorteut), Bl ResNet-10 ik 25 j 2% 4%
gERgnE 1 prs. H Convl AEHIL)Z, Tk
B ANFe kb 55 Conv2  x 1 Conv3 x 4%
TAERZES (block), VERRFIESE B, 2
L RUZ FBETE JZ B BG Ak (pool) JZ 6 T4 % 4%
(fully connected, FC) JZHT, $ 256 5K F-1F K T4
h 256 x 1 F [ 2.
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Fig. 1. ResNet-10 spiking neural network structure.
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Fig. 2. Comparison of parameter counts for each layer of

ResNet-10 under standard convolution and group convolu-

tion.
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2.2 WEGKIERF

YEky SNN FES =z —, B K TR/
B WA MAPERE. BRE TSR 45 1)
IR, S THE BRI RE S, (A B R
TEEE; TR/ T H B AR S PR T & J% 8 S
B, (HA R EF R TR K 3 T M HE
CIFAR-10 #¥54E B _FRTRIZA4 T il v R .
YIGEEIH 500 J8iF, T = 4 IRV R ERR =R
4 91.40%, T = 1 BBV UERRA 89.84%.
SRR R EER R, T = 4 BIORPERER 45, 4R
1T, R0 R 4 H e i S5 I DA T ¢
HEORAR T = 1 BURTEMER R A BT R, H
WA RO & 2R L A7, (T U
S5 R . AN R T R A R
THETE], BT T EERCR. R A%, AU
AP T = 1 AL
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»{ic:h},f‘{NBTNg j 87.33
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{3 AN T I v 0 L
Fig. 3. Comparison of test accuracy under different condi-

tions.
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W PR AR A — AN EH N FEL A6
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PR, 76 P45 HE R, AT LS A8 45 R A
JRARETHEE N ¢, IEM b JHEE N d, NS
25 BN JZHEE. i1T BN Zr0 e R4t
(), PRI — Rl & 7 LA S g s RUORS BE. at
4h, Bk BN 25, AT ZAT I 7 FIBR 1A 45
TR, B AR et D T R T RS
MR AR B

24 BSHEN

XA, A SCR I QAT J5 44 19 2% vh o7
RUBCAS R e A58, I ZER A e A DR A
DAL AR 22 B S . ELA T 75, 76 T A # ek
R SRR A E RS B, 0 AE R AR R
A TR IR PSP R ey VN DN R e A O K Y 0
T BB ). 38 10 A T 1) £ % o AT (8) X —
(10) X B4, T 7 S [ AL I REATE (11) 3K B3 Horr,
r RV AL, g MR I AL, S RN F,
kAR S TE . SEU AR XRS5 & Ak,
BRI AL, B 1o -

g = round(S x r), (8)

Tmax = max(|r|), (9)
2k—1

S =2" n=floor [log2 ( )] , (10)
Tmax

OLoss stE OLoss
= . 11
or dq (11)

o T AR B AN S, BRI
BORMRME, PR BB AL TR (straight-through
estimator, STE) #F4T I UBEE 1155, STE it Z
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K.

FEARSCSL B, A AR RALE] 8 bit. ME 3
ATUAE B, PR 2D 50, flE BN Z I L
8 bit KT QAT fLf 100 8 )5, ARSI HER
Fn[ikE| 87.33%. HAMAT BN JZRl & K mir
P RDAEAUAR L, MERGZRFEAIC 2.51%. FESCPRAY
Jof R AR AKCR RN BE OR824 0] (1 8 B N
BT LLNEE AR &, AR SCHE S rh e B ]
K T =184 BN Z, HRH QAT ¥4 &
B2 8 bit BT 58, TEORRRES =R FE 1Y [ i 4 5
B GRE A

3 AEBEHRLEWKITE EIHN
3.1  AHESIEMEIEZNLIT

AR5 22 SNN b BRZSRE {2844 DL 4.
ZHF RSy AR BUSEE, 4245 4 4> Block,
X 4 > Block Jf4732 5 LA iy 150 8 3 Fn A H Ak
R FA Block WV &4 ORISR, — 5%
O3 S HAARA T R VI RN VR Dk o B A, S —
2501 SO INER 25 6 Bk E R MUERRAE. b B R
GV R SR ) 47 B HESOR B 4R B G 40
KR5S, FEXTIEA T AR B, e A LA 254

‘ BRAM (weight) ‘ ‘ BRAM (data) ‘ ‘ BRAM (weight) ‘
Feature extraction
F) D
= Pool
o)
1)
o0
= =1
E g
2
g (% —! FC
E =
g 3 L]
'J;‘ =
E k [
E @ S Classifier|
o | Conv3
O \ -
@ —+—'Conv2 z
‘ Controller ‘

B4 %22 SNN Ab B S RE {4 i A 44 5]
Fig. 4. Overall hardware architecture of the residual SNN

Processor.

