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Fig. 1 Optical path diagram of proposed imaging method
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Algorithm 1: Calculation of delay difference between signal and reference optical path

Input: RS,, RR,. T,.T.Cand W
Output: AT

1: for =1:T4 do

ASR, = [RS, —RR,|

: end for

:for a=0: T do

for =T,: Ty do

N

end if
end for
10: end for

o I

if ASR,>a-W/2 andASR, <a+W/2
C=C+1; % Collects the number of ASR, in [a-W /2. a+W [2]

11: The second-order correlation curve g(a) of the arrival delay difference between the signal
and the reference photon is plotted based on T and C
12: AT is obtained from the peak position of g(a)

4 BRI
Fig. 4 Pseudocode for algorithm 1
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Algorithm 2: Global coincidence counting imaging

Input: IS,, IR,, AT,P,Cand W
Output: target image

1: obtain IS, and IR,, calculate IS =[IS, —AT|

2: for p=1: Pdo % P 1s the number of image pixels

3:  fort=tl: 12 do % t1 and 12 is the start and end of the detection time at each pixel,
respectively

4 if Ar=|IS,-IR |<W

5: C=C+1; % Count the conformance count values that meet condition [IS, —IR |< ¥

6 end if

7:  end for

8: end for

9: obtain C(x. y)

10: let the maximum and minimum values of C(x, y) correspond to the gray values 255 and 0,

respectively
11: for p=1: Pdo
255x% 1:C(p) —min {C(x, y)}]

4 £(7) = max {C(.\', _\')}—min {C(.\',_r)}

13: end for
14: the target image is obtained by g(»)

K5 Bk 2 R
Fig. 5 Pseudocode for algorithm 2
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Fig. 6

Imaging results of proposed method and classical quantum imaging method obtained under different distances between light

source and target. (a) 6 m; (b) 16 m; (¢c) 26 m; (d) 36 m; (e) 46 m
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Imaging time overhead of proposed method and classical quantum imaging method and ranging error of proposed method under

different distances between light source and target

Distance between light source

Time overhead of proposed

Time overhead of classical Ranging error of proposed

and target /m method /s method /s method /m
6 0. 2608 178. 5468 0.039
16 0. 2360 181. 2741 0.041
26 0.2432 179. 2568 0.045
36 0.2336 178. 1547 0.030
46 0.2323 178.6712 0. 040
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Table 2 Imaging time overhead of proposed method and classical quantum imaging method and ranging error of proposed method under

different ranging area sizes

Time overhead of proposed

Ranging area size /pixel

Time overhead of classical Ranging error of proposed

method /s method /s method /m
4 X4 0.1847 180. 4723 0. 0290
8§ X8 0. 2503 179. 8429 0.0253
16 X 16 0. 5409 181. 2158 0. 0220
32 X 32 1. 1566 179. 6154 0.0178
64 X 64 3. 5303 179.5123 0. 0044

3 ANIAIBAAG ZE MR G A] R 45 S ik R L AR Tk Y AR 4

Table 3 Imaging results of proposed method and classical quantum imaging method under different single pixel exposure time

Single pixel exposure time /s 1

2 3

Proposed method

Classical method

8r I proposed method

[ Jclassical method

2X2 4Xx4 8X8 16X16 32X32 64X 64
Ranging area size /pixel

PO IR BE DX /N TR B Dy vk 2 i B 7 AR O T Y TR
1% PSNR {8

Fig. 9 Image PSNR values of proposed method and classical

quantum imaging method under different ranging area sizes
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ITE I TEIE P OGN 8] 22 O B0 2 15 B AT &
TR R B , WS BT B B o A B DB DX Y
BER AT B R PSNR A 2335 i = T 223005 15

4 SEE RS o
g T k2 B AR SO Uk B A RO R 1

18F -
16
141
12
Z10f
7
A 8+ 7 .7
7/.-7.;< - ranging area size 4 X4
6f i/ ,7 ----ranging area size 8 X8
i ,”  —-—ranging area size 16X 16
4r // ----ranging area size 32X 32
ot £ -e- ranging area size 64 X 64
A ——classical method

0 0.51.01.52.0253.0 35 4.04.55.0 5.5 6.0
Single pixel exposure time /s
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1 1% PSNR {8

Fig. 10 Image PSNR values of proposed method and classical

quantum imaging method under different single pixel

exposure time
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Fig. 11 Actual quantum imaging optical path
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Table 4 Imaging results under different distances between light source and target

Distance between light source and target /m

1.0

Proposed method

Classical method

JEUIR S HARAS R HE N 7 i AR 25
1.2

i 2% 4 ) B 5 TR 5 H B I B B R B g
PR 1956 T BOd A 25 A B BE LY AE K 18 T
M. MOLESHAREE SR 0.8.1.0.1.2m
B, 28 8105 15 i /% PSNR 4391 o4 13. 8574 . 11. 7469,
10. 1985, - 349 % A% i 1] S 81. 5431 5 i A 35 #5 1 &
% PSNR 43 5 & 14.1682.11. 5637 .10. 0415, F- 3 it
BT 2R 0. 7189 s AT UL, BLUAR AR SC 5 ¥ 9 U4 o £
W AR T 2 07 3 AR RCR AR B T R

