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Three-dimensional ghost imaging based on periodic

diffraction correlation imaging
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We experimentally demonstrate a three-dimensional (3D) ghost imaging method based on period diffraction
correlation imaging. Compared with conventional ghost imaging, our method can easily retrieve the images
of different focal planes. Due to the correlation between the disturbed object beam and the reference beams
which do not pass through any scattering, the clear images can be periodically obtained in the uncovered
zones even through a scattering medium. The analysis of the 3D imaging resolution reveals that the
proper resolution for actual demand can be achieved by designing our devices. The implementation of this
experiment is quite simple and low-cost. It facilitates the practical applications of ghost imaging.
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As an intriguing method, ghost imaging (GI) has received
great attention and achieved considerable development
since it was experimentally demonstrated in 1995[1−11].
With its non-local feature and imaging superiority in
optically harsh or noisy environments[12−15], GI is pro-
viding a novel and powerful imaging tool. In recent years,
the focus of GI is increasingly shifting from the funda-
mental research to its practical application. Acquiring
the three-dimensional (3D) information of objects is of
great importance in a variety of fields.

The retrieval of “ghost” image is achieved by using two
spatially correlated beams. The reference beam, which
never interacts with the object, is measured with a mul-
tipixel detector (e.g., a charge-coupled device (CCD)
camera). The object beam is collected with a bucket
detector after illuminating the object. In conventional
pseudo-thermal GI, a beam splitter (BS) is an indispens-
able optical component used for creating point-to-point
correlation. Thus the optical calibration between the
two beams and the synchronous control of the detectors
make the 3D GI difficult. In 2008, an interesting GI
mechanism without a BS named computational GI was
proposed, in which a spatial light modulator (SLM) was
applied[7]. Compressive GI was subsequently proposed
to significantly reduce the required acquisition times and
boost the recovered image quality[8,9]. Recently, Sun et
al. published a paper in Science that detailed how they
managed to use an altered style of computational GI to
create accurate 3D images[16]. In 2012, to simplify the
traditional GI system, we proposed the periodic diffrac-
tion correlation imaging (PDCI)[17]. Periodic speckle
patterns are generated at the diffraction plane when
light passes through a periodic pinhole array. One of
the periodic speckle patterns is used as the object beam
to illuminate the object, and the other correlated parts
are the reference beams to be collected directly. With
the correlation algorithm, multiple images can be pe-

riodically retrieved. Then the experimental realization
of reflection-type PDCI was achieved by us[18], while
our previous work focused only on the imaging of two-
dimensional (2D) objects. Since the object and reference
beams are in the same plane, the optical calibration and
the synchronous control are not necessary any more.
It makes the acquisition of the 3D information simple.
By selecting the different focal planes which contain the
structures of interest, the sectional images of a 3D object
can be retrieved for 3D reconstruction.

Imaging through scattering or turbid medium is an-
other interesting but challenging area. Over the past
decades, there have been many attempts to reconstruct
the interesting image of the object behind a scattering or
turbid medium. One prominent way is to form an image
using the fraction of the light (“ballistic” light) that is
not scattered[19−22]. Such methods usually require the
expensive devices or complex operations. In general, the
weak ballistic light signal through a turbid medium is
collected by detection systems utilizing time gating tech-
niques. In a different field, there have recently been many
activities in exploiting scattered light for imaging pur-
poses, including the techniques of phase conjugation[23],
spatial and temporal wavefront shaping[24,25], and turbid
lens imaging[26]. Normally, the optical setup and imple-
mentation of these methods are not simple. For example,
the wavefront shaping generates a focused spot behind
the scattering medium, with a SLM or a time-reversal
mirror. Consequently, raster scanning is required in this
method. GI is a great technique for ignoring the scatter-
ing of the light through a turbid medium by generating
correlated beams.

In this letter, we investigate the potential applications
of PDCI in 3D imaging, and research its imaging ability
through scattering mediums. We demonstrate a simple
and low-cost confirmatory experiment of 3D GI based on
PDCI. The images of two planar objects can be easily
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Fig. 1. (Color online) Schematic diagram of the experimental
setup.

retrieved even through scattering medium. Through our
analysis of the 3D resolution in our method, we also show
that the proper resolution can be achieved by designing
our devices.