R AEREPFBET R, A A 28 2 80 e R4S
REAEAHTE R - BRAM 1, B 5 1 PR 7 ]
FIAFIL, BEGIMTRAT At i A YT RN 3. B 5
G RE ph 4 A DA DT, 45Tl e A A 0 A
B REE , B A B b I TAE.

3.2 RZOERDERERIZIT

TEMZE | B bl 46 R o H S A7 i
TEUR, AT B AR AL BE A2 1 25 PR T+ AL BR AR AL
. ARSUHRYE Chen 46 B9 7E Eyeriss .6 i R Ag3ET,
XA B TRk

Kl 5 A E R G EER R R B BT R
FAIE (processing element, PE) AJ LL5E i—~3f il
2%, 9 PE M —MITHHITH L (processing
element core, PE core), PE core 7E—~ 80 52 il
—A 3x3 B MEAE. B R R H R
TG F451 (processing element array, PE array) H
64 1~ PE core 40 . 7£ PE array ", # & Fl &
N BRAM ozt AR 4, AN E,
FEHUE 5 MAEAERAE ) BRAM Hols BR324
IEHATIH A SUEEAE, fAF] PE Array 1.
Mg A 8 AN ITAT B4 H G, B T S
AT 8 AN AGEIE 1, J5Hs 8 MM A
T JE A5 B A R DR NS 21 R ] Fsum, 77
AL AR A BRAM Hr. R A% H 2 18 3
FH 4 A8 18 i FRE L, B LURFIE B A PE Array
Je X R E A T

P HERBET, FEE 5 UL 128 il iak
AR 128 38 8 i RS AR 48], 1 T T4
ST N 32 /i A I8 () AR ] 556 o 45 R
TR gE R, Brlk, B 8 /N i 1 iy 1T R 2L
X PE array B2 4 I, #RRF 4 IREYZER (B 5 hidy
Fsumy-Fsumy) %F AR RP AT . 2 A i v, 42 4l
A ST YA ARHIE R RS B S A B R
18 PE array 099 B HEAR £74% T BRAM Hr,
ZH—X PE array BIEI#e—k; fig ARRME K] S 5K
tffi PE array B TAE U0, (H A4 [ — 2 40 1
FEAE A A L2 i, AR NI, AN
B SN ER A A i 2.

HF W25k 2K 2848, )2 18] PE array 45
FFFAEH. 4i3)2H, PE array K/NA 3x64,
& 5 BN AERK (55, PE HEUTF 50 8%
(digital signal processor, DSP) ¥4, $hf 13z
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N[z =) ®, L
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O .‘ &
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K5 HREIERER
Fig. 5. Schematic diagram of the convolution operation.
(a) 1 1 1 1 1
i Padding Input Compute Output
: Padding Input Compute Output
1 1 Padding Input Compute Output
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| | | | |
1 1 1 1 1
1 1 1 1 1
Data n Data n+1 Data n+2 Data n+3
(b) I Convl [Shortcut
: Conv27w71ayer1|
' l Conv2 z_layer2 |
: | Conv2_z_layer3 |
1 | Conv2 _x_layerd Shortcut |
: I Conv3_z_layerl
: | Conv3_z_layer2 |
' | Conv3_z_layer3 |
: | Conv3_z_layerd
: Class1f1erl
1
1

K6 Wikt

(a) BRI AL BLFK LR 4540 ; (b) J2 ] 27K 224

Fig. 6. Pipeline design: (a) Convolution data processing pipeline structure; (b) fully pipelined inter-layer architecture.

FALERD PE array K/NHA 8x8, &5 BN
k{545, 7% DSP & 5. ik 65T, PE
array K/NR 64x8, PE H DSP #4 il It g4 7 3
B, TR B R KN 1x1, B LLREA
PE core WY& —4 PE.

3.3 RAKEIZIT

& R AR 5 s Ab B 45 JE (padding)
B (input). % R 115 (compute) F1 £k 4ig i
(output)4 ML AYA TR, BEICE BT, Bk
UK L REvE. I, ASCR KL IR
THE. Bl 6(a) & RERELDE B i K & 251
IR ERE, TTLVE t, WK LITERNIEFER 2 58
TR RAEOL BN AE, 3T R At &L AN, AN

BB HUR KL 7 2, TEHALER i,
S22 T HKER IR, B PR 200K 2
[ 484, A 6(b) Fas. AW /K 2 A48 ] L i
FEHGHATHH AR SR, R80T, kA
R HERRE RIS 3.98 ms.

