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Fig. 1. Time-space united coding spread spectrum single photon counting imaging method architecture.
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Fig. 2. Time-space united coding spread spectrum single photon counting image with different compression proportions: (a) Depth
ground truth of ‘airplane’; (b)—(g) depth maps with different compression proportions of (b) 5%, (c)15%, (d) 25%, (e) 45%, (f) 65%

and (g) 85%. Colorbars show the depth with unit of meter.
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Fig. 3. Time-space united coding image spread spectrum single photon counting imaging performance simulation: (a) Depth maps

by pseudo-random sequences with ‘1’ bit of 0.1; (b) depth maps by pseudo-random sequences with ‘1’ bit of 0.3; (c) depth maps by

Gold sequences; (d) depth maps by m-sequences; (e) theoretical simulation of dead time influence on imaging performance; (f) dead

time is 200 ns; (g) dead time is 20 ns; (d) dead time is 1 ns. Colorbars show the depth information with unit of meter.
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Fig. 4. Time-space united coding image spread spectrum single photon counting imaging without second correlated method by code
length of (a) 2048, (b) 4096, (c) 8192, (d)16384. Depth maps simulations with second correlated method by code length of (e) 2048,
(f) 4096, (g) 8192 and (h) 16384. (i) Traditional single pixel imaging method based on space coding. (j) The depth MSE with second
correlated method (dot dashed line) and without second correlated method (dashed line).
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Fig. 5. Image edge detection: (a) Time-space united coding spread spectrum single photon counting imaging without second correlated
method image edge detection; (b) time-space united coding spread spectrum single photon counting imaging with second correlated

method image edge detection; (c) traditional single pixel imaging method based on space coding image edge detection.
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Fig. 6. Depth reconstruction simulation by using single photon counting scanning imaging test image: (a) Ground truth of ‘doll’; (b) the
depth map by traditional single pixel imaging method based on space coding image when m, = 10, MSE =0.176 m . Depth maps
by time-space united coding spread spectrum single photon counting imaging without second correlated method when (¢) mn, =5,
MSE=0.019 m, (d) ms =8, MSE=0.03 m and (¢) ms =10, MSE=0.035 m . Depth maps by time-space united coding spread
spectrum single photon counting imaging with second correlated method when (f) m, =5, MSE=0.005 m, (g) m, =38,
MSE =0.011 m, and (h) my =10, MSE=0.017 m. The depth unit is m.
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Fig. 7. Image edge detection: (a) Time-space united coding spread spectrum single photon counting imaging without second correl-

ated method image edge detection; (b) time-space united coding spread spectrum single photon counting imaging with second cor-

related method image edge detection; (c) traditional single pixel imaging method based on space coding image edge detection.
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Fig. 8. Different convex optimization inversion methods imaging reconstruction when m, =10: (a) TVAL3; (b) GPSR; (c) FISTA.
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Table 1.  Performance statistical record of different

reconstruction methods.

MSE/m Time/s
Method mn=5 m,=10 mn=5 mn=10
TVAL3 0.033 0.011 35 57
GPSR 0.060 0.018 13 24
FISTA 0.042 0.019 16 24
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Abstract

In this paper, we demonstrate a new imaging architecture called time-space united coding spread spectrum
single photon counting imaging technique by combining the space coding based single-pixel imaging technology
and spread spectrum time coding based scanning imaging technology. This method has the advantages of range
ambiguity-free and large time-bandwidth product. Under the interference of noise, this method can accurately
restore depth images. In this work, the time-space united correlation nonlinear detection model based on single
photon detection, forward imaging model and signal-to-noise ratio model is derived, and the depth image is
restored by convex optimization inversion algorithm. The theoretical model and simulation experiments show
that compared with the traditional single pixel imaging method based on spatial coding, this method improves
the quality of scene reconstruction. Using m-sequence as time coding, imaging has higher noise robustness. In
addition, compared with the traditional space coding single pixel imaging technology, the imaging mean square
error of the proposed method is reduced by 4/5 and the imaging mean squared error is reduced by 9/10 after
introducing the second correlated method. The proposed imaging architecture in this paper may provide a new

path for non-scanning lidar imaging methods.
Keywords: time-space united coding, single photon detection, m-sequence, second correlated method
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