The experimental schematic of our proposed approach
is shown in Fig. 1. The light beam generated by a 633 nm
He-Ne laser passed through an obscure glass. The ob-
scure glass was driven by a stepper motor to rotate with
a frequency of 0.9◦/ms. A periodic pinhole array con-
taining M × M = 50 × 50 pinholes was located after the
obscure glass. The center-to-center distance a between
adjacent pinholes is 100 µm. Then periodical speckle
fields will be generated when the beam illuminates the
pinhole array, and the period can be calculated by[17]

T =
λz

a
, (1)

where z is the diffraction distance.
To simulate the different planes of a real 3D object, two

transmissive objects ( “J” and “T”, chromium layers with
transparent characters deposited on the front surface of a
lithography mask of 2 mm thickness) were placed at the
axial distance z=375 mm. The distance d between the
two plates is 20 mm. The two objects were illuminated
by the bi-dimensionally periodical speckle fields. The re-
spective periods of the speckle fields were T1=2.37 mm
and T2=2.50 mm. The sizes of the objects should be
smaller than the periods. Otherwise, the object infor-
mation retrieved in the neighbor zones will be distorted.
The sizes of the chromium layers are 5× 5 (mm) and the
widths of the characters are 1 mm. A 0.8-mm-thick scat-
tering medium (a polyvinyl chloride sheet containing tita-
nium dioxide particles) was placed after the lithography
masks to hide the objects. Referring to general material
injection molding parameters, the average size of the ti-
tanium dioxide particles is 0.35 µm. Then the scattering
mean free paths is calculated to be ls = 1/ρσs ≈ 71.2 µm,
where ρ = 14.6 × 1016 m−3 is the number density and
σs = 9.62 × 10−14 m2 is the scattering cross section.
Therefore, the scattering medium is about 11.2 scatter-
ing mean free paths. The medium has the same width
as the chromium layers, so the light passes through the
characters will be scattered while the reference light can
still be clearly recorded.

We used a lens of focal distance f =50 mm and a CCD
as the detection system. The CCD contains 1024 × 512
pixels, and the pixel size equals 11× 11 (µm). To satisfy
the Gaussian lens imaging formula, the object distance
z1=100 mm and the image distance z2=100 mm. Thus
the image captured by the CCD just has the same size
as the real object.

At first, we used the detection system to capture the
images of object plane 1 (“J”). For the ith iteration, the
speckle field varied with the rotary obscure glass. Light
intensity distribution of the speckle field collected by the
CCD was recorded as Ii, and the total light intensity of
the light that penetrated the transparent characters was
recorded as Si. Then the image of the object 1 can be
retrieved by

GI = 〈∆I∆S〉 = 〈(I − 〈I〉)(S − 〈S〉)〉, (2)

where N = 20000 in our experiment is the total iterations
and 〈·〉 = 1

N

∑
i(·). For the imaging of object 2 (”T”),

we just moved the whole detection system (including the
lens and the CCD) backward d=20 mm while keeping
the z1 and z2 unchanged. Then the focal plane of object
2 was captured by the CCD. We repeated the process
N times as before. Here we experimentally demonstrate
a prototype of 3D imaging through scattering medium.
For a real 3D object, the detection system should move
∆z each time to acquire the different focal planes. The
smaller the ∆z is, the more precise the 3D reconstruction
will be. However, the minimum of ∆z depends on the
axial resolution δz, which will be further discussed.

Imaging results of the two objects through scattering
medium can be retrieved respectively as shown in Fig. 2.
As a result of the scattering medium, the light that pene-
trated the characters will be distorted. So we can hardly
recognize the characters. The interesting object areas
(the red block) in Figs. 2(a) and (b) were blurry in both
experiments. While in Figs. 2(c) and (d), we can recover
the object information (the blue block) in the uncovered
neighborhood with high quality. The width of the char-
acters in the images were both 98 pixels, in other words,
1.078 mm. The period of object 1 was 220 pixel (2.420
mm) and object 2 was 235 pixel (2.585 mm). The data
accord well with the previous theoretical value.

