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High-visibility ghost imaging with phase-controlled
discrete classical light sources
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We take phase modulation to create discrete phase-controlled sources and realize the super-bunching effect by a phase-
correlated method. From theoretical and numerical simulations, we find the space translation invariance of the bunching
effect is a key point for the ghost imaging realization. Experimentally, we create the orderly phase-correlated discrete
sources which can realize high-visibility second-order ghost imaging than the result with chaotic sources. Moreover, some
factors affecting the visibility of ghost image are discussed in detail.
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1. Introduction
As a promising imaging technology, ghost imaging (GI)

has developed for more than two decades.[1,2] Noted worthily,
retrieving GI needs light-intensity correlation measurement
between two channels, a distinct difference compared with tra-
ditional first-order intensity imaging. In the GI scheme, one
channel collects the total light transmitted (or reflected[3,4]) by
the object with a bucket detector and the other channel records
the dynamic structural lighting field on the mirror plane of the
object. Actually, if the wavefront of the source in the classi-
cal light GI scheme is completely known, the dynamic struc-
tural lighting field on the object plane is a priori based on the
Huygens–Fresnel diffraction integral theory[5] so that the GI
scheme changes from the two channels correlation imaging to
the single-pixel imaging (SPI).[6–8]

The first GI experiment[9] was carried out by the quan-
tum two-photon entangled photon pairs in 1995. Due to the
extremely weak intensity and costly detection system of en-
tangled sources, some practical applications are difficult to
implement such as quantum lithography or standoff imaging.
Later, people found the classical source can completely re-
place the quantum entangled source to realize the GI,[10–15]

except the visibility, a key criterion of imaging quality. Com-
pared with 100% achieving theoretically with the quantum
entangled source,[9,11,12] the maximum value of visibility for
second-order thermal light ghost imaging (TLGI) is 33.3% in
theory only for a point-like object. With a complex object used
in practical application, the visibility will be extremely low so
the application of TLGI is limited. The fundamental reason
for the low-visibility of TLGI is due to the background-peak
ratio 1/2 in the second-order bunching effect,[16,17] which is
the point spread function (PSF) of GI system actually.[15,18–20]

To achieve high-visibility TLGI, researchers have sought mod-

ifying imaging algorithms[20–25] or fabricating the lighting
sources.[26–30] Moreover, the n-order (n ≥ 3) TLGI[31–40] is
also effective for the visibility because of the background-peak
ratio theoretically suppressed to 1/(n!) in n-order bunching ef-
fect with thermal light.[41] In fact, some higher-order correla-
tion algorithms can also help improve the visibility[40,42] and
resolution[43] of ghost interference.

Just as the authors in Ref. [44] pointed out, these digi-
tal devices (light modulator or light detector) in computational
ghost imaging (CGI) affect the statistical behaviors of inten-
sity of light on the detection plane so that the visibility of
ghost imaging is variable. Actually, the phase modulation in
our paper inevitably affects the statistical behaviors of light on
the detection plane. However, We would like to emphasize
that the super-bunching of the second-order coherence of light
and the high-visibility of ghost image in our paper are origi-
nating from the interference of multiple inphase indistinguish-
able two-photon paths by the phase modulation on the sources,
which is a new degree of freedom to modulate high-order co-
herence of light field and is also a new physical perspective
comparing with the statistical behaviors of light on the detec-
tion plane as discussed in Ref. [44].

From the second-order interference perspective, the vis-
ibility of spatial TLGI can be improved if suppressing the
background-peak ratio of the spatial bunching effect, such
as the super-bunching effect.[45–50] Actually, there is also a
premise that the super-bunching effect can improve the visi-
bility of ghost images, which has never been raised in a paper
as far as we know. The super-bunching effect should satisfy
the space translation invariance, i.e., the correlation intensity
of the second-order fringes determined by the relative posi-
tion between two detectors rather than the specific position of
detectors.
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In this paper, we constructed phase-controlled dis-
crete classical sources which achieve a one-channel high-
visibility second-order GI. Theoretically, we analyzed the
super-bunching effect and whether or not it satisfies the space
translation invariance from those phase-controlled sources.
Then, the GI capabilities of those phase-controlled sources
are compared in detail by numerical simulation. Experimen-
tally, we demonstrated the visibility of GI results with two-
dimensional (2D) orderly phase-correlated sources higher than
those with the chaotic case. In the end, we discussed some fac-
tors affecting the visibility of GI, such as the size of the imag-
ing object, the order n in the n-order GI, and the point number
in phase-controlled discrete sources, respectively.