4 BT

F1ER TRIRESAE FPGA IR SRS
B, Ho DSP Al BRAM (5 Feferms. BT AREEZE R
T &R LAAERm, Ik BRAM & H gk,
[l s, DSP 5% 5 1) i FH B2 52 i 45 1103 R
R TR R R AL BB T 2 ) DSP
BV
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F 1 Bk SNN ACFEESHEIE AR

Table 1.  Resource utilization of residual SNN processors.
ATE THAEDTI Cipiibiels T/ %
LUTs 134859 425280 31.71

FF 341722 850560 40.18
BRAM 674.5 1080 62.45
DSp 3008 4272 70.41

2 AASCHE CIFAR-10 £4 4 B0 | X ab 24
#+ M GPU(GeForce RTX 4060 Ti) It b J5 9
ghIL. Hod FPS 3e/m b B 2% A5 R0 ] b BE A 145 i
B, FR A HO T MU FPS/W e T Ab P25
(IRERL, RIAEIMAE 1 W Dhn] Zh# i MG s, M
T A ), M GPU, ALBRESHERGR R % 0.22%.
X — 22 = B T YN SR SO AR N g B 2R A
b, MifE FPGA #:3AT, At zsid mibab 3, &
HUR LW RIEAE TR, £ FPGA L, i g
FE AN BATK P R 4 B A) S A HME BE; 78 GPU L,
L 10 J7 5 R 0 i RS () 15 B sk S [, O
WSS PIAE, I HAERE. 451K, FPGA
AbH AR P R R GPU B 16 7%, {HRERL 4R
T8 2 £%5. A0, B SR IR A FR, FPGA {/58R SC 8t
BRI RERL, B PR AR IR A AR, ST
NG RBAETRE.

3 XTI TARSCIR T L 5k 25 SNN AbFEER
S HAWMF7E4E CIFAR-10 $064E A% %R 5t
fig. RMEIEIH A &S H R R IR 25 R, 57
SCHHR LAY FF R A F i T S — TR S
PIRRAR AT L.

* 2 EPEERR GPU R TE CIFAR-10 #dfidk
BRI

Table 2. Performance of the processor and GPU
platform on the CIFAR-10 dataset.

W& 7ZCU216 FPGA GeForce RTX 4060 Ti
HER /% 88.11 88.33
Uike/W 1.369 51
ﬁ'ﬁiﬁﬁ)ﬂfﬁ 3.98 0.243
FPS 251 4115
FPS/W 183.5 80.7

E3NERU J&—NAT RASEHL SNN HE 34 % i 21 ity
FPGA Jinsk HESE , HOWE 2 255 4 65 A RE 14 547 1L AR
454y, 7 MNIST L nl DASCEE 99.1% RS2, #EFE
] R 0.294 ms. (A2 M RIRE, HBRUZ
5k ZT/AE LML 2R EH, B8 AA 6T
R ANNAE, SEOEBAER K, DRI, 16
CIFAR-10 /£ % 1, E3NE X H] 8 21 )2 M 2% I
6 bit f 1k, EIRGEIRTFE /N, (HR B B 2Z B
FLLZ T, AR SO R R H 4 i /K )2 R 4844, i
8 bit % i L F I AY ResNet-10 M 2%, 7EHE
R EHTHT 6.51% MRl RERERTE 61 %, 45 LUT
HIFF f4d 253 59 E3NE B 2.8 155 F1 6.8 4%,
R R LA 53 3

SCPUR B4y 256 D IFAT8I0, FA2TT
LR LIF ik vh i 22 oA He 5 W0 20 H R A, 4300l
HRARHERK BB S R 2 kB R, A AT T I
P Re . iz 45 A B Ak S5 B B At
Ak, Bk B e A7 SR R [ A, — A et

%3 7F CIFAR-10 R4 I 5HAL SNN Ab PRI PERE Ui

Table 3. Performance comparison with other SNN processors on the CIFAR-10 dataset.

T E3NER! scpui SiBrain/® Aliyev et al.4l A
FPGA#IE: XCVU13 P Virtex-7 Virtex-7 XCVU13 P ZCU216
% /MHz 150 200 200 100 100

SNNAHY AlexNet ResNet-11 CONVNet(VGG-11) VGG-9 ResNet-10
TR RE 8 11 6(11) 9 10

K& /bits 6 8 8(8) 4 8
SRR /M — — 0.3(9.2) — 0.69
LUTs/FFs 48k /50k 178k/127k 167k /136k(140k /122Kk) — 135k /342k
AR /% 80.6 90.60 82.93(90.25) 86.6 87.11

