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Optical coherence is becoming an efficient degree of freedom for light field manipulations
and applications. In this work, we show that the image information hidden a distance
behind a random scattering medium is encoded in the complex spatial coherence
structure of a partially coherent light beam that generates after the random scatterer.
We validate in experiment that the image information can be well recovered with the spatial
coherence measurement and the aid of the iterative phase retrieval algorithm in the Fresnel
domain. We find not only the spatial shape but also the position including the lateral shift
and longitudinal distances of the image hidden behind the random scatterer can be
reconstructed, which indicates the potential uses in three-dimensional optical imaging
through random scattering media.

Keywords: optical coherence, optical imaging, random scatterer, spatial coherence measurement, iterative phase
retrieval

1 INTRODUCTION

Spatial coherence is an important characteristic to describe the statistical properties of random light
fields, and it has played a vital role in understanding interference, propagation, and light-matter
interaction of both classical and quantum wave fields [1-3]. Nowadays, the spatial coherence has
already been viewed as an efficient tool for light field manipulations and applications [4]. For
instance, by simply adjusting the spatial coherence width, i.e., decreasing the spatial coherence of a
laser beam, the generated partially (lowly) coherent beams can help reduce the turbulence-induced
signal distortion in free-space optical communication [5, 6], and can restrict speckles in optical
imaging [7] and beam shaping applications [8]. Since the pioneering work by Gori and his colleagues
[9-11], it has been well recognized that by modulating the spatial coherence structure of light source,
the partially coherent beams will display many extraordinary propagation properties [12] including
self-splitting, self-focusing, self-shaping, and self-reconstruction effects. The spatial coherence
structure engineering has found applications in sub-Rayleigh imaging [13], robust microscopy
imaging [14], and robust far-field imaging [15].

The methods for modulating the spatial coherence structure can be divided into two types. The
first type is based on the famous Wolf's coherent-mode representation [1], in which the partially
coherent beam is viewed as an incoherent superposition of a set of spatially coherent modes. By
controlling the modal weight and the complex field distribution of each mode, the spatial coherence
structure of the synthesized partially coherent beam can be controlled [16-21]. The second approach
is based on the (generalized) van Cittert-Zernike theorem, which indicates that a partially coherent
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secondary source can be generated by propagating a spatially
incoherent source in free space or other media [22]. In this
approach, the spatial coherence structure of the secondary
partially coherent source can be modulated by controlling the
intensity distribution of the incoherent source and the response
function of the optical system [12, 23].

In the second approach, the incoherent source is typically
generated in the experiment by passing a fully coherent
structured light through a dynamic random scatterer, e.g., a
rotating ground glass disk [4, 23]. Based on the van
Cittert-Zernike theorem, the intensity distribution p(v) of the
fully coherent structured light before the random scatterer has a
determinate relation with the complex spatial coherence structure
u(ry, r,) of the generated partially coherent secondary source. For
example, when the optical system between the random scatterer
and the secondary source is formed by a Fourier lens, p(v) and
y(ry, rp) form the Fourier transform pair. Thus, by measuring the
complex spatial coherence structure of the partially coherent
source, the image information encoded in the fully coherent
light hidden behind the random scatterer can be well
recovered. Huang and coauthors showed that both the
transverse position and the spatial shape of a moving object
hidden behind the rotating ground glass disk can be well
reconstructed with the complex spatial coherence
measurement [24]. Later, Dong and coauthors showed that the
polarization properties of the hidden image can be obtained with
the spatial coherence matrix measurement [25]. When the optical
system is formed by a fractional Fourier transform system, it is
found that the image information can be recovered by measuring
the complex spatial coherence structure only when the fractional
order used in recovery is correct, which indicates the potential
application in coherence-based optical encryption and
decryption [26].