2. Theory
The interference and diffraction of classical light can

be analyzed from the perspective of photon interference, so
the high-order interference with classical light is no excep-
tion. Figure 1 shows a schematic diagram to study the first-
and second-order far-field coherence of N equidistant discrete
point sources (S1, S2, . . . , SN), in which f is the focal length
of the lens and Dv (v = 1,2) is a single-photon detector in the
far-field observation plane (or the Fraunhofer zone of sources).
Then, the second-order spatial correlation can be performed
with the coincidence counting (CC) system. For any two point
sources in the discrete sources such as Si and Sj, when the
initial phase is completely random and independent, it is ev-
ident that two point sources are first-order incoherent over
long periods,[5] but one can observe second-order interference
fringes.[51–53]
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x
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x
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z
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Si
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Fig. 1. Fundamental scheme to study the first- and second-order coher-
ence with N point sources (S1, S2, . . . , SN ). f : the focal length of the
lens. Dv (v = 1, 2): photon-detector. CC: coincidence counting system.

From the two-photon paths perspective,[54–57] those valid
coincidence counts will consist of two parts: (i) detected pho-
ton pairs originating from a single point source (SiD1SiD2 or
SjD1SjD2) which is the self-correlation part of the second-
order correlation function only resulting in a constant back-
ground; (ii) detected photon pairs originating from different
point sources (SiD1SjD2 or SiD2SjD1) which is the cross-
correlation part of the second-order correlation function fos-
tering the interference fringes. Here, SiDv1SjDv2 stands for
the two-photon paths: photon Si goes to detector Dv1 while
photon Sj goes to detector Dv2 , where i, j ∈ {1,2, . . . ,N} and
v1,v2 ∈ {1,2}. In fact, SiD1SjD2 and SiD2SjD1 are indistin-
guishable twins two-photon paths, which is the key point of

the high-order interference. Fundamentally, the second-order
interference is the result of the superposition of multiple two-
photon paths, whose phase factor dominates the interference
performance. The phase factor includes two parts: one is the
source part which is decided by the initial phase of photon
pairs and the other is the propagation part which depends on
the two-photon paths from sources to detectors. In general,
the source part decides whether the interferometer works or
not and the propagation part decides constructive or destruc-
tive superposition of multiple two-photon paths. For example,
the characteristics of the second-order bunching effect depend
on the light source itself but the position of bunching peak re-
lies on the displacement between two point detectors.

The extension from two independent point sources to N
equidistant independent point sources is straightforward.[18]

At this moment, the instantaneous electric field amplitude on
the detection plane in the paraxial approximation can be ex-
pressed as

E (x) =C
N

∑
l=1

exp
[
−i (l −1)

kxd
f

]
e−iϕl , (1)

where C is an insignificant scale factor, k = 2π/λ is the wave
vector of the wavelength λ , d is the displacement between ad-
jacent points of the discrete sources, f is the focal length of the
lens, and ϕl (l = 1,2, . . . ,N) is the initial phase of the l-th point
source, which is completely random and uniformly distributed
within [0,2π), respectively. Thus, the self-correlation first-
order and normalized second-order spatial correlation func-
tions in the far-field detection plane can be expressed as[18]

G(1)(x) = ⟨E* (x)E (x)⟩=C2N, (2)

g(2)(x1,x2) =
⟨E* (x1)E (x1)E* (x2)E (x2)⟩
⟨E* (x1)E (x1)⟩⟨E* (x2)E (x2)⟩

= 1+
1

N2
sin2(Nπd(x1 − x2)/(λ f ))
sin2(πd(x1 − x2)/(λ f ))

, (3)

where ⟨· · ·⟩ stands for the ensemble average. Here, the peri-
odic bunching peak[18] originates from the discrete character
of source. Because of the first-order incoherence among those
N point sources, the phase factor of every two-photon paths is
totally random except for the twins two-photon paths originat-
ing from a pair of point sources. Hence, the maximum num-
ber of inphase indistinguishable two-photon paths is 2, which
is irrelevant to the total point number N of the source. The
visibility V = (g(2)max −g(2)min)/(g

(2)
max +g(2)min) of second-order in-

terference fringes expressed by Eq. (3) is 33.3%, where g(2)max

and g(2)min are maximum and minimum value of g(2)(x1,x2), re-
spectively. Actually, equation (3) also gives the second-order
ghost image for a point-like object.

