
Experimental investigation of ghost imaging
of reflective objects with different surface
roughness
SUQIN NAN, YANFENG BAI,* XIAOHUI SHI, QIAN SHEN, LIJIE QU, HENGXING LI, AND XIQUAN FU

College of Computer Science and Electronic Engineering, Hunan University, Changsha 410082, China
*Corresponding author: yfbai@hnu.edu.cn

Received 24 March 2017; revised 10 June 2017; accepted 27 June 2017; posted 27 June 2017 (Doc. ID 291390); published 26 July 2017

We present an experimental demonstration of ghost imaging of reflective objects with different surface roughness.
The influence of the surface roughness, the transverse size of the test detector, and the reflective angle on the
signal-to-noise ratio (SNR) is analyzed by measuring the second-order correlation of the light field based on
classical statistical optics. It is shown that the SNR decreases with an increment of the surface roughness and
the detector’s transverse size or a decrease of the reflective angle. Additionally, the comparative studies between
the rough object and the smooth one under the same conditions are also discussed. © 2017 Chinese Laser Press
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1. INTRODUCTION

Different from traditional imaging, which detects the signal
and records the image of an object using only a detector with
high spatial resolution, ghost imaging (GI) is a transverse
active-imaging technique that retrieves information from an
unknown object by measuring spatial intensity correlation
between two light beams. After one beam interacts with the
object, the generated scatters are collected by the single-pixel
detector or a bucket detector, and the other beam is directly
counted by a spatially resolving detector. Since the first experi-
ment was performed using entangled photon pairs produced by
spontaneous parametric down-conversion [1,2], the results led
to a very lively discussion about whether quantum entangle-
ment is necessary to realize correlated imaging. It was sub-
sequently demonstrated that a pseudothermal source can
also be used to implement GI [3–6], which provides more prac-
tical applications compared to the entangled source. In recent
years, researchers have devoted a good deal of effort to GI with
thermal light and some new methods have been reported to
improve the imaging quality [7–19], such as pseudo-inverse GI
[7,8], compressive sensing GI [9–13], and three-dimensional
GI [13–15].

Most GI experiments and related theory refer to the trans-
missive case. However, in practical application, almost all tar-
gets are reflective or diffuse. Thus, compared to GI with a
transmission target, reflective GI (RGI) is closer to the demands
of practical applications. In 2008, the first reflective experiment
was conducted using a toy [20]. Unlike this experiment, the
ghost-image reconstruction of a diffuse-reflecting object

consisting of two strips allowed researchers to vary the relevant
parameters in a wide range and perform numerical simulations
[21]. Over the years, the influencing factors of RGI quality have
also attracted much concern, and many studies continuously
emerged [22–28]. Researchers explored the effects of the trans-
verse dimension and coherence width of the light source on the
image quality and found that the higher coherence width con-
tributed to higher visibility but resulted in poor resolution,
which was inversely proportional to the transverse dimension
of the source [22]. Researchers then theoretically studied the
resolution, contrast, and signal-to-noise ratio (SNR) in an
RGI system [23]. By using numerical simulations, researchers
demonstrated that both the surface height variance and the cor-
relation length, which have been introduced to characterize the
rough surface, had no influence on the image resolution [25].
Obviously, the previous studies based on rough objects are al-
most all theoretical. From previous works [20,21], it was dis-
covered that RGI must detect all the photons reflected from the
object surface to reconstruct the ghost image. While it is dem-
onstrated theoretically that the rough object’s image can be re-
constructed by GI, even using a single point-like detector [28].
In this paper, we experimentally investigate the effects of the
surface roughness of an object and the test detector’s transverse
size on the SNR and the resolution of RGI, which can also be
confirmed by the analytical expression of the point spread func-
tion (PSF) and the SNR of the imaging system. Comparative
studies on both rough objects and smooth objects also are per-
formed. In both cases, an increase of the reflective angle will
result in an enhancement of the SNR, although the results
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indicate the smooth object is more easily affected by the angle.
We believe our research could be very useful for remote sensing
system applications.

This paper is organized into four sections. In Section 2, we
present the experimental description and the theoretical consid-
erations to obtain RGI with rough objects. Section 3 gives the
related experimental results and discussion and conclusions are
derived in Section 4.

2. EXPERIMENTAL DESCRIPTION AND
THEORETICAL CONSIDERATIONS

Figure 1 presents the experimental setup for GI for a rough
object. The pseudo-thermal light source, which is obtained
by modulating a pulsed Nd:YAG laser with wavelength λ into
a slowly rotating ground glass, is divided by a 50%–50% non-
polarizing beam splitter (BS) into two beams (a test beam and a
reference beam), which are described by their impulse response
function ht�u2; xt� and hr�u1; xr�, respectively. The light in the
test beam travels through a diffuse-reflecting object and an
objective lens with focal length f . Then all the randomly scat-
tered and reflected photons from the surface of the object are
collected by a bucket detector (Dt ). The reference beam con-
tains nothing but free-space propagation from the source to a
CCD camera (Dr ) with high spatial resolution, which is used to
record the intensity distribution at xr .

