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Scattering medium in light path will cause distortion of the light field, resulting in poor signal-to-noise ratio (SNR)
of ghost imaging. The disturbance is usually eliminated by the method of pre-compensation. We deduce the intensity
fluctuation correlation function of the ghost imaging with the disturbance of the scattering medium, which proves that the
ghost image consists of two correlated results: the image of scattering medium and the target object. The effect of the
scattering medium can be eliminated by subtracting the correlated result between the light field after the scattering medium
and the reference light from ghost image, which verifies the theoretical results. Our research may provide a new idea of

ghost imaging in harsh environment.

Keywords: ghost imaging, image reconstruction techniques, scattering medium

PACS: 42.50.—p, 42.30.—d, 42.25.Dd, 42.25.Fx

1. Introduction

Ghost imaging (GI) is an optical technique which re-
trieves an unknown object via intensity correlation of two cor-
related light beams. The first GI experiment was performed by
using entangled photon pairs produced by spontaneous para-
metric down conversion.!!! Later, it was shown that GI could
also be realized with a classical thermal light source.?! Subse-
quently, GI has been widely investigated and some new meth-
ods have been introduced to improve imaging quality, such
as high-order GL! pseudo-inverse GI# differential ghost
imaging (DGI)®! and compressive ghost imaging (CSGI).!!
In addition, machine learning!”~'%! has attracted much atten-
tion in GI since ghost image under a low sampling condition
can be quickly and accurately acquired.!!!]

For a realistic imaging system, the light beam can be
influenced by various harsh environment disturbances, such
as atmospheric turbulence,!!?! scattering medium,[3-1>1 the
bending in fibers,!%!7! which cause degradation of imaging
quality. To eliminate the effect of the negative factors on the
light beam, a great number of pre-compensation techniques
have been developed, such as adaptive optics!'®! and feed-

119201 However, several problems

based wavefront shaping.
limit high-speed and robust applications of these techniques.
On the one hand, these techniques require sophisticated hard-
ware support, such as ultra-fast processor, low-noise sensor,
and expensive SLM. On the other hand, the imaging process
suffers from fussy calibration and time-consuming scanning
over the whole field of view. In this paper, we theoretically
verify that the imaging result under the disturbance of the scat-

tering medium can be regarded as the superposition of two
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correlated results of scattering medium image and target im-
age. To prove the conclusion, the effect of the medium can
be eliminated experimentally and numerically by subtracting
the correlation result between the reference light field and the
field disturbed by the scattering medium from ghost image.
Additionally, GI with the scattering medium at the different
positions is implemented theoretically and experimentally to
verify the effectiveness of the scheme. The scheme avoids the
complicated pre-compensation process and may be applied not
only to environment with scattering but also to other distur-
bance channels.

2. Theoretical analysis

We firstly verify the correctness of the scheme in princi-
ple. Figure 1 shows the setup of reflective GI with the scat-
tering medium. The light beam impinges on a slowly rotating
ground glass to generate the pseudo-thermal light source, 212!
and then a beam splitter (BS|) divides the spatially incoher-
ent light beam into two parts (the test beam and the reference
beam). In the reference arm, the light freely propagates zq to a
charge-coupled device (CCD) camera D;. In the test arm, the
light transmits through the scattering medium which is located
at z3 and propagates z4 to the target object. Then, all reflected
photons from the object are collected by a bucket detector Dy,.
According to the optical coherence, the information of the ob-
ject in GI is completely included in the intensity fluctuation
correlation function!?!
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where u; and u; represent the transverse coordinates of the
source plane, f(uy,x;) o< exp[ — /{—Z) (xr — u)?] is the impulse
response function of the reference path, and A (u2,x) denotes
the phase conjugate of the impulse response function in the test
path. Suppose that the source is spatially incoherent and sat-
isfies (E*(u1)E(u2)) = Ip6(u; — uz), where 8(-) is the delta
function. In the test arm, the scattering medium divides the
distance between the source and the object into z3 and z4.
Then, the impulse response function with the disturbance of
the scattering medium in the test path!'3! can be expressed as

ht(l’t27xt)
o< ahi(uz,xt) + Bhs(u2, %)