However, the number of indistinguishable two-photon
paths will increase if the initial phase of the discrete point
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source has some correlation, such as the phase ϕl = lθ sat-
isfying the orderly arithmetic progression,[57] where θ is ran-
domly and uniformly distributed within [0, 2π). Now, those
two-photon paths coming from those pairs of point sources
(i, j) with equal (i+ j) are inphase and indistinguishable in
theory. At this moment, the maximum number of inphase in-
distinguishable two-photon paths is 2N for the case i+ j =
N + 1. The instantaneous electric field amplitude on the de-
tection plane in the paraxial approximation can be expressed
as

E (x) =C′
N

∑
l=1

exp
[
−i (χ (l)−1)

kxd
f

]
e−ilθ , (4)

where C′ is an insignificant scale factor and χ (l) is the loca-
tion number of the source initial phase lθ . For the orderly
arithmetic progression phase ϕl = lθ , χ (l) is equal to l. Obvi-
ously, the first-order self-correlation spatial correlation func-
tion in the far-field detection plane derives from incoherent
superposition and can be expressed as

G(1)(x) = ⟨E* (x)E (x)⟩=C′2N. (5)

After precluding the self-correlation first-order interference,
one can observe the second-order interference fringes[57]

g(2)(x1,x2)=
N

∑
s=1−N

sin2(sπd(x1−x2)/(λ f ))
N2 sin2(πd(x1−x2)/(λ f ))

. (6)

Here, the maximum of g(2)(x1,x2) is 1
N2 ∑

N
s=1−N s2 = 2N2+1

3N
at the case x1 − x2 = 𝒩λ f/d between two point detectors
on the detected plane, where 𝒩 is an integer (0,±1,±2, . . .).
Here, the visibility of the second-order interference fringes is
(N2 − 1)/(N2 + 2), which is decided by the total point num-
ber N of source.[57] Interestingly, it can be seen that this or-
derly phase-correlated discrete sources shows the potential to
achieve high-visibility ghost image.

Furthermore, any one of factorial(N) = N! equidistant
discrete point sources created by all permutations of arithmetic
progression phase (θ ,2θ , . . . ,Nθ) can construct the multi-
path second-order interference. Due to the disorderly per-
mutation of the sources’ phase, the diffraction light field will
exhibit rich second-order interference patterns. According
to Eq. (5), the self-correlation first-order interference will be
erased for the equidistant discrete point sources with arbitrary
phase permutation. After precluding the first-order interfer-
ence, because of the complementary between the first-order
and the second-order interference patterns,[58,59] the normal-
ized second-order correlation function here can be expressed
as

g(2)(x1,x2)

=

〈∣∣∣∣ N

∑
l=1

N

∑
m=1

exp
[

i (χ (l)−1)
kdx1

f

]

×exp
[

i (χ (m)−1)
kdx2

f

]
e i(l+m)φ

∣∣∣∣2〉
=

N+1

∑
s=2

∣∣∣∣ s−1

∑
l=1

exp
[

i (χ (l)−1)
kdx1

f

]
e i(χ(s−l)−1) kdx2

f

∣∣∣∣2
+

2N

∑
s=N+2

∣∣∣∣ N

∑
l=s−N

exp
[

i (χ (l)−1)
kdx1

f

]

×exp
[

i (χ (s− l)−1)
kdx2

f

]∣∣∣∣2. (7)

One can see that different χ (l) of phase sequence lead to
a different second-order interference pattern. Thus, the nor-
malized second-order correlation function g(2)(x1,x2) cannot
be expressed as the function of x1 − x2, except Eq. (6) from
the orderly phase-correlated sources. Consequently, the space
translation invariance is destroyed as the phase permutation is
disorderly, but the super-bunching effect still appears in some
detection cases. At this point, if disorderly phase modulation
scheme is adopted, the GI capability of the phase-controlled
sources will be weakened because the GI scheme cannot cre-
ate the point-to-spot correlation. Below, we will confirmed
this point by the numerical experiment. Although the above
theoretical discussion is restricted to one-dimensional (1D)
sources, this assumption does not influence the generality of
the approach since the results can be directly extended to 2D
sources. In the following text, we will compare the second-
order interference patterns and GI capability of discrete point
sources with a completely random phase, the orderly and dis-
orderly arithmetic progression phase, respectively.