Using a correlator, all the information about the object can
be constructed by measuring the correlation function between
the intensity fluctuations [4],

G�xr ; xt� �
����
Z

hE��u1�E�u2�ihr�u1; xr�h�t �u2; xt�du1du2
����
2

;

(1)

where ui (i � 1, 2) represents the location of the source plane
and hE��u1�E�u2�i is the first-order correlation function of the
source.

Suppose the source with the desired Gaussian intensity
distribution is fully spatially incoherent, then the first-order
correlation function for the source can be written as

hE��u1�E�u2�i � exp

�
−
u21 � u22
2a2

�
δ�u1 − u2�; (2)

where a is the transverse size of the source and δ�u� is the Dirac
delta function.

In the reference arm, the detector Dr is located at a distance
z0 from the source; thus, the impulse response function can be
calculated by the Fresnel integral,

hr�u1; xr� ∝ exp

�
−
jπ
λz0

�xr − u1�2
�
: (3)

As for the test arm, an object with a rough surface is placed
at a distance z1 from the source, and the objective lens divides
the distance between the object and the test detector into z2
and z3. Then, according to Ref. [25], the impulse response
function for the object path is

ht�u2; xt� ∝
Z

dξR�ξ� exp�jϕ�ξ�� × exp
�
−
jπ
λz1

�ξ cos θi − u2�2
�

× exp
�
jπ
λf

�
1 −

z3
z2

�
ξ2 cos2 θo −

2jπ
λf

ξxt cos θo

�
;

(4)

where θi and θo respectively signify the incident angle and re-
flective angle. R�ξ� represents the reflectivity of the object and
ϕ�ξ� indicates the phase delay.

Substituting Eqs. (2)–(4) into Eq. (1) and using the related
calculation methods in Ref. [29], the second-order correlation
function can be simplified as

G�xr ; xt� ∝
Z

dξjR�ξ�j2 × exp
�
−
2α�β0xr − β1ξ cos θi�2

α2 � �β0 − β1�2
�
;

(5)

where α � 1
a2 , β0 � π

λz0
, and β1 � π

λz1
. The exponential

function in the integral can be considered as the PSF of our
imaging system, from which we can quantitatively derive that
both the roughness of the object and the test detector’s
transverse size have no influence on imaging resolution.

If there is a detector with the effective transverse size D in
the test arm and there are n shot measurements, then the SNR
can be defined, according to Refs. [28,30], as

SNR � G�xr ; xt�
ΔG�xr ; xt�

�
ffiffiffi
n

p

�a4π2A2∕G2�xr� � 4πa2A∕G�xr� � 3�1∕2 ; (6)

G�xr� ∝
Z

dξdξ 0R�ξ�R��ξ 0� expf−σ2ϕ�1 − e−�ξ−ξ
0�2∕l 2c �g

× exp
�
−
jπ�z1cos2 θo � �z2 � z3�cos2 θi ��ξ2 − ξ 02�

λz1�z2 � z3�

	

× sinc
�
a�ξ 0 cos θi − xr�

λz1

�
sinc

�
a�ξ cos θi − xr�

λz1

�

× sinc
�
D cos θo�ξ − ξ 0�

λ�z2 � z3�

�
; (7)

Fig. 1. Setup of reflective GI with the rough object. ~n denotes a unit
vector pointing in the direction perpendicular to the object plane, and
xr ; xt represent the coordinate at the reference detector plane and test
detector plane, respectively.
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and A � R
dξdξ 0R�ξ�R��ξ 0� expf−σ2ϕ�1 − e−�ξ−ξ

0�2∕l2c �g. σ2ϕ is
the variance of phase, which reflects the variance of the surface
height fluctuations and l c is the surface correlation length.
Increasing the roughness of the object surface can reduce
the value of A and combining Eq. (6) with Eq. (7), it is not
difficult to find that the SNR decreases with the increment
of the surface roughness. Also, both the larger reflective angle
and the smaller test detector size correspond to the higher SNR.