AR R OGS R A T FEE R RUAR BE B 4 )
WHEN1.5s.25 ps Ml 1 mAT, 38 i DMD 228 I 7 X 35
H/ING B B A5 25 SR A0 5 TR

F5 I BE X R ) AR 4

Table 5 Imaging results under different ranging area sizes

H1 22 5 AR, P BE DX OB, 15 5 TS 5O B Y
S 2 Ak T L ORS W, T A5 2 B B B AT S T RUE
40 B X 35k K /N Ry 3 pixel X 3 pixel , 6 pixel X 6 pixel |
9 pixel X 9 pixel i} , 28 it J5 15 19 I 1% PSNR 43 J1) b
11.8574, 11.7469, 11.7985, ¥ ¥ i 1% B /& K
80. 1573 s; 1M A~ 3L J7 5 B PR PSNR 43 %1 2 10. 1682
11. 5637 .14. 0415, 334 Wi f% 15f (8] & 0. 8273 s,

e, S0 DX R /N AR B S AT 1] B {EL 23
S5 A 6 pixel X 6 pixel .1 m Fl 25 ps B, A [F] FRAR 22
B G IR 1] B AR 45 2R T 6 B

K6 A AR R BRI B R 45 2R
Table 6 Imaging results under different single pixel exposure

time

Ranging area
. . 3X3 6 X6 9X9
size /pixel

Single pixel
. 0.5 1.5 2.5
exposure time /s

Proposed method

| | o
Classical method Ei
L |

o

Proposed method

Classical method

i B
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Abstract

Objective  Classical optical imaging requires that the light source, object, imaging lens, and imaging plane are in a
collinear position, and the first-order correlation property of the light field is employed to obtain the object information for
imaging. Different from classical optical imaging, quantum imaging divides the imaging optical path into the signal optical
path and the reference optical path and separates the process into the detection process and imaging process, which can
complete imaging in the case that classical optical imaging cannot be achieved. As an important development field of
quantum information science, quantum precision measurement studies how to utilize quantum effects to measure physical
quantities. Compared with traditional measurement techniques, quantum precision measurement has more advantages in
measurement accuracy, sensitivity, and security. In the medical and aerospace fields, it has caught widespread attention in
China and abroad, with great development potential. Although quantum imaging is based on photon arrival time series
received on signal and reference optical paths for coincidence measurement or intensity correlation to achieve imaging, with
strong anti-interference ability compared with classical optical imaging, there are still some problems. In the reference
optical path, it is necessary to adopt digital micromirror device (DMD) for two-dimensional spatial scanning to obtain
spatial information. Pixel-by-pixel scanning is required to obtain accurate coincidence values, which limits imaging
efficiency. To improve the efficiency of entangled optical quantum imaging, our study adopts the two-step coincidence
counting method to quickly obtain target imaging information and reduce the time overhead of entangled optical quantum

imaging.

Methods First, the pump light generated by the laser is modulated by the combination of the lens and wave plate to
improve the efficiency of spontaneous parametric down-conversion of the periodically poled KTiOPO4 (PPKTP) crystal.
Second, the ranging region is selected by the DMD to construct the difference value of the single-photon time pulse
sequence. Third, this difference value is leveraged to complete local coincidence counting to obtain the time difference
between signal and reference optical paths. Fourth, by controlling the DMD, the imaging region is selected; the single-
photon time pulse sequence is corrected, and then global coincidence counting is completed by this corrected sequence.

Finally, the quantum image of the target is obtained by mapping the coincidence counting value into the gray value.

Results and Discussions As the distance between the light source and the target increases, the image quality decreases
(Figs. 4 and 5). Although the imaging quality of the proposed method is slightly lower than that of the classical quantum
imaging method, the required imaging time overhead is significantly reduced. The average imaging time overhead of the
classical quantum imaging method is 179. 1807 s, while that of our method is only 0. 2412 s. Our method can significantly
improve imaging efficiency and obtain the distance between the light source and the target, and the corresponding average
ranging error is 0. 039 m (Table 1). With the increasing ranging area size, the imaging quality improves. When the ranging
region is greater than 16 pixel X 16 pixel, the imaging quality of our proposed method 1s better than that of the classical
quantum imaging method. The main reason is that the classical quantum imaging method only employs the photon
information of a single pixel position to estimate the delay difference, while our method processes the photon information of
all pixels in the ranging region. The increase in photon information can obtain more accurate coincidence values and better
imaging quality (Figs. 6 and 7). Compared with the imaging time overhead of the classical quantum imaging method (with
an average imaging time overhead of 180. 1317 s), the imaging efficiency of our method is significantly improved (with an
average imaging time overhead of 1.1326 s), and meanwhile, accurate target ranging can be achieved spontaneously
(Table 2). With the rising single pixel exposure time (SPET), the number of photons received at each pixel increases, and
then more accurate coincidence values can be obtained. When SPET are 1, 2, and 3 s, the PSNRs of the proposed
method are 4. 2914, 14. 6427, and 17. 8427 respectively, while the PSNRs of the classical quantum imaging method are
3.1075, 12.8154, and 17. 7154 respectively. As the SPET increases, the image quality also improves (Table 3). In
addition, a real optical path is built to conduct actual experiments based on the above simulation analysis. The associated

results are shown in Table 4, Table 5, and Table 6, and are consistent with simulation results.
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Conclusions A new entangled optical quantum imaging method based on two-step coincidence counting is proposed.
This method adaptively acquires and corrects the delay difference between signal and reference optical paths when the
target location is unknown to obtain more accurate coincidence values and realize quantum imaging and distance estimation
of the target. Compared with the classical quantum imaging method that corrects coincidence counting for each pixel, the
proposed method employs the DMD to select local areas for coincidence counting and then utilizes the delay difference
obtained during the imaging to correct the photon arrival time series. This method can reduce repeated operations in the
classical quantum imaging method and improve the imaging speed on the premise of ensuring certain imaging quality. In
addition, with the decreasing distance between the light source and the target and the increasing ranging area, the imaging
quality can be effectively improved. Furthermore, an actual quantum imaging optical path is built, and the corresponding

experimental results are consistent with simulation results, verifying the effectiveness of the proposed method.

Key words quantum entanglement; quantum imaging; coincidence counting; digital micromirror device; imaging efficiency
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