However, in the above studies, only the image information
projected on the random scatterer can be recovered by complex
spatial coherence measurement since the restriction of the van
Cittert-Zernike theorem. In other words, only the two-
dimensional (2D) image information hidden behind the
random scatterer can be extracted from the spatial coherence
measurement, which limits the application in three-dimensional
(3D) optical imaging through random media. To solve this
limitation, a question is naturally raised: whether the
information of an image (or object) at a certain distance from
the random scatterer can be recovered? In this work, we show that
with the help of the spatial coherence measurement and the
iterative phase retrieval algorithm in the Fresnel domain, the
image information hidden a distance behind the rotating ground
glass disk can be well reconstructed. Further, it is demonstrated
that not only the spatial shape and the lateral shift but also the
longitudinal position of the hidden image can be well recovered.

We remark that the research on optical imaging through
random media is a historical topic since the early study was
carried out by Goodman et al. in the 1960s [27, 28]. However, this
topic today is still attracting wide attention from the researchers
due to the broad range of its applications from biomedical to
astronomical imaging [29, 30]. Different methods have been
proposed to realize the optical imaging through scattering
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media. The most straightforward approaches utilize ballistic
photons [31-33]. However, strongly scattering media reduce
the number of ballistic photons and lower the signal
tremendously. Thus, these methods are used mostly for
imaging static objects through a weakly scattering medium.
Some methods, such as the wavefront shaping techniques
[34-37] and the transmission matrix measurement methods
[38, 39], require the transmission properties of the random
scatterer itself before imaging. Another approach relies on the
memory effect of light through scattering medium [40, 41].
Within the memory effect region, the intensity autocorrelation
of the scattered light is identical to the autocorrelation of the
object image hidden behind the scatterer [42-46]. Thus, the
object can be reconstructed well by using the phase retrieval
algorithm [47].

However, the above methods are mainly dealt with optical
imaging through a static medium [48, 49]. In this work, we
propose a different method for optical imaging through a
dynamic scattering medium. We remark that a few of
technologies for optical imaging through dynamic scattering
media have been proposed recently [50, 51]. Their methods
are based on the intensity correlations of the speckles. Thus,
the image information can be reconstructed only when the
random fluctuations of the dynamic scatterer obey Gaussian
statistics [52]. For the random scattering media having non-
Gaussian statistics, e.g., the turbulent atmosphere [53], the
proposed method cannot be used anymore. However, our
method is based on measuring the second-order field-field
correlation (spatial coherence) of a partially coherent light
beam. The relation between the image information and the
spatial coherence is independent of the statistics of the
random medium. In other words, the image information
encoded in the spatial coherence structure can be recovered
well for the random media with any statistical properties.
Thus, our coherence-based method shows robustness in the
complex environment, which we have showed in [26].

This work is organized as follows. In Section 2, we present our
basic principle for encoding the image information hidden
behind the random scatterer into the spatial coherence
structure of a random light that generates after the random
medium and we show the iterative phase retrieval algorithm
used in our experiment. In Section 3, we present our
experimental verification and discuss how to measure the
complex spatial coherence of a random light beam with the
intensity-intensity cross-correlations. The experimental results
to demonstrate the feasibility of our method are presented in
Section 4. We summarize our findings in Section 5.

2 PRINCIPLE

The schematic diagram of the encoding system is shown in
Figure 1A, in which the image is hidden a distance z in front
of the scattering medium. The image is illuminated by a fully
coherent light beam. Based on the Huygens-Fresnel diffraction
integral formula, the optical field on the front surface of the
scattering medium is expressed as
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FIGURE 1| Schematic diagram of optical imaging through a random scattering medium. (A) The image hidden a distance z behind a random scatterer is iluminated
by a fully coherent light. The scattered light from the random medium passes through an optical system with response function H (p, r). The complex spatial coherence
structure is measured in the observation plane. (B) The intensity S(p) on the front surface of the random scatterer can be recovered through inverse transform H (p, r) of
the measured complex spatial coherence. (C) The flowchart of the iterative phase retrieval algorithm.