3. EXPERIMENTAL RESULTS

In our experiment, the focal length of the lens in the test arm is
f � 35 mm, which is used to focus all the reflected and scat-
tered photons onto the active area of the detector (Dt ) with a
transverse size D. The imaging object (a double slit) is made
using sandpaper with different mesh numbers (N ), which is
covered by white reflective paint. Here we define the roughness
of the object with the mesh number of the sandpaper. The
smaller the mesh number is, the higher the roughness of the
object. The double slit has a slit width of 0.5 mm and a
center-to-center separation of 1 mm. The reference detector
and the reflective object are placed at equal distances from
the source, i.e., z0 � z1 � 175 mm. In addition, the incident
angle shown in Fig. 1 is fixed at θi � π∕4, and other
parameters are chosen as z2 � 35 mm, z3 � 245 mm,
λ � 532 mm, and a � 1 mm.

First, we experimentally investigate the effect from the
roughness of the object imaged on RGI (see Fig. 2). In our
experiments, the reflective angle of the light source is set as
θo � 0 and the ghost image is reconstructed by second-order
intensity correlation measurement under different mesh num-
bers N . To obtain a high-quality image, all the patterns are
obtained with 10,000 realizations. As shown in Figs. 2(a)–2(c),
we use N � 240, 360, and 600, which corresponds to very
rough, slightly rough, and slightly smooth surfaces, respectively.
The black solid lines in the lower section are the normalized
horizontal sections of the experimental patterns in the upper
areas. The SNRs from Figs. 2(a)–2(c) versus the mesh number
is plotted in Fig. 2(d). One can see that a decrease of the surface
roughness of the object results in an increase of SNR. At the
same time, the horizontal section curves indicate that the im-
aging resolution remains unchanged, except that the back-
ground noise is weakened, which is in accordance with the
analytical results given by Eqs. (5)–(7).

Next, let us consider the influence of the transverse size of
the detector in the test arm by using the double slit with the
same roughness (N � 240), as shown in Fig. 3. The incident
and reflective angles are chosen as π∕4. From Figs. 3(a)–3(c),
the detector’s transverse sizes D are chosen as 2070, 690, and
172.5 μm, respectively. The other parameters in the experiment
remain unchanged. Similarly, the relationship between SNR
and the transverse size of the test detector is shown in
Fig. 3(d). Obviously, with the increment of the transverse size
D, the SNR becomes smaller. In other words, a small-sized
detector is helpful to improve SNR. Moreover, the following
black curves indicate that the resolution of images hardly de-
pends on D, which can be well interpreted by Eq. (5) and also
confirm the theoretical results depicted in Fig. 4 in Ref. [28].

In Fig. 4, we comparatively study GI of rough and smooth
objects based on different reflective angles (θo �
π∕4 and 5π∕12). For the rough object, if we select the rough-
ness represented by the mesh number N � 240 and the inci-
dent angle is still π∕4, then the retrieved images are depicted in
the Figs. 4(a) and 4(b), and the SNR values are 3.3542 and
3.5377, respectively. For a smooth object (a double strip, con-
sisting of a rectangular silver mirror whose central part is black-
ened by a light-absorbing strip, are separated by 0.6 mm, and
have a width 0.2 mm), other parameters of the experiment are
the same as those of the rough object except for the absence of
the lens. Because it is equivalent to specular reflection, the in-
cident angle and the reflected angle are equal. Figures 4(c) and
4(d) show the images under the condition of θi � θo being π∕4
and 5π∕12, respectively. The corresponding values of SNR are
3.7286 and 4.4994. Obviously, the SNR of RGI can be im-
proved to some extent with the increment of the reflective an-
gle. Compared with the ghost image of rough surface, the result
of the smooth surface corresponds to a better SNR. We also
note that when the reflective angle increases, the image of the
double slits with a smooth surface becomes thinner. For
the rough object, the images are almost unchanged because the
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Fig. 2. Retrieved ghost images of the rough object with 10,000 mea-
surements under different degrees of surface roughness. From (a) to
(c), the value of mesh number N is 240, 360, and 600, respectively.
Black solid curves in the lower area show the normalized horizontal
sections of the images. (d) Dependence of the corresponding SNR
on the mesh number N . The incident angle is θi � π∕4, and the
reflective angle is θo � 0.
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range of the smooth object illuminated by the light beam is
decreased when the angle increases while the direction of pho-
ton propagation remains consistent. The size of image retrieved

by specular reflection directly related to the number of photons
detected by the test detector, while the surfaces of rough objects
result in diffuse reflection and the photons are randomly scat-
tered in all possible directions, so ghost images with the same
size can be formed.

4. CONCLUSION

In conclusion, we have experimentally investigated RGI with
different rough surfaces. Our experimental results clearly
demonstrate that the SNR of patterns can be further enhanced
using a reflective object with low roughness, a small-sized
detector, and a large reflective angle. In addition, the roughness
of the target and the transverse size of test detector were shown
to have almost no influence on the resolution of RGI, which is
in agreement with the corresponding theoretical results.
Additionally, under the same conditions, although the SNRs
of both rough and smooth objects increase with the increment
of reflective angle, the latter is better than the former.
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