/W 4.7 1.738 1.628(1.555) 0.73 1.369

i 4E /ms 70 25.4 1.4(18.9) 59 3.98

FPS 14.3 39.43 696(53) 16.95 251
FPS/W 3.0 22.65 438.8(34.1) 23.21 183.5
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BRI, ARSI A AR B ] DR
AR S I Ak, ZEORUEAS FE AR XY (Y[Rl s, SEat
T 6 fErmiRET S 8 AR RERE T

SiBrain/? 84 W R F I 25 AT HE 51, 7525 [A]
SRR IE AT, BRI AT [ AR B 4 A
()25, 2 R HE B AR . SR T, HA A7 AR S
Joh DDR, ¥4 1 v5[Al#ER . SiBrain 76 CIFAR-10
BigE FIEK T CONVNet 5 VGG-11 F MR
Hrr CONVNet W28, RERCR B EAE LR
AR AR 4.18%; 1E VGG-11 W% T, BARA SCAb 3
B BENRAIC, (E45 25 T B Rt [R] B ms, LA K4
T EAAAELE, AR T R R AR B S, 754
PRI F] SiBrain AY 4 1%, RERAR TS 5 4%,

Aliyev 85 P4 3511 AL FREDIE X 25 Rl 53 M s i
EHEER, MIE AT SRR/ BB, H
A G KR8 (B8 A JL7 “17) LA
IFRPT 145 (DORTRER R (55 ) | bS8
| 4 bit, RHBAITEANAF DSP 7k, ARk
RIIFEZ 0.73 W. SR1M, %224 K H 4 bit K5,
AP R T 1, AATERG BE FIRE R BRI AH HE
ZN, AR PR AR R AR S kg BE R IR S g
B S BB T, SC T 7.9 f%
I BERE T

AL UL, AR SCAb PR R AE A AR A R 5 FLAL T 58 A
MR, R TR R A B E T T
IBATRLR, FERBRT L M. BLAk, Akt
SEEMUR TR b, FETC R AMERE VTR R AE LT SEBE
TR MERE, AUEFR T E3NE &g it
(iR a = RECY TS QIO o)y s M IR N oS A
T AR

5 & #®

AR SR SEI T —Fh i BEAL . R L 5k
25 SNN BEEIER A%, SR AL S R
e, LIPLfE SNN #f B 72 v B RESLR IR, 768
RZTE, ASCEM T MR e GE TR S
1Y ResNet-10 ki 2ef 28 1% FH s isf[a] A4 )1
4. ARGl BN JZRlA . QAT sk adlE
RO, MRS H0R 45 2 0.69M. 7ERE {411
I, ASCE D )ZE NS S FPGA BEEFH
ROk AT K A TR0, IR H
BRAM 174ifs B 28 S 80 45 5%, L F A

fitiifinl. Fe2, ARCHE ZCU216 FPGA V-4 F5EhL
TAEERER IR, LI A R R, A SR SR 5 E
it GPU F-E A, BERUR T 2 £i5; 5 HAh SNN
SEFRERAHLL, HERRE PR 20 4 A, RS =
D5 A R, AAUAT DLt — 2 B R A FARFAE ]
PR B 1 LR 400 DR 28 LS, 38 1] DAt — 25 4R o %
1) 42 Y 7K A 33 RE 7 LA 46 J 4 SIS JE AT 4FE 3
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Abstract

With the development of hardware-optimized deployment of spiking neural networks (SNNs), SNN
processors based on field-programmable gate arrays (FPGAs) have become a research hotspot due to their
efficiency and flexibility. However, existing methods rely on multi-timestep training and reconfigurable
computing architectures, which increases computational and memory overhead, thus reducing deployment
efficiency. This work presents an efficient and lightweight residual SNN accelerator that combines algorithm
and hardware co-design to optimize inference energy efficiency. In terms of algorithm, we employ single-
timesteps training, integrate grouped convolutions, and fuse batch normalization (BN) layers, thus compressing
the network to only 0.69M parameters. Quantization-aware training (QAT) further constrains all parameters to
8-bit precision. In terms of hardware, the reuse of intra-layer resources maximizes FPGA utilization, a full
pipeline cross-layer architecture improves throughput, and on-chip block RAM (BRAM) stores network
parameters and intermediate results to improve memory efficiency. The experimental results show that the
proposed processor achieves a classification accuracy of 87.11% on the CIFAR-10 dataset, with an inference
time of 3.98 ms per image and an energy efficiency of 183.5 FPS/W. Compared with mainstream graphics
processing unit (GPU) platforms, it achieves more than double the energy efficiency. Furthermore, compared
with other SNN processors, it achieves at least a fourfold increase in inference speed and a fivefold improvement

in energy efficiency.
Keywords: spiking neural networks, field-programmable gate array, high efficiency, lightweight
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