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The resolution properties of the higher-order ghost imaging with thermal light source are inves-
tigated. In a multi-arm microscope imaging scheme with thermal light, we compare the resolution
of the images obtained by the higher-order correlation with that by the lower-order correlation, and
show that the resolution of the images can be enhanced with an increasing number of the reference
arms. The effects from the aperture of the reference lens are also discussed.

PACS numbers:

I. INTRODUCTION

In recent years, ghost imaging, ghost interference, and
subwavelength interference have been investigated exten-
sively both in quantum field and classical field. The first
coincidence imaging experiment was performed based on
entangled photon pairs generated by spontaneous para-
metric down-conversion (SPDC)[1]. While Bennink et
al. provided an experimental demonstration of ghost
imaging by using a classical source[2]. Compared with
entangled source, the visibility of the second-order corre-
lated imaging with thermal source is quite low, which
could become the obstacle for the applications of the
imaging technique. To enhance the visibility, some ef-
forts turned to higher-order ghost imaging[3–7]. As
pointed in Refs. [4, 5], the higher-order intensity correla-
tion could improve the visibility and the resolution of the
interference pattern in a double-slit interference scheme
when compared with the lower-order intensity correla-
tion. However, their work focused on the higher-order
ghost interference and diffraction, the resolution of the
higher-order ghost imaging was not mentioned. In this
Letter, we discuss the higher-order microscope imaging
with thermal source. Based on the analytical results and
the numerical simulations, we show that the resolution of
the images can be enhanced with an increase of the ref-
erence arms in a multi-arm microscope imaging system.

II. THE MODEL AND ANALYTICAL RESULTS

Here, the test arm is a conventional imaging setup, and
the object distance z1, the image distance z12, and the
focal length of the objective lens f1 obey the Gaussian
thin-lens equation: 1/z1 + 1/z12 = 1/f1. Based on the
Rayleigh criterion, the resolution limit δx of the test arm
is determined by the wavelength and the NA of the objec-
tive lens: δx = 0.61λ/NA' λz1/a1, where a1 is the aper-
ture of the objective lens. For simplicity, we suppose that
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FIG. 1: A three-arm microscope imaging system.

the distance zi, zi2 and fi also satisfy the Gaussian thin-
lens equation in the reference arm: 1/zi + 1/zi2 = 1/fi.
Under the paraxial approximation, the impulse response
functions for the i arms can be derived from the Huygens-
Fresnel integral[9], we do not show them here.

Based on the previous work[5], the information of the
object can be retrieved by measuring the i-order intensity
correlation between the i detectors. For simplicity and
without losing generality, we firstly give the results under
the third-order correlation[3], then generalize the higher-
order case.

G(3)(u1, u2, u3) = 〈I1〉〈I2〉〈I3〉+ 〈I1〉G23 + 〈I2〉G13

+〈I3〉G12 + G123, (1)

where the first two terms on the right-hand side of Eq. (1)
contribute only the background, the third and the fourth
terms involve two-photon bunching[5], and give the infor-
mation of the object imaged at D2 and D3, respectively.
This is the phenomenon of the second-order ghost imag-
ing in essence. The last term which involves three-photon
bunching represents the intensity fluctuation correlation
between three detectors, we only discuss the contribution
from this term in the following. During of this process,
a double-slit with the slit width b = 0.04mm and the
distance between two slits d = 0.08mm is chosen as the
object imaged, and it is placed at z0 = 100mm from the

978-1-4673-5225-3/14/$31.00 ©2014 IEEE



2

light source. zi = 150mm and zi2 = 300mm are chosen
to obtain the same magnification Mi = 2, and we assume
that objective and the reference lenses have the same fo-
cal length fi = 100mm. The aperture of the objective
lens is fixed a1 = 2mm, and the aperture of the reference
lens is variable.