3. Numerical simulation and experiment
Now, let us consider the second-order interference and GI

schemes with phase-controlled sources. Figure 2(a) shows the
setup of the second-order interference with a phase-controlled
source. A single-mode continuous-wave laser beam with a
wavelength λ = 780 nm was expanded, collimated, and re-
shaped through a beam expander (BE) and a square slot (SS).
The reshaped beam was reflected by a 50:50 non-polarized
beam splitter (BS) and then immediately incident normally
on a phase-only spatial light modulator (SLM, PLUTO 1080P
from HOLOEYE Photonics AG, Germany, an element pixel
size of 8 µm×8 µm). The phase-encoded beam successively
transmits through the BS and a lens L1 and is collected by a
charge-coupled device (CCD, Beamage-CCD23 with 1360×
1024 pixels, an element pixel size of 6.45 µm×6.45 µm) cam-
era. Here the focal length of L1 is f1 = 80 cm and the CCD was
put on the rear focal plane of L1. One notes that the reshaped
laser beam together with the SLM acts as the phase-controlled
source. Notably, due to the discrete character of the phase-
controlled source, one arm GI scheme without the diffraction
integral operation can be built when a 2 f2–2 f2 imaging setup
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replaces the CCD in the second-order interference scheme as
shown by the figure 2(b), where f2 is the focal length of lens
L2. A detailed description about GI realization can be found
in those references.[18,20]
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Fig. 2. (a) Schematic diagram of the experimental setup for the interference
scheme. BE: beam expander; SS: square slot; BS: beam splitter; SLM: spa-
tial light modulator; CCD: charge-coupled device. f1 is the focal length of
the lens L1. (b) A 2 f2–2 f2 imaging system. f2 is the focal length of the lens
L2. (c) and (d) The panels of pure-phase SLM showing the phase config-
uration of the designed 1D and 2D phase-controlled discrete light sources,
respectively. The red areas on the panels indicate the light field on the SLM
plane.

Figures 2(c) and 2(d) show the spatial distribution of the
initial phase of the 1D and 2D phase-controlled sources, re-
spectively. In the 1D case, we combined the neighboring s1

pixels of SLM along the x′ dimension as a unit whose mid-
dle s2 pixels (as the effective part) loaded with the same phase
while the rest part (s1–s2 pixels) of the unit is opaque in the nu-
merical simulation so that the CCD only collects those beams
reflected by those effective parts. The middle s2 pixels in the
unit act as a single slit source. What is more, in the 2D case
we combined the neighboring s1 × s1 pixels of SLM as a unit
whose middle s2 × s2 pixels (as the effective part) were loaded
with the same phase, and the rest parts are loaded with the
blazed grating-phase in the experimental demonstration. In
this way, only the light beams reflected from the effective part
were collected by the CCD on the detection plane. The middle
s2 × s2 pixels in the unit act as a single square point source. In
the setup, the width D of the SS was adjustable which deter-
mines the size of the light wavefront in the SLM panels (see
the red areas in Figs. 2(c) and 2(d)).

