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Fig. 1. QAT quantitative process.
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2 1  Spikformer-1-384 [ 452544
Table 1. Spikformer-1-384 network structure.
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Fig. 2. Spikformer network structure: (a) Feature extraction convolution computation; (b) spiking self-attention mechanism computation.
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Fig. 3. Performance on CIFAR10 dataset with different
timesteps: (a) Train loss comparison; (b) evaluation top-1

accuracy comparison.
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Table 2.  The top-1 accuracy performance of Spikformer
before and after quantization on the CIFAR10 dataset.

Model Param/MB T'=4 Acc T=8 Acc T = 16 Acc

Spikformer-

1-384-FP32 15.92 94.57%  94.93% 94.97%
Spikformer- o o
1-384-INTS 3.98 94.35%  94.81% 94.75%
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Fig. 4. Overall hardware architecture of the spiking transformer processor.
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Fig. 7. Spikes encoder accelerator module.
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Fig. 8. Detailed schematic diagram of the spiking convolution accelerator: (a) Core unit structure for spiking convolution computa-

tion; (b) partial computational pipeline architecture.
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Fig. 11. Schematic diagram of pulsating array calculation.
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Fig. 12. QKV matrix multiplication pipeline processing: (a) Spiking QKV computation pipeline; (b) implementation details of spikes

accumulation component; (c¢) implementation details of matrix multiplication calculator component.
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Table 3. Comparison with other SNN accelerators.

ISCASE! TCADE APACEP Ours
PR 25 254 FC CNN ViT Spikformer
VE/IES MNIST MNIST CIFARI10 CIFAR10
B Kintex Ultra. Zynq7000 Zynq Ultra. Zynq Ultra.

B (MHz) 140 200 200 200

LUTs/FFs 4.162x105/9.50x 10% 4.59%10%/2.05%10% 4.532x10°/9.41x10* 1.439%10°/1.791x10°

BRAM(36 k) 216 262 784 233.5

GSOP/s 179.0 22.6 307.2 336.0

GSOP/W 21.49 19.3 25.6 46.8

Wk 4 s, 7830 % Spikformer-1-384 f55 7l
i, GPU, CPU Hll FPGA =FPF& I # A A
[F R PERERR . Horh, GPU ShAEIIR B 5 2
Aty B R4 P T E nvidia-smi, 75 P28 i rp
PRI FE(E, THEFHIEAR 2], CPU ByD#FEN
IR ZEER, ARG HREUWTE L FPGA MTIFE
MR B, A7 PL S TIFE 2.407 W, PS i)
#£ 2.825 W, DDR #43 Lh S AN Ha 6.

# 4 Spikformer-1-384 7E45F- & PERE R

Table 4.  Spikformer-1-384 performance on various plat-

forms.
FH GPU CPU FPGA
IS RTX4060 i9-13900 xczuTev
T2 /nm 5 10 16
ke /W 18 25—45 7.181
iR /GHz 2.2—5.4 1.5—2.4 0.200
i FP32 FP32 INTS
HEWR /% 94.57 94.57 94.35
HH#E /ms 13.03 73.05 53.00
FPS 76.75 13.69 18.90
FPS/W 4.26 0.30—0.55 2.63

MAEFIEIR 57k 2ok F, GPU F- & B
PR R, (H s 2 nm D FEIA B 18 W, BERLAZFR.
CPU VA #EF R K, HIFER I 25—45 W,
RERUIRAR (0.30—0.55 FPS/W), ME LAl /& 11 2 1
TR, ML Z F, FPGA SEA1EEfRE ShEsZ 1A]
S T 84 A AEAY 200 MHz 8745 R, S
T 53.00 ms 1Y iy 2] I 4 2 4E R F1 18.90 FPS 1Y
Hk R BT CPU, [n) i i 1) i Ih #64 Hh
7.181 W, Xt BE&L A F) 2.63 FPS/W, # CPU ##
Tt 5—9 fi5. FEXEE 51, FPGA R A INTS &1k
JG1E CIFAR-10 | 3545 94.35% A9 i #f %, M 1

GPU/CPU (1) FP32 LA F B 0.22%, $iF T
165 BN Rl SR A 3501

F5XF T GPU, CPU Y5 FPGA 7E ¥fi; 3 Ui
R SO A% E R ER B X T ARG
3 x 32 x 32 Y vy 2 s HEFR, BEE B RI2E T/ 4 48
216, = FABERE YLK, GPU HZ&4R
FREAIRETAE, 1 CPU ¥ K fe b i % . FPGA 7645
T F¥ET CPU: 8 T = 4/8/16 i} 3ifg 3] 35 b 4iE 43
BIREARZ 27%, 24% F1 9%, KIL T FriR 58k X} &
iREIE O e e

K5 RS- GIHEX L
Table 5. Latency comparison across different platforms

in different scenarios.
it & JEIR /ms FPS
GPU 13.03 76.75

T=4

Input_size = (3, 32, 32) cPy 73.05 13.69

FPGA 53.00 18.87

GPU 21.67 46.15
T=8 )
Input_size = (3, 32, 32) CPU 132.04 757

FPGA 100.70 9.93

GPU 37.30 26.81
T=16
Input_size = (3, 32, 32) CPU 216.39 4.62

FPGA 196.93 5.08

GPU 7.89 —
Block(Attn+MLP)

CPU 26.58 —

Input_size = (4, 1, 64, 384) FPGA 164

HE— AR5 20, XA TR 4x1x64x
384 ) Attn+MLP i1, FPGA {7 4.64 ms, %%
GPU H1 CPU 23 JIfmig 1.70x F1 5.73x, FHFFi%
THAYEE 15 MLP 6450 38 i 5 Rl & 54
PR ACA SRR VT AT, J& FPGA 18 R4
RALIAA E LA
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Abstract