i ik
E(p) = —iexp(ikz) JJ O(v)exp[ (p-v) ]dzv, 1)

where A denotes the wavelength, k = 277/A is the wavenumber, and
O(v) denotes the transmission function of the image. Above, v and
p are the spatial coordinates of the cross section where the image
and the random scattering medium are located, respectively.
After the beam passes through the random scattering medium,
the fully coherent light becomes spatially incoherent if we assume
the beam spot on the random scatterer is larger than the
inhomogeneity scale of the random scatterer [52]. The statistical
properties for a spatially incoherent light are characterized by the
cross-spectral density function (in spatial-frequency domain) [1], i.e.
S(p1)S(p)d (P, - p2)s

W(p,,p,) = (2)

where S(p) = |E(p)|* denotes the averaged spectral density of the
incoherent source and &(p, — p,) is a Dirac delta function, which
indicates that the fields at two different spatial positions p; and p,
are uncorrelated. Based on the pseudo-mode representation
theory [54], the cross-spectral density function in Eq. 2 can be
expanded as

W(p,.p,) E.(p,), (3)

=2k
where E,(p) and «,, stand for the modal function and its modal
weight, respectively, for the nth mode. Such pseudo-mode
representation indicates that a incoherent (or partially
coherent) light can be viewed as a superposition of spatially
coherent but mutually uncorrelated modes. For the spatially
incoherent light, the modal distribution can be expressed as
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E,(p) = \/S(p) exp[id, (p)], @)

where ¢,(p) is a random phase. For a random scatterer obeying
Gaussian statistics [52], we have { exp [i¢,.(p)])> = 0and {exp [id,
(p1) — i, (p2)]) = 8(py — p2), where (-) denotes the ensemble
average.

Based on the van Cittert-Zernike theorem, when the
incoherent light from the random scattering medium passes
through a linear optical system with an impulse response
function H (p, r), the spatial coherence of the light will be
improved. The modal function in the observation plane turns
out to be

E,6) = [ \S()exoli, @It (o). (9)

Taking all the field realizations into account, ie., by using
W (r1, 1) = {Ej (r1)E, (r;)), we obtain the cross-spectral density
of the random field in the observation plane

W) = [[ 50 expl-i8, (p) +i9, 2,)])
H* (Pl’ rl)H

(6)
(pr12)d’p,dp,.

Using the Gaussian statistics condition for the random phase
¢.(p), the above integral is reduced to

W) = [[IE@PH ()i (pr)En )

It follows from Eqs. 1, 7 that the object information O(v)
hidden a distance behind the random scattering medium is
encoded in the spatial coherence function of a random light
generated after the scattering medium, which indicates that once
the complex spatial coherence structure W (r;, r,) is fully
measured, the object information may be recovered. In the
previous studies, it is showed that only the intensity S(p) on
the front surface of the random scatterer can be measured
[24-26] (see Figure 1B].

In this work, we find that the iterative phase retrieval
algorithm [42-56] can be applied to recover the object
information. We discuss the detail of the algorithm in this
section. The algorithm will be verified experimentally in
Section 3. The flowchart of the algorithm is shown in
Figure 1C. The first step in the iterative phase retrieval
algorithm is that we guess a initiatory amplitude for the
object, e.g., O;(v) =+/S(v). We note other functions, e.g., a
random function can also be used as the initiatory amplitude.
In the second step, we take O;(v) into Eq. 1 and obtain the
corresponding complex field on the front surface of the scattering
medium, which can be expressed as

Ei(p) = —iexp(ikz) ” O, (v)exp[ ik (p-v) ]dzv. (8)

The third step is extracting the phase 6;(p) from E;(p). We
then combine 0,(p) with 1/S(v) to form a new function for the
field located on the front surface of the scattering medium,
ie, Ei(p)=+S™explifi(p)]. To obtain the object
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information, the new field E{ (p) then transmit backwards,
i.e, in — z direction. The field in the plane where the optical
image located can be obtained by

ik
Ol (v) = exp( ikz) .” 1(p )exp[——(p V) ]dzp. )

We assume that the original image is an amplitude image (i.e.
with no phase information). Thus, O(v) is a real and positive
function. With the restriction of such condition, we first take out
the real part of Of (v) and then let the negative values in the real
part become 0. The new obtained function is then used as the
second prediction, O,(v), for the image information hidden a
distance behind the random scatterer. The function O,(v) is then
taken into the above algorithm and the third prediction image
O;(v) will be obtained. It is found in our experiment that by ~ 70
iterations of the above phase retrieval algorithm, the image
information can be well reconstructed.