Figure 3 shows the 2D distribution of the numerical
simulation result of the normalized second-order interference
g(2)(x1,x2) with four kinds of phase-controlled sources: inde-
pendent chaotic sources (a), orderly phase-correlated sources
(b), the first (c) and the second (d) kinds of disorderly phase-
correlated sources, respectively. Those four kinds of 1D
phase-controlled sources in the numerical simulation are built
by N = 10 equidistant slit sources and have the same phys-
ical unit s1 = 20 and s2 = 2. For the independent chaotic
sources, the initial phase ϕl (l = 1,2, . . . ,N) of l-th point
source is completely random and uniformly distributed within
[0,2π). However, the initial phase ϕl in the orderly phase-
correlated sources is lθ , where θ is completely random and
uniformly distributed within [0,2π). One note that the num-
ber of all permutations of the initial phase [ϕ1,ϕ2, . . . ,ϕN ] is
N! = 3628800. Here we randomly select two arrangement
schemes to construct these two disorderly phase-correlated
sources. For the first and the second kinds of disorderly
phase-correlated sources, the permutation χ1 (l) and χ2 (l) are
[1,2,9,7,5,3,4,10,8,6] and [1,10,3,4,6,5,9,8,7,2], respec-
tively.

In the numerical simulation, total 10000 frames of
self-correlation first-order intensity were calculated by the
Huygens–Fresnel diffraction integrals and then the normal-
ized second-order interference can be calculated. Compared
with the independent chaotic sources, those phase-correlated
sources whether orderly arranged or not can create multiple in-
phase indistinguishable two-photon paths leading to the super-
bunching effect g(2)(0,0) > 2. What is more, as shown by
Figs. 3(a) and 3(b), those normalized second-order correlation
function originating from the independent chaotic sources and
the orderly phase correlated sources satisfies the space transla-
tion invariance, namely, the intensity of the bunching effect de-
termined by the relative position between two detectors rather
than the specific position of two detectors. Graphically, the
intensity of the second-order fringes is invariant in the cross-
section at the x1 − x2 =C′′ direction, where C′′ is an arbitrary
constant. However, the second-order interference originated
from those two kinds of disorderly phase-correlated sources
does not satisfies the space translation invariance as shown by
Figs. 3(c) and 3(d).
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Fig. 3. The 2D distribution of the numerical simulation of the normalized second-order correlation function with four kinds of 1D phase-controlled
sources: independent chaotic point sources (a), orderly phase-correlated sources (b), the first (c) and the second (d) kinds of disorderly phase-correlated
sources, respectively.
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Interestingly, one sees that the second-order interference
fringes with those four kinds of phase-controlled sources is
periodic either along the x1 or x2 coordinate axis due to the
particular discrete characteristic of sources.[18] Because of the
same distance d between the nearest neighboring discrete slit
points in those four kinds of phase-controlled sources, the
period of the normalized second-order correlation function
shown in Fig. 3 is the same and equal to λ f1/d.

To demonstrate the necessity of the space translation in-
variance of the bunching effect for the GI formation, figure 4
shows the numerical simulation of the second-order GI pro-
files, created by the one-arm computing GI with those four
kinds of phase-controlled sources. Detailed operations can be
seen in those Refs. [18,20]. Here, the n-order ghost image
GI(n)(x) on the image plane of the 2 f2–2 f2 imaging system
can be calculated through[33,36]

GI(n) (x) =

1
10000

10000

∑
i=1

(
Ii (x)×BIn−1

i
)

⟨I (x)⟩⟨BI⟩n−1 , (8)

where 10000 is the number of total frames of the intensity
distribution, Ii (x) is the first-order intensity of the i-th frame,
BIi is the bucket intensity signal originated by the sum of the
transmitted light in object image area on CCD detected plane,
⟨I (x)⟩ and ⟨BI⟩ are the ensemble average over all measured
Ii(x) and BIi, respectively. In Fig. 4, the black solid line and
the blue dotted line are the GI profiles with the independent
chaotic sources and the orderly phase-correlated sources, re-
spectively. The gray blocks at the bottom in Fig. 4 repre-
sent the 0–1 amplitude object with clear equal interval slits.
The value of the black solid line of GI profiles is distributes
in [1,1.33] with the independent chaotic sources. However,
due to the super-bunching effect (g(2)(x1 = x2) = 7.0) with
the orderly phase-correlated sources, it is possible that the
value of GI is larger than 2 with a relatively simple imaging
object. Here, the maximum value of the blue dotted line of
ghost image is 2.22 in Fig. 4. One sees that those two kinds
of phase-controlled light sources can realize GI, and the GI
originated from the orderly phase-correlated sources show a
high-visibility than the chaotic case. In addition, due to the
discrete characteristic of those phase-correlated sources, those
GI profiles can achieve ghost image copy in the transverse di-
mension.

