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Fig. 1 Schematic diagrams of computerized tomography and laser reflection tomography. (a) Computerized tomography;

(b) laser reflection tomography
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Fig. 2 Single-point target images reconstructed from different angles. (a) 15°;

(a) 15%;(b) 30°;(c) 45°;(d) 60°;(e) 90°; (D) 360°H"

(b) 30%; (c) 45°; (d) 60°; (e) 90°; (f) 360°"71
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Fig. 3 Letter E reconstructed based on the filtered back projection algorithm. (a) 45°;

(b) 90°; (¢) 360°H7
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Fig. 4 Reconstructed images of three point targets under different angle errors. (a) Original image; (b) error-free image;

(c¢) Gaussian random error is (0,1); (d) Gaussian random error is (0,3); (e) Gaussian random error is (0,5);

(f) Gaussian random error is (0,7)"®
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Fig. 5 Simulation results of three-point targets in different angle ranges. (a) 180°;

(2)180°; (b)150°;(c)120°;(d)90°; (£)60°™

(b) 150°; (¢) 120°; (d) 90°; (f) 60°0
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Fig. 6 Projection reconstructed images in different angle
ranges. (a) 10°; (b) 30°; (c) 60°; (d) 90°%;
(e) 180°; () 360°%
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Fig. 8 Projection data before and after registration. (a) Unregistered projection data; (b) registered projection data"
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Fig. 10 Reconstruction result of a triangular prism. (a) Direct back projection; (b) R-L filtered back projection; (c¢) S-L
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Table 1 Main parameters of experiment systems using in laser reflective tomography imaging
Detection .
Type System name Laser type Wavelength /pum Pulse width Reference
system
Angle-Doppler firepond coherent cohcr(?nt carbonfdloxidc 10.59/11.17 52 s [57]
resolved laser laser radar detection Nd : YAG /1.064
reflective coherent heterodyne heterod single-mode
rodyn
tomography detecting laser le) 613 yde chrip 1.55 [58]
: : n
imaging imaging radar atance semiconductor
heterod 10 ms,
HI-CLASS crerocyne carbon-dioxide 11.15 e [59]
detection 1.5 ns
heterod 2 ps,
HILT etero -yne carbon-dioxide 10. 6 ps [60]
detection 1.3 ns
direct-detect laser ( doubled
requency-double
reflective tomography  direct-detect Q d el li}d CVAG 0.532 100 ps [7]
uante : >
Angle-range imaging system
resolved laser
reflective time-correlated mode-locked
tomography TPSPC laser radar single-photon supercontinuum 1.5 4 ps [61]
imaging counting fibre
direct-detect laser
. . -switched
refle‘ctlve‘ tomography  direct-detect QN(;WIYCAZ 1. 064 8 ps [27]
imaging radar
direct-detect
-switched
reflective tomography  direct-detect passive Q-switche 0.532 1 ns [62]

imaging system

microchip
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ANTR] 43 B A A [0 AR PR, () IR0
T A EG; (b) 5 4 % 1 g e 4

Fig. 11 Reconstructed images of aluminum

B 11

cone in

different resolution. (a) Low-resolution reconstructed

image; (b) high-resolution reconstructed imagcm'ﬂ

238 RS BT R T HE T AH T OB R 580
22 A T PR BE 25 43 BEOE SO 2 BT R A Rk S
KIAE, Matson 251 0 H] il HI-CLASS #H T 4%
MBOEE KRG (FERE CO, ML - WML
JEER) S SEBL T A B DR RRAE B R A A A
P G B AR AR R LACE 08 A 0K i 4 8 1
8 T A 5 AR S 5 B AR IO 1Y Bk el 8 RE Dy

1.5 ns, HOFEPHOE TR D WL O 3% B A5 B (4 08I0 £ B
WHEAR, SEEEBHEGR R ERZE. IR,
HER R A . & 12Ca) (- 12(h) 43518 F)
FH U8 W B 450 AR B e R Y B AR R A &
5 (6 b Ak B 19 BAR, e 20 R 5y BE R 4
0.2 m, Bk T 8O% B2 AT g H R 80E 2 1L
PR T 0F 2 ) B T RS H AR AT B U R AE
AT ATk

Hanes 25552 V) jl HILT JF & T &1 % 18 )%

@ (b)
.
o
Range Range
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track n track o
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Fig. 12 Reconstruction images of satellite

germanium retro-reflectors in specular target

experiment. (a) Original image; (b) image after

[9-10, 62]

thresholding
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I ) O T AR HEAT S R AT R S, SRR Y
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Fig. 13 Satellite model and its reconstructed image in diffused target experiment.

(b) reconstructed image™"
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Yy X B ARE EEAE R ANE 14 PR % 5L 5 58 4 ik
T HE B 4 BEROG RO R BT RS e s B 18 e R B
s AR G W] A7

22.42 km

Bl 14 i e

(b) two-dimensional Ladon change image of the target; (c) reconstructed image

=
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Fig. 15 Two-dimensional contour images of the target reconstructed by different algorithms.

algorithm; (b) filter back projection algorithm

(a) TLEE HARBREAL ; (b) i RS 7 0

(a) Satellite target model;

[8.59,63]
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5& Y N E A R M, Henriksson 255 #F
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Fig. 14 Long-distance and slow-rotating target reflection tomography experimental device.