3 EXPERIMENTAL VERIFICATION

In this section, we carry out the experiment to verify the feasibility
of the principle and the iterative algorithm. The schematic of our
experimental setup is shown in Figure 2. In our experiment, the
image is an English letter ‘S’, which is generated with a spatial
light modulator (SLM). The random scattering medium is a
rotating ground-glass disk (RGGD). The surface roughness of
the RGGD used in our experiment is 400 mesh number and the
rotating speed can be controlled by the controller of an optical
chopper system. In the experiment, the rotating speed is fixed at
3,000 r/min. The distance between the image (SLM) and the
random scatterer (RGGD) can be adjusted from 35 to 70 cm.
The image is illuminated with a fully coherent beam generated by
passing a He-Ne laser (with wavelength A = 632 nm) through a
linear polarizer (LP) and a beam expander (BE). The optical
system between the RGGD and the observation plane is formed
by a thin lens L1 of focal distance 250 mm and a thin lens L2 of
focal distance 300 mm. The distances between RGGD and L1, L1
and L2, L2 and the observation plane are 250 mm, 600 mm, and
600 mm, respectively. The second thin lens L2 is used to project
the optical field immediately after L1 into the observation plane.
Thus, the response function of the optical system becomes

H(p,r) =~ }exp[”( ZT'P)]) (10)

where f; denotes the focal length of the thin lens L1. Taking Eq. 10
into Eq. 7, we obtain that the cross-spectral density function of
the random light in the observation plane yields

W (r,1,) = #‘” IE(p)I* exp[i/\z—}rp. (r; - rz)]dzp. (11)

It is found from Eq. 11 that the generated partially coherent
beam in the observation place is of Schell-model type, i.e., its
spatial coherence distribution depends only on the position
difference r;—r,. Moreover, we find that the spatial coherence
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LP

computer.

BEl RGGD BS2 PBS

FIGURE 2 | Experimental setup for optical imaging through a random scattering medium via the complex spatial coherence measurement. LP: linear polarizer; BS1
and BS2: beam splitters; HWP1 and HWP2: half-wave plates; QWP: quarter-wave plate; BE1 and BE2: beam expanders; M1 and M2: mirrors; SLM: spatial light
modulator; RGGD: rotating ground-glass disk; L1 and L2, thin lenses; PBS: polarization beam splitter; CCD1 and CCD2: charge-coupled devices; PC: personal

CCD1

function W (ry, r,) and the intensity |E(p)| on the front surface of
the random scatterer form a Fourier transform pair. Thus, |E(p)|*
can be recovered by

1 2y e
Jj (rl,rz)exp[ Afp (1, rz)]d r,dr,.

IE(p)P = Pz

(12)

Once |E(p)|” is recovery, we take the result into the iterative
phase retrieval algorithm and run 66 loops.

Before discussing the experiment results, we present the details
of the method for measuring the complex spatial coherence of the
generated partially coherent light. The method is based on the
generalized Hanbury Brown and Twiss experiment [24], in which
we introduce a pair of reference waves having a constant phase
difference either 0 or 77/2. In our experiment, the reference waves
with the stable phase difference are generated from a circularly
polarized beam. In the top reference arm of Figure 2, the x-
polarized light beam is transmitted through a half-wave plate
(HWP) and a quarter-wave plate (QWP). The fast axis of the
HWP is set to be 71/8 with respect to the x-polarization direction,
while the fast axis of the QWP is set to be parallel to the x-
polarization direction. Therefore, a right-handed circularly
polarized beam is produced immediately after the QWP. The
beam expander (BE2) after QWP is used to produce a beam of the
effectively uniform intensity distribution. The x- and y-
components of the generated circularly polarized beam are
viewed as the pair of reference waves required for our protocol.