] ot
+ﬁ/dx1dx2exp[— i—;(xl —uz)z}
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cexp| - 720 Geosty | @)

X eXp [ - )JL—:Z (xe— écoseo)z] . (2)

The above formula denotes the sum of the impulse re-
sponse function without the scattering /;(u2,x) and the mul-
tiple scattering hg(up,x;). In Eq. (2), 6; and 6, signify the
incident angle and the reflective angle, respectively; o and
B represent the probability amplitudes of the incident light
and the scattering light, respectively, and satisfy the relation
o+ B =1; t(&) is the reflective function of target, £ is the
coordinate on the object plane; x; and xp represent the co-
ordinates on the incident plane and the output plane of the
scattering medium, respectively. The distance between those
two planes is Az; ¢(x;) and ¢(x;) denote the phase shifts of
the random phase screen. Owing to the statistical property of
the phase screen, the spatial auto-correlation function of each

screen satisfies!2!

(exp{jo(x1) —jo(x))}) = eXP{ —o’ {l a e_(xq;l)z]}
= y(x1,%)), ®

where o is the variance of the random phase screen and s de-
notes the correlation length of the phase screen. Since the
length of the scattering medium is much shorter than that of
the test arm, the length of the scattering medium can be ig-
nored, i.e., Az = 0. For the sake of simplifying the final
equation, assume that the target object satisfies (¢(€)r*(&")) =
T(E)8(& — &) and the scattering medium is close to the
object. Substituting Eqgs. (2) and (3) into Eq. (1) and using
the related calculation methods in Ref. [25], the reconstructed

result (ghost image of the target under the disturbance of the
scattering medium) can be expressed as

Gl) = @ [ dET(E)sine’ {D@Mi_) }

+B [ dndxiyin. )

_ )
X sinc [D(xizs Xr) } sinc {D(ximxl)}
R : 2_.n
xsinc[D(xl x1)}exp[_J”(ZZ+Z3)(X1 X )}
Az A2223
= oG (x) +BG" (xr), )
sin(7x)

where sinc(x) = and D is the effective transverse size

x
of the detector. It is obvious that the reconstructed result in-
cludes two terms, G'(x;) and G”(x;), which represent GI of
the target object without disturbance and the correlated result
of the scattering medium, respectively. It is demonstrated that
the scattering medium can be treated as a “new object”, and the
recovered image of the target object G'(x;) can be retrieved by
subtracting correlated image of the scattering medium G” (x;)

from ghost image G(x;), i.e.,

aG (x;) = G(x;) — BG" (x;). )

3. Experiment and simulation verification

To prove Eq. (5), we design experiments in which we
add another beam splitter (BS,) behind the scattering medium.
A bucket detector Dy; is used to record the light field af-
ter the scattering medium, which is shown in the dotted box
of Fig. 1. In the experiment, the wavelength of the light
beam A = 532 nm. CCD camera D; is Thorlabs: DCC3260C
with 1216x1936 pixels, and bucket detectors Dy and Dy, are
Thorlabs PDA100A2 (detected area 75.4 mm?, gain 70 dB).
The positions of the bucket detectors are z; = 40 cm, and
7o = 50 cm. A reflective double slit with smooth surface (slit
width is 0.6 mm, a center-to-center separation is 0.8 mm, and
the height is 0.9 mm) is used as target object. Here, a trans-
parent cube glass with the side length d = 40 mm is full of the
suspension liquid, the liquid is made up of the certain concen-
tration of latex spherical calibration particles (GBW(E)12002a
with the particle diameter 3.5 um) and saturated NaCl solu-
tion (the density p = 1.19 g/cm?), which is used to simulate
the scattering medium. The position of the scattering medium
in the test arm z3 is normalized by its maximum values, i.e.,
Zsa = 23/z0 (see Fig. 1). Here, zo = z3 +2z4 = 100 cm, z3 = 58,
86, 95 cm, which correspond to zg, = 0.58, 0.86, 1, respec-
tively. The lower the z, is, the closer the scattering medium
is to the light source. The probability amplitudes of the scat-
tering light B = 0.5, and the probability amplitudes of the in-
cident light ¢ = 0.5. Here, f is calculated as the ratio of the
sum of the scattered light to the sum of initial light. The more
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the latex spherical calibration particles, the greater the 3 value.
To quantitatively analyze the effectiveness of our scheme and
to perform a more accurate comparison between the recon-
structed image G and target object O, the correlation coeffi-

cient Corr is defined as!2¢

Cov(G,0)

COI‘I‘(G, 0) = W»

(6)
where Cov(G,0O) means the covariance between the recon-
structed image G and the object O, while var(G) and var(O)
represent the corresponding variances, respectively. The
higher the correlation coefficient is, the better the reconstruc-
tion image is. The Corr of every figure is marked at the bottom.

