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The coherent-mode representation theory is firstly used to analyze lensless two-color ghost imaging. A quite com-
plicated expression about the point-spread function (PSF) needs to be given to analyze which wavelength has a stronger
affect on imaging quality when the usual integral representation theory is used to ghost imaging. Unlike this theory, the
coherent-mode representation theory shows that imaging quality depends crucially on the distribution of the decomposition
coefficients of the object imaged in a two-color ghost imaging. The analytical expression of the decomposition coefficients
of the object is unconcerned with the wavelength of the light used in the reference arm, but has relevance with the wave-
length in the object arm. In other words, imaging quality of two-color ghost imaging depends primarily on the wavelength
of the light illuminating the object. Our simulation results also demonstrate this conclusion.

Keywords: ghost two-color imaging, imaging quality, coherent-mode representation

PACS: 42.50.Ar, 42.25.Kb, 42.30.Va

1. Introduction

Ghost imaging is an indirect and nonlocal imaging
method. The new imaging technique permits to image an ob-
ject with single-pixel detector, which is realized by correlat-
ing the signals from two optical paths, the object arm and the
reference arm. The object light which illuminates the object
imaged is detected by a detector without any spatial resolution
ability (a single-pixel detector or a bucket detector), and the
reference light which does not usually interact with the object
is detected by a spatial resolvable detector. The object infor-
mation can be reconstructed by registering the intensity corre-
lation as a function of the transverse position of the reference
detector.

The realization of the imaging technique was attributed to
quantum correlations associated with entangled photons gen-
erated by parametric down-conversion,!!=3! and the classically
correlated light which is generated by illuminating a laser
beam through a rotating ground class.*~7] Recently, there have
been many researches on new imaging schemes and meth-
ods. Ghost imaging technique combined with computer gener-
ated random patterns (computational ghost imaging),'®°! spar-

(10,11

sity constraints, I'and compressive sensing!'>!3 were in-

vestigated. Imaging through different circumstances, includ-

14-16] gcattering media, "1 tur-

ing turbulent atmosphere, !
bid media,?° and refractive media,?!! were studied. Ghost
imaging with the reflective targets were analyzed theoretically
and experimentally.[*>24] The scheme of ghost imaging lidar

which can be used in the field of remote sensing was also
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proposed.[10-2-281

Note that the most work focused on ghost imaging with
monochromatic thermal light. Recently, some works have dis-
cussed two-color, even multi-wavelength ghost imaging. 23?1
Chan et al. firstly studied two-color ghost imaging using ei-
ther thermal or quantum light sources. Their results showed
that the resolution of two-color thermal ghost imaging can be
higher than its quantum counterpart. By a very complicated
point-spread function (PSF), they also showed that the spa-
tial resolution of ghost-image depends primarily on the wave-

1291 A new coherent-mode

length used to illuminate the object.
representation theory was reported to analyze ghost imaging
with classical light source, and the results showed that this
theory is suitable for evaluating imaging quality in 2f, f-2f,
and lensless Fourier-transform ghost imaging systems.33! We
discussed the possibility that the theory is used in a ghost mi-
croscope imaging system.3*! However, whether the coherent-
mode representation can be used to analyze lensless two-color
ghost imaging is not mentioned in these works.

In this paper, we investigate lensless two-color ghost
imaging by using the coherent-mode representation theory. It
is shown that the intensity fluctuation correlation function in a
lensless two-color ghost imaging system can be changed from
the usual two-dimensional integral representation to a new
one-dimensional summation representation, based on which
imaging quality can be analyzed by the distribution variety of
the decomposition coefficients of the object imaged. By the
analytical and numerical results, we show that the decomposi-
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tion coefficients are only related to the wavelength used in the
object arm. The theory is quite suitable for evaluating which
wavelength has a stronger effect on imaging quality in two-
color ghost imaging.