Before combining the reference waves with the partially
coherent light, we place a HWP after the thin lens L1 to
transfer the x-polarized partially coherent light into n/4-
linearly polarized. The x- and y-components of the field
realization after the beam splitter (BS2) is then expressed as

E(r) = E,\ (r) + E&™ (1), (13)
Ex (1) = Ey (x) + B (1), (14)

where E,,.(r) and E,,(r) denote the x- and y-components of one
random field realization of the partially coherent light, and
Efci” (r) and E;i‘c(r) are the x- and y-components of the
generated circularly polarized reference wave, respectively. The
x- and y-components of the composite field are then split by a
polarization beam splitter (PBS) and imaged, respectively, onto
CCD1 and CCD2 by a 2f imaging system formed by the thin lens
L2. The direct-digital-synthesis signal generator is used as
external trigger for controlling the two CCDs, to
simultaneously capture the random intensities I*¥(r) and
IZ‘}i,d (r) of the x- and y-component fields.

We now calculate the cross-correlation of the two composite
field intensities, i.e.,

G (r1,12) = (I ()1 (1)), (15)

where the angle brackets denote the ensemble averaging. Taking
Eqgs. 13, 14 into Eq. 15, we obtain

G (11, 12) = L (1)) L (1)) + [W (11, 15)

+ 2418 (rl)I;i“(rz)Im[W(rl,rz)]. (16)

(Above,  LN(r) = Ln (1) + 197 (1), L (1) = Ly (n)+
Ij}”(r), I,(r) and I,,(r) denote the intensities of the x- and y-
components of the random field realization, and I$™(r) and
I (r) denote the intensities of the x- and y-components of the
circularly polarized light, respectively. It is found from Eq. 16 that
the imaginary part of W (ry, r,) is encoded in the intensity cross-
correlation function. The undesired background terms,
ie., (Iﬁ;c‘“(rl))(IE;“’r ()Y + |W (r1,12)]> are removed by
doing  the intensity  cross-correlation G‘;’;““ (r1, 1) =
(L (r)I " (r2)). Finally, the imaginary part of the spatial
coherence function is obtained as

Gi‘}d (r1,12) = chor (r1,12)

2T (0T (1)

Im[W (ry,1,)] = (17)
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FIGURE 3 | Experimental results of optical imaging through a RGGD with complex spatial coherence measurement. The optical image is placed 57.5 cm in front of

the random scatterer. (A) The recorded speckles Indr), Iny(r), 157 (1), 15 (r), £ (r), and 3° (r). (B) and (C) The recovered real and imaginary parts of the spatial
coherence function from the speckles shown in (a). (D) The recovery intensity on the front surface of the RGGD. (E) The recovery image information with the iterative

phase retrieval algorithm. (F) The original image displayed in the SLM.

The real part of the spatial coherence function, on the other
hand, can be obtained by

G (r,1,) - GU (11, 1,)
z\ﬂfcirc (1'1)13:(irc (r2)

where Gi‘id(rl,rz): (Izid(rl)lzid(rz)) and G (r, 1) =
(IO (1) 180T (r,) ) are the intensity-intensity autocorrelation
functions. In the experiment, the ensemble average in the
intensity cross-correlation and autocorrelation can be replaced
with the spatial average of the speckle field since the partially
coherent random field is generated with the Fourier
transformation optical system [57]. Thus, the real and
imaginary parts of the spatial coherence function can be
recovered conveniently through recording six realizations of
intensity distributions, ie., L.(r), L,(r), I(x), 57 (x),
If,id (r), and I;id (r).