What is more, the red hollow triangles and the green hol-
low squares in Fig. 4 are the GI profiles with the first and the
second disorderly phase-correlated sources, respectively. Ob-
viously, those two kinds of disorderly phase-correlated sources
are not suitable for the source in the GI scheme because the
imaging scheme cannot create the point-to-spot correlation be-
tween the object plane and the image plane. Thus, the space
translation invariance of bunching effect is crucial and indis-
pensable for the GI established.

-6 -4 -2 0 2 4 6
0

0.5

1.0

1.5

2.0

x (mm)

G
I

Fig. 4. The numerical simulation of the second-order ghost image
profiles with four kinds of phase-controlled sources: the indepen-
dent chaotic sources (the black solid line), the orderly phase-correlated
sources (the blue dotted line), the first (the red hollow triangles), and the
second (the green hollow squares) disorderly phase-correlated sources,
respectively. The gray blocks at the bottom represent the 0–1 amplitude
object with clear equal interval slits.

Considering that the disorderly phase-correlated sources
cannot serve as the sources in GI scheme, we only give the
experimental demonstration the high-visibility of the second-
order GI with 2D orderly phase-correlated sources than the
chaotic case. Here, we adopted 2D phase modulation with
s1 = 20 and s2 = 10 as shown by Fig. 2(d). Furthermore,
the phase ϕl,m loaded on the (l,m)-th discrete point source
was randomly and uniformly distributed within [0, 2π) for
the phase-independent discrete chaotic source. For the or-
derly phase-correlated sources, the phase ϕl,m was (mN + l)θ ,
where the phase θ is randomly and uniformly distributed
within [0, 2π) and N is point number in a single dimension.
Here, the width D of the light spot in the SLM panel was set
as 3.35 mm leading to an N ×N point sources array, where
N = 21. What is more, a binary 0–1 object “N” with a letter
size 3 mm and a line width 500 µm was located at the rear fo-
cal plane of L1. Detailed experimental operations can be seen
in those Refs. [18,20].

Figures 5(a) and 5(b) show the experimental second-order
GI results, normalized as GI/GImax, with 2D independent
chaotic sources and 2D orderly phase-correlated sources, re-
spectively. Here, GImax is the maximum of GI result. To
demonstrate clearly the high-visibility capability of the 2D or-
derly phase-correlated sources than the chaotic in ghost imag-
ing scheme, figure 5(c) gives the corresponding horizontal
cross-section. The blue solid curve and the red hollow trian-
gles in Fig. 5(c) are the cross-section of distribution of ghost
images at (x,y = 0) direction in Figs. 5(a) and 5(b), respec-
tively. One notes that the smaller (GI/GImax)min is, the higher
visibility of ghost image,[36] where (GI/GImax)min is the mini-
mum of the normalized ghost image (GI/GImax). Here, a total
of 10000 frames intensity distribution with an exposure time
of 1.0 ms were grabbed by each camera per plot. In addition,
the bucket signal BIi was obtained through an intensity inte-
gration of traditional imaging over the area within the white
dashed rectangle shown in Fig. 5. Comparing with the ghost
image result (GI/GImax)min = 0.992 with independent chaotic
sources, the ghost image result (GI/GImax)min = 0.84 with the
orderly phase-correlated sources shows a higher visibility.
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Fig. 5. Experimental results of the normalized second-order ghost image GI/GImax with the 2D independent chaotic sources (a) and the 2D
orderly phase-correlated sources (b), respectively. The blue solid curve and the red hollow triangles in panel (c) are the cross-section at (x,y= 0)
direction in panels (a) and (b), respectively.

4. Discussion
As we all know, the visibility of images is determined by

many factors of imaging scheme. To further show the high-
visibility superiority of the GI scheme with orderly phase-
correlated sources than the chaotic one, we propose three GI
schemes by numerical simulation in the following text. To
provide a brief description, we only show the variation of
(GI/GImax)min with certain factors.