In order to observe clearly, the object areas and
the recovery areas were depicted in Fig. 3 for con-
trast. Figures 3(a) and (d) were captured directly by
the CCD, and the sum of the 20000 photos were dis-
played in Figs. 3(b) and (e). It is more clear that
the light was scattered as cloud cluster, in which sit-
uation the traditional imaging methods are incapable
of recovering the objects. However, in Figs. 3(c) and
(f), the two characters were well retrieved. The funda-
mental mechanism of GI is the spatially point-to-point
correlation of either quantum entangled bi-photons or

Fig. 2. (Color online) Imaging results through scattering
medium. (a) Sum of 20000 photos of “J” and (b) sum of
20000 photos of “T”. The object zones were blurry and the
characters were hardly identifiable; The object images of (c)
“J” and (d) “T” in the neighbor zones with PDCI.
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Fig. 3. (Color online) Detailed information in the region of in-
terest (ROI). Object “J”: (a) Captured directly by the CCD;
(b) Sum of 20000 photos; (c) Image retrieved by PDCI; Ob-
ject “T”: (d) Captured directly by the CCD; (e) Sum of 20000
photos; (f) Image retrieved by PDCI.

thermal light. When the information of the object beam
is distorted by a scattering medium, if we can collect
the whole light intensity (or a portion of it), we can still
retrieve the high quality image by correlating with the
reference beam.

By theoretical analysis, the transverse resolution of
PDCI is[17]

δx =
T

M
=

λz

aM
, (3)

where aM is the side length of the pinhole array. The
transverse resolution depends on the parameters λ, z,
and aM . In our experiment the transverse resolutions
of “J” and “T” were 47.4 and 50 µm respectively. We
can achieve higher transverse resolution by designing the

parameters in Eq. (3). Choosing a laser of shorter wave-
length λ, decreasing the distance z between the pinhole
array and the object, or increasing the size aM of the
pinhole array are all the effective approaches. For exam-
ple, if we replace the pinhole array (aM = 5 mm) with a
larger one (aM = 10 mm), the transverse resolution δx
at the axial distance z=400 mm will improve from 71.5 to
38.5 µm. Decreasing the distance z from 400 to 200 mm
while using the same pinhole array (aM = 5 mm) can
achieve the similar result. If we do the both at the
same time, δx will be improved approximately four times,
as shown with the transverse coherence of the periodic
speckle field in Fig. 4.

The axial resolution in the Fresnel zone can be calcu-
lated by[27,28]

δz ≈
δx2

λ
. (4)

The axial resolution along z-axis is usually much larger
than the corresponding transverse resolution. However,
Eq. (4) indicates that if we can achieve the δx as the
wavelength, δz will also have the same magnitude as δx.
With the more advanced devices (such as the higher-
resolution CCD or the optical components of microscopic
imaging), it is possible to achieve the proper 3D resolu-
tion for actual demand.

In conclusion, we give a further investigation of the
previous PDCI method proposed by us, focusing on its
potential applications in 3D GI. Inspired by the fact that
the object beam and the reference beams are always in
the same plane, we find it easier to realize the correla-
tion imaging of different focal planes. The confirmatory
experiment is achieved and demonstrated in detail. The
analysis of the 3D resolution reveals that, our method
can achieve proper 3D resolution for actual demand by
designing our devices.

In addition, owing to the correlation of the reference
beams which do not pass any scattering and the object

Fig. 4. (Color online) The improvement of transverse resolution with the increase of the size aM of the pinhole array, or with the
decrease of the distance z. (a) The transverse coherence images of different periodic speckle fields; (b) the transverse resolution
corresponding to the speckle fields under different parameters.
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beam, our method can still retrieve the images when
imaging the objects behind a scattering medium. Com-
pared with conventional imaging mechanisms through
scattering medium, the implementation of the proposed
method is relatively simple and low-cost. Neither com-
plex algorithms nor expensive devices (such as ultrashort
pulsed laser, SLM, and so on) are required. The proposed
imaging mechanism also has little restriction on the scat-
tering medium as long as that a portion of the object
light is able to pass through the scattering medium and
be collected by the detection system.

Since it is of great importance in a variety of fields
to acquire the 3D information of objects through scat-
tering or turbid mediums (e.g., smoke, fog, or tissue),
our work facilitates the practical applications of GI. The
object axial position has to be known in advance, which
makes it still unsuitable for far-field imaging. The ac-
quisition times N seems large and the imaging process
may be time-consuming, while they can be improved
with high-speed detector and processing software. Since
GI in general can only retrieve the shape or contour
of the object, our method will inevitably not work for
translucent objects that may vary the speckle pattern
that propagates through it. For more practical applica-
tion, the further work should focus on the reflection-type
3D imaging of a real object behind a scattering medium.

This work was supported by the National Natural Sci-
ence Foundation of China under Grant Nos. 60970109
and 61170228.
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