(a) Experimental device;
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Fig. 16 Two-dimensional plane image of the target reconstructed by the algebraic reconstruction algorithm.

(a) 5 iterations; (b) 20 iterations
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Fig. 17 Small boat target model and reconstructed image. (a) Small boat model; (b) reconstructed image of boat model

after removing artifacts

[60]
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Fig. 18 Satellite model and reconstructed image.

(¢) reconstructed image after processing
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(a) Satellite model; (b) reconstructed image before processing;
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Fig. 19 Rocket imaging model and its reconstructed image. (a) Rocket model; (b) Doppler resolution data of the rocket

model; (c¢) reconstructed image of the rocket model® ™
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Fig. 20 Modified angle-Doppler projections and its reconstructed image. (a) Modified angle-Doppler projections;

(b) reconstructed image of the target™”
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Abstract

Significance Laser has been widely used in the production and living of human. In remote sensing detection field,
using laser to detect targets is probably the most precise method for perceiving the appearance of long-range targets
at present. This is because laser is characterized by its high brightness, high collimation, and strong coherence. It
can actively, real timely, and precisely acquire the three-dimensional (3D) information of the detected targets.

Laser imaging detection is a target detecting method applying laser beams as detection media, which are
radiated to illuminate targets in the first place according to certain spatial distribution law. Then, the data including
time delay, intensity, waveform, phase, and polarization of laser echoes reflected from the detected targets are
collected. After being processed, these data are presented in images. Finally, feature extraction and object
inversion, to obtain the information of targets, including distance, position, reflection attribute, structure size, and
motion feature, are conducted based on the images. By doing so, targets are found, identified, and confirmed. This
technology can provide the information, including the range images, gray images, and feature images of targets with
high resolution that cannot be obtained using general imaging methods. In addition, the laser imaging detection,
characterized by high-resolution, high-measurement accuracy, anti-interference ability, and strong anti-shadowing
ability, is especially suitable for the detailed detection of targets.

Due to its many advantages such as high spatial resolution, strong anti-interference and so on, laser imaging has
attracted more and more attentions in the field of space object surveillance and identification. One of the most
promising laser imaging methods is the laser reflective tomography imaging, introduced by Parker, Knight, and
Matson et al. According to the provided signature, it can be divided into range-resolved, Doppler-resolved and angle-
angle-resolved. Range-resolved reflective tomography imaging technique can be used to obtain cross-sectional image
of objects that is angularly unresolved while the data are range resolved, so it is especially applicable for an object
that is not rotating fast enough. Meanwhile, it can be realized in both coherent and incoherent detection systems,
considering that the Doppler-resolved and angle-angle resolved can only be used in coherent detection systems. When
it is realized in incoherent detection systems, it has the characteristic that its spatial resolution is not related with the
imaging distance but related with laser pulse-width, bandwidth of detectors and noise, and is also insensitive to
turbulence.

According to the published documents, various research institutes at home and aboard, have taken studies on the
laser reflective tomography imaging, mainly including Massachusetts Institute of technology Lincoln Laboratory, U.
S. Air Force Phillips Laboratory, Swedish Defense Research Agency, Shanghai Institute of Optics and Fine
Mechanics, National University of Defense Technology and Space Engineering University. Especially, Charles L.
Matson from Air Force Phillips Laboratory, has conducted the first satellite feature reconstruction by use of range-
resolved reflective tomography techniques from non-imaging laser radar data collected on an orbiting satellite. Many
corresponding advances have been achieved. But there are still many problems need to be solved in terms of
practicality and the improvement of reconstructed images quality. Hence, it is necessary to summarize the existing
researches to guide the future development of this field more rationally.

Progress The progress of methods, and research development in the field of laser reflective tomography imaging
techniques are summarized. First, the requirement of projection sampling, the resolution of reconstructed images,
signal to noise ratio calculation, the projection type which can be used to reconstruct image, and the application mode
of are introduced. Second, the processing methods of projections are summarized according to previously reported
studies. Considering the effects on the reconstructed image, the processing of projection can be divided into
projection registration and projection de-convolution. Xiaofeng Jin's research group from Shanghai Institute of Optics
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and Fine Mechanics, Chinese Academy of Sciences, has studied on and putted forward feature tracking method for
projection registration (Fig.8). Yihua Hu's research group from National University of Defense Technology has
engaged in the studies on projection de-convolution (Fig.9). Third, the studies about the algorithms of imaging
reconstruction are elaborated. Then, the imaging experimental systems at home and aboard are comprehensively
summarized (Table 1), and the experimental studies of laser reflective tomography imaging on range-resolved and
Doppler-resolved are also introduced. The studies about Doppler-resolved laser reflective tomography imaging are
limited, and needed to be strengthened. In the end, the key problems needed to be solved and the ongoing research
trends in this field are discussed, including the fusing with other laser imaging techniques, the practical projection
processing methods, new imaging reconstruction algorithms, the design of practical imaging systems, and the key
technologies of long-range Doppler-resolved laser reflective tomography imaging.

Conclusion and Prospect Laser imaging is of great importance for long-range space target detection. In order to
well applicated in space target detection, the technology of laser reflective tomography imaging still needs in-depth,
engineering and practical explorations to promote the development of the long-range laser imaging detection
technology in engineering aspects.

Key words laser technique; reflective tomography imaging; angle-range resolved; angle-Doppler resolved;
projection data registration; image reconstruction
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