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Fig. 1. Experimental measurement device for single photon enhanced imaging based on SPAD array. NDF is a neutral density filter,

DMD is a digital micromirror device, HWP is a half-wave plate, PBS is a polarization beam splitter, QWP is a quarter-wave plate,

NBF is a narrow-band filter, and TDC is a time-to-digital converter.
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Fig. 2. Experimental results of the average number of

photons detected by SPAD array with exposure time under

different sampling bits.
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posure time in SPAD array.
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Fig. 4. SNR test results for SPAD array.
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Table 1.  Comparison of the single-photon avalanche diode arrays.

Types Array size Peak PDE Fill factor/% Frame rate/(frames-s!) DCR/(counts-s!) SNR/dB
This work 512x512 50%@520 nm 30—40 100000@1 bit 25 65
(28] 512x512 5.2%@520 nm 10.5 97.7000@1 bit 0.3 —
[33] 180x 148 — 0.8 — — 53.8
[34] 1024 <1000 3.6%@520 nm 134 24000@1 bit 0.065 —
(35] 32x32 — 75.4 — 39.7 —
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Fig. 5. The PSNR (a) and SSIM (b) of SPAD array imaging change with exposure time under different sampling bit depth.
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Fig. 6. Ultra-short exposure imaging results of SPAD array and the results processed by super-resolution deep learning.
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Fig. 7. Schematic diagram of single-photon enhanced deep neural network architecture based on SwinlR model.
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Fig. 8. Results of single-photon enhanced imaging reconstruction using conventional methods and three different depth models.
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Fig. 9. Comparison of evaluation indexes between traditional methods and three different depth models in single-photon enhanced

reconstruction imaging.
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SSIM ##F} (+7.21 dB/+0.16), T U-net (4-5.67 dB/
40.12) #1 RCAN (+6.03 dB/+0.13); Fifi5 MG

2 RRMSRE T TG AR I

Table 2.  Comparison of detailed indexes of recon-

structed imaging at different super-resolution scales.

SPAD
exposure Metric Bicubic U-net RCAN SwinIR
. scale
time/ps
9 PSNR  6.79 11.42 1234  13.11
. SSIM  0.16 0.26 0.28 0.31
4 PSNR  7.03 11.78  12.17 13.33
SSIM  0.18 0.28 0.29 0.32
9 PSNR 10.64 12.36 13.14 13.42
10 SSIM  0.24 030 0.33 0.34
4 PSNR 11.36 13.12 13.33 13.68
SSIM  0.27 031  0.34 0.36
9 PSNR 12.11 14.23 15.02 15.31
o SSIM  0.28 0.39 0.41 0.42
4 PSNR 12.53 15.28 15.34 15.33
SSIM  0.31 0.42 0.43 0.42
9 PSNR 13.29 16.41 16.62 16.80
SSIM  0.32 0.44 0.46 0.48
1000
4 PSNR 13.58 17.16 17.54 17.66

SSIM  0.35 0.52  0.55 0.57

At =5 pus
PSNR: 9.54 dB
SSIM: 0.35

Single photon
enhanced
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Fig. 10. Enhanced imaging reconstruction results of SPAD array of long range detection UAV under short exposure time.
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Abstract

In recent years, with wide spread applications of high-sensitivity single-photon detectors, especially in the
fields of quantum imaging and optical imaging, many important achievements have been made. and micro light
imaging technology based on single-photon level has gradually become an important branch of high-resolution
imaging systems. At present, the main single-photon detectors are single-photon counting avalanche diode
(SPAD) sensors and support pixel arrays of different sizes, ranging from single-pixel detector sizes to tens of
thousands of pixel SPAD arrays. The process structure of single-pixel SPAD detectors is relatively simple, and
they are often used as the first choice for low-light imaging due to their high sensitivity, small size, and low
cost. However, due to the lack of spatial resolution, single-pixel SPADs can only detect signals at a single
location and cannot provide spatial information, and they are usually used in conjunction with a spatial light
modulator DMD or SLM with spatial resolution to reconstruct two-dimensional (2D) images through
compressed sensing or quantum correlation. Although single-pixel detectors can provide ns-level or even ps-level
temporal resolution, they are limited by the frame rate of the spatial light modulator (SLM). For example, the
fastest digital micromirror device (DMD) is a type of SLM with a frame rate of 22 kHz, which means that the
imaging rate of a single-pixel camera is typically limited to seconds, and this camera typically uses an SPAD
and an SLM for single-photon imaging tasks. This makes it a challenge to significantly improve the imaging
speed, especially when higher imaging resolution is required, such as those exceeding hundreds of thousands of

pixels. Assuming that the imaged object is a fast-moving dynamic target, a few seconds of imaging rate will
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inevitably lead to dynamic blurring, which also poses a challenge to the fast real-time performance of single-
photon imaging systems.