Figure 6 show three kinds of numerical simulation results
of (GI/GImax)min with a rectangular window function object
t (x) = rect(x/W ), where W is the window size and rect(x) is

the rectangular function defined as rect(x)≡
{ 1, |x| ≤ 1/2,

0, otherwise.
Herein, the black hollow triangles and the red hollow squares
in Fig. 6 are the simulation data acquired by 10000 expo-
sure frames with the 1D independent chaotic point sources
(abbreviated as the Chaotic hereafter) and the orderly phase-
correlated sources (abbreviated as the Orderly hereafter), re-

spectively. In the first GI scheme, those two kinds of 1D
phase-controlled sources are built by N = 10 equidistant slit
sources and have the same physical unit s1 = 20 and s2 = 2.
Figure 6(a) show the simulation result of the relationship be-
tween (GI/GImax)min and the window size W of the object. In
Fig. 6(a), one can see that the visibility of ghost images with
those two kinds of phase-controlled sources shows a down-
ward trend along with a larger window size W . Compared
with the Chaotic case, however, the Orderly case shows the
advantage in visibility. The reason why the visibility of ghost
images decreases with the increase of W is that the background
superposition reduces the signal-to-noise ratio of GI from each
points in the object. The larger the object, the more valid
points ghost image contains. For the chaotic case, when the
object is approximate to a single point, (GI/GImax)min is 0.5
which is consistent with the theoretic results the background-
peak ratio 1/2 in the second-order bunching effect.
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Fig. 6. Numerical simulation results of the minimum of normalized ghost image (GI/GImax)min with two kinds of 1D phase-controlled sources:
the independent chaotic point sources (abbreviated as chaotic shown by the black hollow triangles) and the orderly phase-correlated sources
(abbreviated as orderly shown by the red hollow squares), respectively. (a) The relationship between (GI/GImax)min and the window size
W of the object. (b) Performance of the n-order GI. (c) The relationship between the second-order GI and the total point number in the 1D
phase-controlled sources. Herein, the window size W of the object in panels (b) and (c) is 3.05 mm.

The visibility of GI results can be improved by the high-
order imaging algorithm. Compared with the first GI scheme,
the physical unit of sources in the second GI scheme is ex-
actly same except the window size W of the object was fixed
at 3.05 mm. Figure 6(b) shows the performance of the n-
order (GI/GImax)min with those two kinds of phase-controlled
sources. One can note that the visibility of n-order GI with
those two kinds of phase-controlled sources can enhance as n
increases. In practice, the number of exposure frames is very
huge for suppressing the noise amplification in the conven-

tional high-order GI algorithm.
The physical size of the source will influence the spa-

tial resolution of the GI system. For discrete light sources,
the number of point sources will determine the spatial band-
width product of the imaging system.[20] Compared with the
phase-controlled sources in the second GI scheme, the physi-
cal unit s1 = 20 and s2 = 2 is unchanged but the total number of
points has been adjusted in the third GI scheme. By adjusting
the number of point sources from 5 to 25, figure 6(c) shows
the relationship between the point number and the visibility
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of second-order GI with those two kinds of phase-controlled
sources. Here, the window size W of the object was fixed at
3.05 mm. For the chaotic case, although the ratio 1/2 of the
bunching background-to-peak has nothing to do with the num-
ber of point sources, the quantity of speckle particles illumi-
nated on the object increases due to the improvement of spatial
resolution of the GI system and leads to the imaging visibil-
ity decrease. However, for the orderly case, the decay of the
bunching background-to-peak makes the visibility of the ghost
image improve rapidly although the GI scheme’s resolution is
improved. In a word, the orderly phase-correlated sources in
the above three GI schemes always show visibility superiority
than the chaotic case.

5. Conclusion
In conclusion, firstly we theoretically compared the far-

field second-order interference of independent chaotic point
sources, orderly phase-correlated sources, and disorderly
phase-correlated sources, respectively. We find that whether
the arithmetic progression phase is arranged orderly or not,
the super-bunching effect originate from the phase-correlated
sources always appears. At the same time, we find that the
second-order interference fringes originated from disorderly
phase-correlated sources do not satisfy the space translation
invariance, which is a necessary condition for the GI scheme
established. Secondly, we created experimentally the orderly
phase-correlated discrete sources which can realize the high-
visibility second-order GI than the chaotic case. Finally, we
discuss some factors that affect the visibility of GI and show
that the orderly phase-correlated discrete sources are superior
to the chaotic sources in terms of GI visibility.
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