2. Model and analytical results

To demonstrate two-color ghost imaging, a conventional
lensless ghost imaging system with pseudothermal light needs
minor modification, as shown in Fig. 1. A laser beam com-
posed of two different wavelengths A; and A, passes through a
spatial light modulating system (SLMS). The system can im-
press identical random intensity patterns onto the two-color
light to produce the pseudothermal source, and then the mod-
ulated light is divided by a dichroic mirror (DM) as two beams.
In the object arm (A4,), an object (with the transmission func-
tion 7(x")) is placed at a distance z; from the source and a CCD
camera 1 is placed at a distance z, from the object. In the ref-
erence arm (A;), only a CCD camera 2 is placed at a distance
z from the source. The impulse response functions for the two
arms can be expressed as

e hia —ir
h _ {7 I 2}1‘ /
) = [ S—exp [ (0 )

efiklzz

Xmexp[;l—z(ul—x/)z}dxl, (1)
hy(x2,up) = ei;jexp [Z—Z(ug—xz)z}. 2)
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Fig. 1. (color online) A simplified scheme for lensless two-color ghost
imaging.

The information of the object can be retrieved by measur-
ing intensity fluctuation correlation function!®!
G(ur,u2) = (Al ()AL (u2))
2
= ‘/F(xl,X2)hT(X1,Ml)hz(xzwz)dxldn , (3)
where Al (u;) = Ii(u;) — (I;(u;)) (i =1,2) and I'(x,x7) is the
second-order correlation function of the source.
Based on the second-order coherence theory of opti-

cal fields, I'(x1,x,) can be expressed in the coherent-mode
representation33! as

(x1,x2) =Y By (x1)9n(x2), @)

where f3, and ¢, are the corresponding eigenvalues and eigen-
functions of the homogeneous Fredholm integral equation, and

/F(xbxz)(l)n(xl)dxl = Bun(x2). S)

Substituting Eq. (4) into Eq. (3) and using Eq. (5),
G(uy,up) can be rewritten as

GO (ur,u2) = | ¥ o () gn(ws)| ©)
with
Ja(ur) = [y (xy,u1)@n(x1)dxy, o
gn(u2) = [ ho(x2,uz) @y (x2)dxz,
and
hy(x1,ur) =X fu(ur) 9, (x1),
! ®)

ho(x2,u2) = §g,,(u2)¢;(x2).

By using Eq. (6), Cheng and Han discussed the possibil-
ity that the coherent-mode representation theory is used to an-
alyze ghost-image in three ghost imaging schemes (2f, f-2f,
and lensless Fourier-transform ghost imaging systems), and
their results showed that the theory is very suitable for eval-
uating imaging quality.>3! Note that their discussion did not
include lensless ghost imaging, and the light source used in
their work is monochromatic. In the following, we focus on
the possibility that lensless two-color ghost imaging is studied
by the coherent-mode representation theory.

First, substituting Eq. (1) into Eq. (8) and considering
71 = z, we can obtain

) = LA ) [ ontenesp | 75 -0 an, )

where z in Eq. (1) is ignored. f;’ can be looked upon as the
decomposition coefficients of the object imaged.
Then, substituting Eq. (1) into Eq. (7), we have

gnluz) = [ dnl2) expl—im ez —x2)?/ (Ro2)]

After considering the above equation, equation (6) can be
rewritten as

Glurz) = | LBt ) f on(x2)
X exp [;—;(uz—xz)ﬂ dlez. (10)

If we choose a Gaussian Schell-model source, 3, and ¢,
are the corresponding eigenvalue and eigenfunction of the
coherent-mode representation of the light source, >3 and

/ n
B = (a—I—Z—FC)I 2<a—|—i+c) ’
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H,(xv2c)e ",  (11)

o= (%)

where a = 1/407, b = 1/20Z, and ¢ = Va®> +2ab. o} is the
diameter of the laser beams illuminating the SLMS, oy repre-
sents the size of the spatial correlations of the two beams at
the out plane of the SLMS, and H,,(x) are the Hermite polyno-
mials. Here, we consider the situation of A; < oy K 0.9