Scattering

Ground glass
Source

20

"

Fig. 1. Setup of reflective GI with the scattering medium in the test arm.

Figure 2(al) shows the experimental result of ghost im-
age when the scattering medium is close to the target ob-
ject (zsa = 1), and GI without disturbance of the scattering
medium is shown in Fig. 2(a3). It is obvious that the scat-
tering medium deteriorates imaging quality greatly. The cor-
related result of the scattering medium can be obtained from
the intensity correlation between the value of Dy and CCD,
as shown in Fig. 2(a2). For convenience of observation, part
of noise is marked by black dotted box. It is obvious that the
background noise of ghost image partly originates from the
scattering medium by comparing the black dotted boxes in
Figs. 2(al) and 2(a2). After subtracting the correlated result
of the scattering medium from ghost image directly, the re-
covered image is presented in Fig. 2(a4). One can see clearly
that the corresponding noise can be eliminated, and the ob-
ject information can be recovered greatly. Compared with
Fig. 2(a3), the Corr of recovered image can reach 78%. To
verify the effectiveness of the subtraction operation, consider-
ing two other cases in which the scattering medium is located
at zg, = 0.86 and 0.58. The Corr versus position zg, is shown in
Fig. 2(b). Compared with the two lines in Fig. 2(b), it is inter-
esting to find that the subtraction operation is still effective and
the Corr increases much after the subtraction operation. Here,
Corr of the recovered image decreases with the decrease of zg,,
and the phenomenon can be explained according to defocus-
ing theory.?”] As mentioned above, the scattering medium can

be treated as an object. When the “new object” moves away
from the target object, the condition of lensless GI, i.e., 79 = z3
is not satisfied, and the defocusing length increases gradually,
’. Thus,
the correlated result which is subtracted is not a perfect im-

which deteriorates imaging quality of the “new object’

age of the scattering medium, thus the Corr of the subtraction
scheme is finite.

(al) e —
(b)
'. 0.5} 1
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Corr O 30 8 L
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Fig. 2. Experimental results with 3000 measurements when the scattering
medium is located at different positions in the test arm. (al) Ghost image
with the disturbance of the scattering medium. (a2) Correlated results be-
tween the field after the scattering medium and the reference field. (a3)
Ghost image without disturbance. (a4) Recovered image obtained by sub-
tracting (a2) from (al). (b) The Corr versus zg,, with the red line and black
line representing the recovered image and the ghost image, respectively.

(al); ‘:,g, 0.75 .b —————
A
? ‘. 0.60-( ) /{ 1
0.45¢ 1
0.30- 1
0.15- ol 1
/

0
05 06070809 10
Corr: 0.64 Zsa

Corr: 0.76

Fig. 3. The numerical results under the scattering medium at different zg,.
[(al), (a2)] The ghost image and the correlated results of the scattering
medium, respectively. [(a3), (a4)] The ghost image without disturbance and
recovered image, respectively. (b) The Corr versus zg,, with the red line and
black line representing the recovered image and the ghost image, respec-
tively.

In addition, the numerical simulations are implemented
to further prove the above analysis. Here, 0 = 1.59 um and
s =36 um in Eq. (3), and other parameters are consistent with
experiments. Figure 3(al) shows the ghost image. The corre-
sponding correlated results of the scattering medium and re-
covered images after subtracting operation are presented in
Figs. 3(a2) and 3(a4), respectively. Compared with GI with-
out disturbance in Fig. 3(a3), the Corr of result in Fig. 3(a4)
can reach 84%. The relationship between Corr of the scheme
and the position zg, is shown in Fig. 3(b). In the simulation,
each data point is the result of averaging 10 repetitions under
the same conditions, and the error bars are displayed at each
point. It is shown that the Corr increases when the scattering
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medium is closer to the object, which is in good agreement
with the experimental results shown in Fig. 2.

