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Fig. 1. Schematic diagram of the experimental setup.
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Fig. 2. Target photo is taken from about 200 m. The ob-
ject is the Beijing Central Radio and TV Tower with the
distance from our experimental location is about L =
Lo = 17.2 km measured by GPS in digital map.
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K3 I RGP CCD MALIMHEIEIGR  (a), (b), (¢) M
(d) g AN [m] B[] 3 R 4TI B AR 1

Fig. 3. Images snapped by CCD camera: (a), (b), (c) and
(d) are four snapped images with 100 ps exposure time.

I f T HERAT B (£0 1 f0) X H, 352k 1R Y B
I (Z1 ) X He I AT .

FILFH b 3R 3% 252 1 0 St B0, AR SO vk L
M = 500, F-H5 2 Uil 2 i 45 S 0 AT 2R3,
R3] ZomEE, mE 4R, B 4(a) Ry —t )
CCD sk BM&, H A J 8 43 iy W B 6 L T B
PO E] & 4(b) A 500 Y BR FEH E #Y
BME, 5K 4(a) XF 0] F H 2005 SCR AN B
i, ZUCFH R B ENR AR, WM
R, B 4(c) ME 4(d) 2> BIRAL G
i G IR 7 B IR BLASRH DG 0R 6T i i

JEF SRR, 5 RIEMR R D7 22, HUARIAT 4(c)

K 4(d) IR A 4(a) . B 4(b) Filig &, EG 5
YA B, P E 4(c) PO SR
TARG b I, WA EEAR e Wk, B 4(d) 72T
GRS R I R I, SOt TR A B IS (41
F1) A AR 2] T R R, T A R,
WS (200 s AR AL BEie 1, & 4(c) FHTH
R T 3820t T R ), R LR R RO AT e, ]
FRE (16) LA A0S T 475 Sy e s I, 338
R SIS R BOTES5 K, B 4(c) FIE] 4(d) A BE
T8 B, ARSCHIGIR S S R H O
ERSEEE T A%, HAZERU0UE THE 17.2 km 8RS 7
T PG, SEG A5 -5 BEE T Ay 25 R — 2K, T
AR ELA R S I

B 4 sEEEREE R (a) COD HURIEGALE; (b) 5 R
M =500 BT EMG; (o) 1% 5858 5 ik 9% DGR 18
(d) 58 H ORI AR, 55 BE T 22 AR

Fig. 4. Experimental results: (a) Single shot image; (b) im-
age averaged by 500 frames; (c¢) intensity fluctuation correl-
ated imaging; (d) second order sunlight intensity self-correl-

ation imaging.
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Xif IO R4 55 S R 43 T7 22 o ME IR | RIR 208
o3 AT 3E S SRR R ORI, iR as | A UGS
(977 25 PR RS DR e B350 Sy 220
h 0, SR XoF IO A e LR S TR RR . AR F iR
o LR AE M A =X SNR (signal-to-noise
ratio, SNR):

SNR = 10log,((S:/0:), (17)

Hrr 8 =32, (Tovj(x) — Tong)*/ P, Towi(2) I HARIX
SRR BEAE, T M HARIKBESFIME, PRy H AR X 35K
BFERG oy WG IR 2, 00 = 3, (To(z)—
Tv)2/Q, To(z) W XK, T, A X
TREESEHIME, Q Wi StIX IR FEEL.

HRAE (17) =X, & et ah BURHE T AR 2L, K H
PIE 5 R 215 5elb 743 B LU T 00 B R B 5B 4
J7 25 S Moy . T4 B H AR X385 8 5t XU R
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FI2E R A [/ 4(a)—(d) BIEME L5353k SNR =
0.60, 0.58, 3.71, 7.11 dB, HEU{H 45 % 5 AR A Wr
SEIR— T IIEE SRR S SR A T
B4 HHE A% SNR 2T 3—6 dB, AiX S A ¢
BXPEG SNR AR FALSE A it s, A B A5 T 12
7 3.40 dB.

K5 rEwkSHESMEE (M YIRKE, Bah
5K )
Fig. 5. Mask for object and background segmentation: Pixels

in the white region as object, black region as background.
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Turbulence-free intensity fluctuation self-correlation
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Abstract

Since its first experimental demonstration in 1995, ghost imaging has attracted a great deal of attention
due to its potential applications. In Yanhua Shih’s paper (Meyers R E, Deacon K S, Shih Y H 2011 Appl. Phys.
Lett. 98 111115; Meyers R E, Deacon K S, Shih Y H 2012 Appl. Phys. Lett. 100 131114), he pointed out that
“one of the useful features is the turbulence insensitivity of thermal light ghost imaging, i.e., atmospheric
turbulence would not have any influence on the ghost images of sunlight”. However, in Jeffrey H. Shapiro’s view
(Shapiro J H 2012 arXiv:1201.4513 [quant-ph]), lens-less pseudo-thermal ghost imaging is not immune to spatial
resolution loss from the presence of atmospheric turbulence along the propagation paths, unless the source
diameter is less than the source-plane turbulence coherence length. In the present paper, we find that the second
order self-correlation of sunlight intensity is the case that can be satisfied with both theories of Shih and
Shapiro. In this paper, the second order self-correlation of sunlight intensity (the intensity variance of the
images acquired by the CCD camera), rather than the total intensity correlation between images and bucket
detector signals (the traditional ghost imaging method), is calculated to recover the high-quality images in
turbulent atmosphere under a few hundred measurements. Inspired by Boyd’s paper, titled “thermal ghost
imaging with averaged speckle patterns” (Zerom P, Shi Z, O’Sullivan M N, Chan K W C, Krogstad M, Shapiro
J H, Boyd R W 2012 Phys. Rev. A 86 063817), turbulence insensitivity of sunlight ghost imaging is
demonstrated both theoretically and experimentally in this article. It is found that thermal ghost imaging
system whose coherence time need not to be controlled to match the speed of the detectors, ghost imaging with
sunlight, which has always been considered intriguing and highly desirable, now is realizable. We present
theoretical and experimental results showing that a sunlight self-correlation ghost imaging system can produce
high-quality images even when it uses an slow detector and passes through the turbulence near ground, as long
as the signal variation is predominantly caused by the fluctuation of the sunlight intensity rather than other
noise sources. Our scheme can also be used to improve the image quality in other wave bands such as infrared
and ultraviolet, in the case where an poor image quality results from the turbulence or other random

disturbances on the wavefront.

Keywords: self-correlation, ghost imaging, turbulent atmosphere
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