By comparing Eq. (10) with Eq. (9), the object’s transmis-
sion function can be perfectly imaged under the condition of
Bn = Po and A; = A,. From Ref. [33], imaging quality depends
crucially on the distribution of 8, and f,. It is shown that from
Eq. (11) B, is only related with the properties of the source
(the transverse size and the transverse coherence width). We
will keep the two parameters unchanged in the following dis-
cussion, so the effect of 3, on imaging quality can be ignored.
In other words, the change of imaging quality is primarily due
to the wavelength difference A; # A,. From Egs. (1) and (7),
the variety of the wavelength can influence the distribution of
fn, and thus affect imaging quality. It is also noted that f,, only
concerns the wavelength used in the object arm, and has no re-
lation with the one in the reference arm, so imaging quality of
two-color ghost imaging depends primarily on the wavelength
of the light illuminating the object.

3. Simulation results

In this section, we give the numerical simulations to
demonstrate the above analytical results. During the process,
a double-slit with the slit width 0.08 mm and the distance
between two slits 0.16 mm is chosen as the object imaged,
and the parameters of light source are fixed as 6] = \/W =
4.0 mm and o, = /1/2b = 0.06 mm. A further point that
should be noted is that an imaging detector instead of a point-
like detector is used in the test arm, so the ghost-image should
be defined as G? (u2) = [ G® (uy,ur)du;.

We firstly consider the case of the monochromatic light
source A; = A, = 532 nm. Figures 2(a) and 2(b) show the
distribution of the eigenvalues 3, of the coherent-mode repre-
sentation of the source and the decomposition coefficients f;
of the object, respectively. The reconstructed image (the up-
per) over 10000 CCD frames and its cross-section curve (the
bottom) are presented in Fig. 2(c). According to the conclu-
sion in Ref. [33], high quality ghost images can be obtained
when the distribution of 3, is wider than the distribution of f;,
i.e., increasing the distribution of f8, or decreasing the distri-
bution of f;, can result in the improvement of imaging quality.
From Figs. 2(a) and 2(b), f; has a relative narrow distribution
when compared with the distribution of f3,, which will result

in good imaging quality, as shown in Fig. 2(c).

Brl

(b)

[ fal

G(u2)

‘ [, :
—-0.1 0 0.1 0.2
uz/mm

Fig. 2. (a) The first 50 eigenvalues of the coherent-mode representa-
tion of the source. (b) The first 50 decomposition coefficients of the
object. (c) The reconstructed image of the double-slit (statistics over
10000 CCD frames) (the upper) and its cross-section curve (the bot-
tom). The parameters are chosen as 6] = \/1/4a = 4.0 mm, 6, =
V/1/2b=0.06 mm, n =50, z; =z =175 mm, and 4; = A, = 532 nm.

To show how two-color light source affects imaging qual-
ity when compared with the monochromatic light, we first
change the wavelength in the object arm but keep the wave-
length in the reference arm unchanged. Here we choose two
different A; values 546 nm and 560 nm, and the corresponding
results are shown in Figs. 3(a) and 3(b), respectively. The dis-
tribution of the eigenvalues 3, of the coherent-mode represen-
tation of the source does not be shown because it is only related
with a (07) and b (0y), and its distribution has no changes in the
following discussion when the parameters of the source keep
unchanged. The distribution changes of the decomposition co-
efficients of the object are not obvious when the wavelength A,
is increased slightly. To show clearly this variety, we give the
difference between f,, when the two-color light source is used
and that with the monochromatic light, and magnify the differ-
ence ten times. Clearly, the distribution of f, increases with an
increase of A;, which will lead to the decline of imaging qual-
ity. From Figs. 3(a2) and 3(b2), the imaging quality gradually
gets worse with the increase of A; when compared with the
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case with the monochromatic light source in Fig. 2(c), which
is consistent with our prediction according to the distribution
change of f,.