Next, we discuss whether the subtraction operation is ef-
fective with different scattering concentrations. In our theo-
retical model, the higher the probability amplitudes () of the
scattering light is, the higher the concentration of the scatter-
ing medium is. Due to the fact that scattering intensity of the
scattering medium discussed in Figs. 2 and 3 is § = 0.5, more
B values besides them are considered and other parameters
are the same as those in Fig. 2(a). The plot of Corr in the
simulation and the experiment for different 3 is presented in
Fig. 4. Here, the red line and black line denote simulation
results and experimental results, respectively. Compared the
dashed line and the solid line with the same color in Fig. 4.
Corr is improved effectively after the subtraction method is
used. Moreover, the Corr values of the corresponding recov-
ered images after subtraction operation tend to be stable under
different concentrations (see the solid line in Fig. 4), which
further proves that the effect of the scattering medium can
be eliminated by subtraction operation. Figure 4 also shows
that the ghost images from simulations and experiments agree
well. After the subtraction operation, the Corr of recovered
image from simulations and experiments can reach more than
80% compared with ghost images without disturbance of scat-
tering medium. Nevertheless, it is worth noting that there are
discrepancies between the simulation and the experimental re-
sults, especially the results of the recovered images and the
This
is because there are inevitable various noises in the experi-

ghost images without scattering medium disturbance.

ment, which are not considered in simulation. The subtrac-
tion scheme only aims to eliminate the effects of the scattering
medium, other noises still exist, which results in a gap between
the black solid line and red solid line in Fig. 4.

"" - 'us.' ':‘-"-'.‘ )

(a2) Corr: 0.16 (b2) Corr: 0.17

1.2 T T T T T
— = Experimental ghost-image
Experimental recovered-image
1.0F — — Simulation ghost-image i
Simulation recovered-image
- Experimental ghost-image without scattering medium
- - - Simulation ghost-image without scattering medium
. 0.8
Q
]
0.6 -
0.4 J
0.2F -

Fig. 4. The Corr of the experimental and simulation results for different f3.

Note that DGI?8! can suppress background noise of the
ghost image to a certain extend by subtracting the auto-
correlation of the reference light field from ghost image. Some
researchers may think that the subtraction item is similar to our
scheme. Here, the subtraction item in the proposed method is
the correlated result between the light field after the scattering
medium and the reference light field [see Eq. (4)], which is
fundamentally different from that by DGI. To show the supe-
riority of our scheme, we perform imaging processes of DGI
and CSGIL?°! which are extensively used, for comparison in
Fig. 2(a). Due to the limited number of samplings of CSGI,
Fig. 5 shows the reconstructed results from the same array size
of 128x160 pixels. One can see that the object information
can be retrieved clearly by three methods when the scattering
medium is close to the object, while the Corr of our scheme is
the highest. When the scattering medium is close to the light
source, GI, CSGI, and DGI are less effective (see Figs. 5(a2)-
5(c2)), while our scheme can still reconstruct the object image.
The results show the superiority of our scheme.

(d1) Corr: 0.47

5~ \'\("‘

o™ "b‘
N \ ‘& o j

(c2) Corr: 0.188 (d2) Corr: 0.33

Fig. 5. Experimental results with 3000 measurements by using different methods. The first and second rows correspond to zg, = 1 and 0.58,

respectively. (a) GI, (b) DGI, (c) CSGI, (d) our scheme.
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4. Conclusion

In conclusion, we have theoretically verified that the
ghost image with the disturbance of scattering medium can be
divided into the image of scattering medium and the image of
target object. To prove the conclusion, the disturbance of the
scattering medium can be eliminated by subtracting the image
of the medium from ghost image. The experimental and sim-
ulation results show that the object information can be clearly
recovered after the subtraction method. Our scheme avoids the
complicated pre-compensation process and it may be applied
to the scattering environment, such as medical imaging in bio-
logical tissues and endoscopic imaging in multimode fibers.
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