Spiking neural networks (SNNs) feature event-driven processing, sparse activation, and low-bit data
representation, and therefore exhibit strong potential for energy-efficient intelligent computing, especially for
edge-side deployment. Recently proposed spiking Transformer models combine temporal spike dynamics with
global attention mechanisms, but their practical deployment efficiency is still constrained by conventional
computing architectures due to mismatched dataflow patterns, intensive memory access, and insufficient
support for temporal parallelism. To address the latency and energy-efficiency bottlenecks in spiking
Transformer inference, this work presents an algorithm—hardware co-designed FPGA accelerator targeting the
Spikformer model. At the algorithm level, a deployment-oriented lightweight optimization strategy is adopted
by fusing convolution and batch normalization (BN) layers and applying quantization-aware training (QAT).
The model parameters are quantized to INTS8 while preserving spike-driven characteristics, reducing storage and
computation complexity. For the Spikformer-1-384 network, the parameter size is compressed from 15.92 MB to
3.98 MB with accuracy degradation controlled within 1%. At the hardware level, a configurable accelerator
architecture tailored for spiking dataflow is designed on a field-programmable gate array (FPGA), consisting of
spike encoding, spiking convolution, and self-attention-MLP compute engines with modular organization.

Multi-timestep parallel leaky integrate-and-fire (LIF) neuron processing is supported to exploit temporal
parallelism, and operator fusion is applied to attention and feed-forward blocks to reduce intermediate off-chip
memory traffic. In the attention path, spike-based matrix operations are implemented using bitwise logic and
spike-count accumulation instead of conventional multipliers, significantly lowering DSP usage and improving
compute density. A hierarchical memory and dataflow scheme combining DDR, burst transfer, on-chip BRAM

buffering, and ping-pong scheduling is further employed to enhance bandwidth utilization and pipeline
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Universities (Grant No. QTZX23041).

1 Corresponding author. E-mail: syxiang@xidian.edu.cn

1 Corresponding author. E-mail: wtpan@mail.xidian.edu.cn

100005-12


https://doi.org/10.48550/arXiv.1510.00149
https://doi.org/10.48550/arXiv.1510.00149
https://doi.org/10.48550/arXiv.1510.00149
https://doi.org/10.1145/3065386
https://doi.org/10.1145/3065386
https://doi.org/10.1145/3065386
https://doi.org/10.1145/3065386
https://doi.org/10.1145/3065386
https://doi.org/10.1145/3065386
https://doi.org/10.1145/3065386
https://doi.org/10.1145/3065386
https://doi.org/10.1109/ISCA.2016.40
https://doi.org/10.1109/ISCA.2016.40
https://doi.org/10.1109/ISCA.2016.40
https://doi.org/10.1109/ISCA.2016.40
https://doi.org/10.1109/ISCA.2016.40
https://doi.org/10.1109/ISCA.2016.40
https://doi.org/10.1109/ISCA.2016.40
https://doi.org/10.1109/ISCA.2016.40
https://doi.org/10.1109/ISCAS48785.2022.9937521
https://doi.org/10.1109/ISCAS48785.2022.9937521
https://doi.org/10.1109/ISCAS48785.2022.9937521
https://doi.org/10.1109/ISCAS48785.2022.9937521
https://doi.org/10.1109/ISCAS48785.2022.9937521
https://doi.org/10.1109/ISCAS48785.2022.9937521
https://doi.org/10.1109/ISCAS48785.2022.9937521
https://doi.org/10.1109/ISCAS48785.2022.9937521
https://doi.org/10.1109/TCAD.2022.3158834
https://doi.org/10.1109/TCAD.2022.3158834
https://doi.org/10.1109/TCAD.2022.3158834
https://doi.org/10.1109/TCAD.2022.3158834
https://doi.org/10.1109/TCAD.2022.3158834
https://doi.org/10.1109/TCAD.2022.3158834
https://doi.org/10.1109/TCAD.2022.3158834
https://doi.org/10.1109/TCAD.2022.3158834
https://doi.org/10.1109/APACE62360.2024.10877394
https://doi.org/10.1109/APACE62360.2024.10877394
https://doi.org/10.1109/APACE62360.2024.10877394
https://doi.org/10.1109/APACE62360.2024.10877394
https://doi.org/10.1109/APACE62360.2024.10877394
https://doi.org/10.1109/APACE62360.2024.10877394
https://doi.org/10.1109/APACE62360.2024.10877394
https://doi.org/10.1109/APACE62360.2024.10877394
https://doi.org/10.1109/APACE62360.2024.10877394
https://doi.org/10.1109/APACE62360.2024.10877394
mailto:syxiang@xidian.edu.cn
mailto:syxiang@xidian.edu.cn
mailto:wtpan@mail.xidian.edu.cn
mailto:wtpan@mail.xidian.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 75, No. 10 (2026) 100005

continuity. The accelerator is implemented on a Xilinx Zynq UltraScale+ MPSoC platform and evaluated with
the CIFAR-10 dataset. With four timesteps, the system achieves an end-to-end inference latency of 53 ms and a
throughput of 18.9 FPS. The measured total power consumption is 7.181 W, corresponding to an energy
efficiency of 2.63 FPS/W. For the attention and MLP block with input size (4, 1, 64, 384), the proposed design
achieves 1.70x and 5.73x speedup over GPU and CPU implementations, respectively. The results demonstrate
that the proposed co-optimized architecture provides an effective, scalable, and hardware-friendly solution for
high-efficiency deployment of spiking Transformer models on resource-constrained edge platforms. The open-

source link for this project is: https://github.com/tooddler/FPGA SpikingTransformer.
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