To get a deeper insight into the effect from the wave-
length change in the object arm on the imaging quality, we
depict the dependence of the fidelity on the wavelength dif-
ference A1-A, in Fig. 3(c). Here the fidelity is defined
as R= [ U(x)Uc(x)dx//(JU)0)2([ Ue(x)dn)?. B where
U(x) denotes the image from two-color ghost imaging and
Uc(x) presents the image obtained from ghost imaging with
the monochromatic light. The value of R can range from 0 to
1, and the bigger the R value is, the higher the similarity de-
gree between the two images is. From Fig. 3(c), the fidelity

declines when the wavelength in the object arm increases, and
the change is more and more obvious with an increase of the
wavelength difference.
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Fig. 3. (a) The distribution difference of f,, which is magnified ten times
when A is increased from 532 nm to 546 nm (upper left) and the re-
constructed image (bottom left). (b) The case for A; = 560 nm. Other
parameters are the same as those in Fig. 2. (c) The fidelity versus the
wavelength difference.

Then we analyze the effect from the wavelength of the
light used in the reference arm, and the results are plotted in
Fig. 4. During this process, the wavelength in the object arm
keeps unchanged. The distribution variety of the decomposi-
tion coefficients of the object do not be shown because f;, is not
related with A,, as shown in Egs. (1) and (7). In other words,
the change of A, does not influence the distribution variety

of f,. So imaging quality almost has no changes, as shown
in Fig. 4. The relationship between the fidelity and the wave-
length difference by increasing the wavelength in the reference
arm is plotted in Fig. 4(c). The result is quite different from
that in Fig. 3(c). The value of the fidelity keeps unchanged for
a small change of the wavelength in the reference arm, which
agrees with the results shown in Figs. 4(a) and 4(b). However,
the fidelity decreases for a large 4| — A, value, and it is shown
that the fidelity by changing A, is always smaller than that by

increasing A;.

a

e B
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Fig. 4. The reconstructed double-slit for (a) A, = 546 nm and (b)
A2 = 560 nm. Other parameters are the same as those in Fig. 2. (c)
The fidelity versus the wavelength difference.

By comparing Figs. 3 and 4, imaging quality in a lens-
less two-color ghost imaging system depends primarily on the
wavelength used in the object arm. One has to give a quite
complicated expression about PSF to explain this phenomenon
when the usual integral representation theory is used.!?°! Here
it is shown that the change of wavelength in the object arm A4,
results in the distribution variety of the decomposition coef-
ficients of the object f,, which finally leads to the change of
imaging quality. While the wavelength in the reference arm A,
does not have a similar impact because f, is not related with
A2. In other words, the coherent-mode representation theory is
quite suitable for analyzing which wavelength has a stronger
impact on imaging quality in two-color ghost imaging. It is
also noted that imaging quality will have some changes when
the wavelength change in the reference arm is quite big.!3!]
So the theory is only suitable for the case with small variety
of light wavelength in the reference arm. How to improve the
theory under the big wavelength change will be discussed in

our future work.
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4. Conclusion

We have investigated the possibility of analyzing imaging
quality in a lensless two-color ghost imaging system by the
coherent-mode representation theory. Unlike the integral rep-
resentation theory under which one has to give a complicated
expression of PSF to study which wavelengths has a bigger in-
fluence on imaging quality in a two-color ghost imaging, from
the coherent-mode representation, one can investigate imaging
quality of two-color ghost imaging by the distribution variety
of the decomposition coefficients of the object which is caused
by the wavelength changes. The analytical and numerical re-
sults show that the distribution variety of f, is only related to
the wavelength in the object arm. In other words, imaging
resolution depends primarily on the wavelength of the light
illuminating the object. We also analyze the applicable condi-
tion of the coherent-mode representation theory. It should be
emphasized that the two-color light source used in this paper
is produced by using SLMS, and it is an artificial and control-
lable source. In other words, our results are not suitable for
the true thermal light source.
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