The SPAD array sensor retains the excellent sensitivity, low dark count rate, and high temporal resolution
of single-pixel SPAD sensors. Due to the improvement of the fabrication process, multiple sensors and readout
circuits are fabricated on the same chip, thus leading to the development of spatially resolved SPAD array
camera. However, the integrated design of SPAD arrays with multiple pixels and circuits inevitably leads to
cross-crosstalk between pixels. This crosstalk can significantly affect the accuracy of the signal. Additionally, the
fill factor of such array cameras is typically low. Although the fill factor can be improved by methods such as
three-dimensional (3D) stacking and microlens arrays, the spatial utilization is still to be improved in
comparison with single-pixel SPADs. However, it is undeniable that SPAD arrays perform well in high dynamic
range photon flux detection and high frame rate photon counting measurements due to the parallel processing of
multiple detectors. Currently, commercial SPAD arrays integrate hundreds of thousands of detector pixel units,
thereby providing excellent spatial resolution. Unfortunately, due to manufacturing processes and various
challenges, the SPAD array cameras have been used in high-quantification bit deep sampling mode to acquire
high-resolution single-photon intensity imaging. Its exposure time is limited to milliseconds. It is difficult to
avoid dynamic blurring during the imaging exposure time when the motion frequency of the dynamic target
reaches kHz or higher. Although the quantification bit depth can be sacrificed to shorten the minimum exposure
time of array camera to the ns level, too short an exposure time can result in the SPAD array capturing the
sparse photon data contaminated by a large amount of noise. Therefore, reliable photon denoising methods need
to be developed. These methods are essential for effectively separating background noise from the actual signals,
thereby improving the signal-to-noise ratio of the imaging system. Therefore, the real-time performance of the
imaging system at the expense of quantification sampling accuracy still needs to be further optimized.

In order to solve the problem of limited imaging quality and rate of SPAD arrays under very short
exposure times, we propose a single-photon imaging enhanced deep neural network combined with super-
resolution deep learning in this work. By constructing a single-photon image dataset with dynamic exposure
times and conducting adaptive training, high-fidelity reconstruction of low signal-to-noise ratio single-photon
images can be achieved under ultra-short exposure time. In the experiments, the enhanced reconstruction of
low-quality fan images (PSNR/SSIM, 6.54 dB/0.18) under very low-light conditions is achieved, with an
exposure time of only 1 ps and an average photon number of less than 0.5 photons (PNSR/SSIM, 13.21 dB/
0.34). And the images are effectively improved by +7.21 dB/+0.16 for PSNR and SSIM. The passive remote
enhanced reconstruction is performed on the drone at a distance of 5.19 km, with an imaging exposure time of
5 ps, and an effective PSNR and SSIM enhancement of +4.78 dB/+0.2. This method provides a new technical

solution for SPAD arrays for achieving ultra-fast-exposure high-quality imaging.

Keywords: single-photon counting avalanche diode array detection, enhanced imaging, deep neural network,

ultra-fast exposure
PACS: 42.50.—p, 42.50.Ar, 42.30.Va DOI: 10.7498/aps.74.20250432

CSTR: 32037.14.aps.74.20250432

154201-12


http://doi.org/10.7498/aps.74.20250432
https://cstr.cn/32037.14.aps.74.20250432
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

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

ETE YRR BOb T RSl R R R
KA A IR FEmW KW OREMH KRy

Ultra—fast exposure enhanced imaging with SPAD arrays based on super-resolution deep learning
ZHANG Zhijie  GUO Yangiang GUO Xiaoli ZHANGLi SONG Kaiwei = ZHANG Mingjiang
5| {5 B, Citation: Acta Physica Sinica, 74, 154201 (2025) DOI: 10.7498/aps.74.20250432

CSTR: 32037.14.aps.74.20250432

TELR T2 View online: https:/doi.org/10.7498/aps.74.20250432

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

HE TR 22 I 45 1R I 2 i B 3R 5 0 B R B Ty ik
Super-resolved reconstruction method for spatiotemporally encoded magnetic resonance imaging based on deep neural network

PFEEEAR. 2022, 71(5): 058702 https:/doi.org/10.7498/aps.71.20211754

TEREMLST T HE G F-A2 T A TR E 1 22 45 S B

Realization of translation group in optical design with deep nerual network under eikonal—energy mapping

YrE2E 4. 2022, 71(13): 134201 https://doi.org/10.7498/aps.71.20220178

e BB RAOE BE I 1) 5 ] E R BESR

Realization of reconfigurable super—resolution imaging by liquid microlens arrays integrated on light disk

YrH2E . 2023, 72(9): 099501  https:/doi.org/10.7498/aps.72.20222251

BT A S S 2 R PR E
Super—resolution imaging based on auto—correlation and frequency ptychography

YIHEA. 2025, 74(11): 114203 hitps:/doi.org/10.7498/aps.74.20250043

BT RCARFA) = 2 B PR 75 M0 55 A A5
Three—dimensional ultrafast ultrasound imaging of blood flow using row—column addressing array: A simulation study

YA 2023, 72(7): 074302 https://doi.org/10.7498/aps.72.20222106

TG R i ) R P R LA SO 7

Non-contrast—enhanced ultrafast ultrasound Doppler imaging of spinal cord micro—vessels

WIBAEA. 2021, 70(11): 114304 https://doi.org/10.7498/aps.70.20201878


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.74.20250432
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20211754
https://doi.org/10.7498/aps.71.20211754
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20220178
https://doi.org/10.7498/aps.71.20220178
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20222251
https://doi.org/10.7498/aps.72.20222251
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250043
https://doi.org/10.7498/aps.74.20250043
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20222106
https://doi.org/10.7498/aps.72.20222106
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.70.20201878
https://doi.org/10.7498/aps.70.20201878

	1 引　言
	2 单光子阵列增强超分辨深度学习成像实验结果
	2.1 实验方案及测试
	2.1.1 单光子阵列采样位数与曝光时间对探测性能的影响
	2.1.2 单光子阵列采样位数与曝光时间对成像质量的影响

	2.2 单光子增强超分辨深度学习
	2.3 外场远距离单光子成像实验结果

	3 结　论
	参考文献