Re[W (1), 1,)] = (18)

4 RESULTS AND DISCUSSION

To show the feasibility of our method, we first place the image
(SLM) 57.5 cm in front of the RGGD and record the six intensity
distributions with CCD1 and CCD2, respectively. Figure 3A

shows the spatial speckles of the six intensities. By using Eqgs.
17, 18, the complex spatial coherence structure can be recovered.
We show in Figures 3B,C the experimental results of the real and
imaginary parts of the spatial coherence function of the partially
coherent light in the observation plane after the random scatterer.
Taking the measured W (ry, r) into Eq. 12 and performing the
fast Fourier transform, we obtain the intensity distribution S(p)
on the front surface of the random scatterer, which is shown in
Figure 3D. We find from Figure 3D that the image information
cannot be identified from the diffraction pattern. We now apply
the iterative phase retrieval algorithm introduced in Section 2 for
the image information recovery. The initiatory intensity for the
image is assumed to be the pattern displayed in the dotted box of
Figure 3D. The algorithm is iterated 66 times. Figure 3E shows the
result of the recovered image. For a better comparison, the original
object loaded in the SLM is also recorded (see in Figure 3F]. We
find in the experiment that the image information hidden a
distance behind the random scattering medium can be well
reconstructed with the help of the spatial coherence structure
measurement and the iterative phase retrieval algorithm. The
experimental results are consistent with our predictions.

Next, we show the ability of our method to retrieve both the
lateral position and the shape of the moving object hidden behind
the RGGD. The object image is created again by the SLM and
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when the image is located at different lateral positions. (I)=(L) The recovered intensities on the front surface of the RGGD. (M)—(P) The recovery images with the iterative
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placed in the plane having a distance 57.5cm in front of the
RGGD. However, the image can now move freely in the
transverse plane. In the top two panels of Figure 4, the
experimental results of the measured real and imaginary parts of
the spatial coherence functions are presented when the image is
located at different transverse positions. We find with the change of
the image position, the distribution of the complex spatial coherence
for the partially coherent light beam in the observation plane
changes as well. The corresponding recovered intensities on the

front surface of the RGGD obtained by the fast Fourier transform of
measured W (r}, r,) are shown in the third row of Figure 4. We now
assume these intensity distributions as the initiatory inputs for the
iterative phase retrieval algorithm. After 66 times loops, the
recovered image intensities are displayed in the bottom row of
Figure 4. It is found from the experimental results that the image at
different transverse positions is well recovered, which indicates that
the iterative phase retrieval algorithm shown in Section 2 can
preserve well the lateral position information of the image.
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Finally, we carry out the experiment to show the feasibility of
our method in recovering the longitudinal position of the image
hidden behind the random scattering medium. The image created
by the SLM now moves freely in the longitudinal direction. In our
experiment, the distance between the SLM and the RGGD can be
controlled from 35 to 70 cm. Once the complex spatial coherence
structure is measured in the observation plane, the intensity on
the front surface of the RGGD can be recovered. After that, we
take the recovery intensity as the initial input for the iterative
phase retrieval algorithm and modify the value of the distance zin
the algorithm. The output results for different values of input z
after 66 times iterations are compared with the original image as
shown in Figure 3F. When the recovered and the original images
are matched, the input value of z is recorded as the longitudinal
distance for the image. Figure 5 shows our experimental results of
the reconstructed images at different longitudinal positions. The
recovered longitudinal distances zecover and the real longitudinal
positions z are also shown in the figures. It is found from the
experimental results that the image hidden behind the RGGD
with different longitudinal distances can be well reconstructed
with the spatial coherence measurement and the iterative phase
retrieval algorithm. The experimentally recovered longitudinal
distances agree well with the real distances between the image and
the RGGD.

5 CONCLUSION

In this work, we studied the role of the spatial coherence structure
measurement for the partially coherent scattered light on the
recovery of the image information (especially the image’s
longitudinal position) hidden behind a random scattering
medium. We showed experimentally that the image

information, including its spatial shape, lateral shift, and
longitudinal position, encoded in the spatial coherence
structure can be fully reconstructed with the spatial coherence
measurement and the iterative phase retrieval algorithm in the
Fresnel domain. Our experimental results indicate that a 2D
spatial coherence measurement can find applications in the 3D
optical imaging through the random scattering medium and 3D
object position tracking in complex medium. We remark that the
scattering from randomly inhomogeneous media (stronger than
the rotating ground glass disk used here) does not completely
destroy the spatial coherence of radiation [58], which indicates
that the multiple-scattering media can still act as an imperfect
mirror or lens for coherence-based 3D optical imaging.
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