By substituting the corresponding impulse response
functions into Eq. (1), and assuming the source is large
enough and the intensity distribution is uniform I(x) =
I0, we can get the expression of the intensity fluctuation
correlation between three detectors. Here we assume that
two reference detectors are scanned synchronously, i.e.,
u2 = u3, for a simple case of u1 = uiM1/Mi, we have
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where some unessential constant (phase) factors have
been omitted. The corresponding image represents the
point-point intensity correlation function, and its integral
kernel
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it is not difficult to give the corresponding expression
under the i-order intensity correlation measurement.
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The point spread function Hi(uiM1/Mi, ui) character-
izes the resolution of the higher-order ghost imaging sys-
tem. Obviously, the resolution depends the number of the
reference arms and the apertures of the reference lenses
ai if the NA of the objective lens is limited. Both using
large apertures and increasing the number of the refer-
ence arms can result in the improvement of the resolu-
tion.

In the following, we show the numerical simulations to
demonstrate the above results. In the above calculation
and discussion, we have assumed that the source is large
enough and the intensity distribution is uniform. In the
practical case, this source does not exist. Here we as-
sume that intensity distribution of the source is of the
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FIG. 2: The images of the two-slit from (a) only the test
arm, (b) the second-order intensity correlation between the
test arm and one reference arm, and (c) the third-order in-
tensity fluctuation correlation between three detectors. Other
parameters are chosen as λ = 532nm, a2 = a3 = 1mm, and
the transverse size of the source σI = 0.5mm.

Gaussian type. Figure 2 gives the resolution difference
between the images obtained by the third-order corre-
lated imaging and by the lower-order one. When we only
consider the test arm, the resolution limit of the test arm
δx ' 1.22λz1/a1 ≈ 0.05mm is smaller than the two-slit
separation 0.08mm. Thus we can not obtain the images
of the two-slit only by the imaging setup of the test arm,
as shown in Fig. 2(a). Then, a conventional lens-limited
imaging system is rebuilt into a two-arm endoscope by
adding a reference arm, the result is plotted in Fig. 2(b).
Here we can distinguish the two slits which are obtained
by the intensity correlation between D1 and D2, while
the resolution of the images is not good, and definitely
needs to be improved.

Now, the most obvious question is whether the imaging
resolution can be improved by considering higher-order
correlated imaging. To this end, we need compare the
results from third-order intensity correlation with that
in Fig. 2(b). While it is quite difficult to compare a two-
dimensional image with a three-dimensional one. Based
on the conclusion in Ref. [5], we know that the contribu-
tion from three-photon bunching to the final imaging is
equal to the sum of the two-photon bunching effects only
when the condition of u2 = u3. So we use the sum of
the two-photon bunching effects for u2 = u3 to replace
the imaging signal from three-photon bunching, the re-
sult is shown in Fig. 2(c). It is shown that by compar-
ing Figs. 2(b) and (c), the resolution is enhanced greatly
when two additional reference arms are considered.

We next explore the effects from another parameter in
Eq. (3), i.e., the apertures of the reference lenses. With
the apertures of the reference lenses increasing from ai =
1mm in Fig. 2 to ai = 5mm in Fig. 3, the two slits are
separated clearly. In other words, an increasing aperture
of the reference lens makes the resolution of the images
improve evidently.
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FIG. 3: The same as Fig. 2 except for a2 = a3 = 5mm.

III. CONCLUSIONS

In conclusion, we have investigated the higher-order
microscope imaging with thermal light. Based on the
theoretical analysis and the numerical simulations, we

show that both large apertures of the reference lenses
and an increasing number of the reference arms enhance
the imaging resolution. Our results can be applied to im-
prove the resolution of a conventional lens-limited imag-
ing system. For example, the medical video endoscope
can be substituted with a multi-arm endoscope by adding
the number of the reference arms. Here we can use large
reference lenses to enhance the resolution. If the refer-
ence arms have limitation in size, higher-resolution im-
ages can be also obtained by considering more reference
arms.
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