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Abstract: In an imaging system, resolution and signal-to-noise ratio (SNR) are two important
indexes to characterize imaging quality. Ghost imaging is a novel imaging method whose imaging
resolution and SNR are affected by the speckle size. In this paper, the relation between speckle
size and resolution as well as that between speckle size and SNR in the GI system is analyzed
in detail. It is shown that the critical resolution, resolvable minimum-separation between two
adjacent objects, is approximately equal to the speckle size (speckle diameter). There exists an
optimum SNR when the speckle size is larger than the object size. Based on our conclusion, we
propose a scheme to enhance the critical resolution of the GI system by using a vortex beam, and
the enhancement ability under different topological charges is clearly presented, which can be
quantized by a simple formula.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Different from conventional imaging technique, ghost imaging (GI), a non-local imaging
technique, retrieves the image of an object by intensity correlation measurements between two
spatial separated light beams. It was first experimentally verified in 1995 by using entangled
photon pairs [1], making many thought that GI was a pure quantum phenomenon. In 2002,
Bennink ef al. experimentally presented a contrary evidence that GI with a classical source
can also be achieved [2]. Subsequently, many GI experiments with classical sources have been
reported successively, including true thermal light [3] and pseudo-thermal light [4]. Since then,
GI with pseudo-thermal light has been received considerable attentions owing to its convenience
configurations, and significant progress has been made in medical imaging [5], military detection
[6], lidar [7] and remote sensing [8]. However, its imaging signal-to-noise ratio (SNR) is usually
inferior to conventional imaging because of the nature of statistical correlation. For this reason,
many algorithms have been developed to enhance imaging SNR of GI, such as compressive
sensing [9], differential operation [10], and pseudo-inverse operation [11]. Especially in recent
years, GI has been benefited widely by the advances in deep learning-based algorithms [12,13].

For any imaging system, an image with high resolution and SNR is pursuant for high-quality
imaging. In conventional imaging system, the imaging SNR is equal to the system’s detection
SNR [14]. The spatial resolution is determined by the point spread function (PSF) of the system
[15] and the resolution limit is usually given by the Rayleigh diffraction limit [16], which is
defined as the resolvable minimum-separation between two points [17,18]. In GI system, these
factors that affect imaging quality are quite complex because of its statistical characteristics. The
influence from speckle field characteristics (e.g., statistical distribution and size) on imaging
quality has become a research hotspot in recent years [19-27]. It is shown that by changing the
statistical distribution of speckle fields, e.g., non-negative exponential [25] and sub-Rayleigh
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speckle fields [26], the imaging resolution can be improved. An increase of the speckle size can
improve the SNR of reconstructed images [19-24,27], but reduce the resolution. In other words,
decreasing the speckle size results in higher resolution at the expense of a reduced SNR. Hence,
it is very important to choose an appropriate speckle size to tradeoff between resolution and SNR
for high-quality GI.

In this paper, the influence of the speckle size on the resolution and SNR in GI system is
investigated experimentally and numerically. The speckle size is controlled by imaging distance,
and it is shown that the resolution of GI reaches the limit, which is the minimum resolution for
distinguishing two adjacent objects when the speckle size (speckle diameter) is approximately
equal to the separation of two objects. In other words, the critical resolution [28], resolvable
minimum-separation between two adjacent objects, is approximately equal to the speckle size.
In addition, an optimum SNR can be obtained by adjusting the speckle size when the speckle
size is larger than the object size. The numerical and experimental results verify our conclusion.
To improve the critical resolution, a GI scheme by using a vortex beam instead of the Gaussian
beam is proposed, and the results show that increasing the topological charge of the vortex beam
can result in smaller speckle size, thus obtain higher critical resolution. Moreover, we provide an
analytical formula to quantify the enhancement ability under different topological charges, and
the formula of critical resolution in GI system with the vortex beam is also given.

2. Model and theory

2.1. Measurement of the statistical size of speckle patterns

The experimental setup to measure the statistical size of speckle patterns is shown in Fig. 1(a). A
collimated laser beam after passing through the phase modulator (PM) is used to irradiate the
rotating ground-glass (RGG) to generate speckle patterns, which are recorded by a charge-coupled
device (CCD). According to speckle statistics theory [29], one can obtain the statistical size of the
speckle pattern by autocorrelation operation. In our numerical model, the modulation effect of
ground-glass on the incident beam can be expressed using a transmission matrix 7 with circular
Gaussian distribution, which is shown in Fig. 1(b). Thus, we have

Eq =Ein - T, (1)

where Eji, (Eqy) is the field distribution on the front (rear) surface of the ground glass.
Through the Fresnel diffraction integral, we can deduce the intensity distribution expression of
the speckle field at z distance after the beam passing through the ground glass.
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where (£,1,0) is the coordinates of the plane where the ground glass is located, and (x,y,0) is the
coordinates of the observation plane. Similarly, carrying out the autocorrelation operation on the
speckle pattern obtained by Eq. (2), we can acquire the statistical size of the speckle pattern.

Assuming the output beam modulated by PM is a Laguerre-Gaussian vortex beam, the beam
profile in the cylindrical coordinates system can be written as [30]:

I _ P a o’ .
E'(p,0,z=—p) < W exp w2 exp(ilf), 3)
0

where p is the distance from the PM to the RGG. Wy and [ are the beam waist radius and
topological charge, respectively. According to the Collins diffraction integration formula [31],
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Fig. 1. (a) Experimental setup for a measurement of the statistical size of speckle patterns.
BE: beam expander; PM: phase modulator; RGG: rotating ground-glass; CCD: charge-
coupled device. W represents the waist radius after the laser beam passes through the BE
and z is the distance from the RGG to the CCD. (b) Schematic diagram of beam propagating
through a ground glass.

the light field on the front surface of RGG can be expressed as

7] 2 2

Wo P 1% . . . 2p p
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where k is the wave number, W, = Wo/(1 + p?/zg?), 2 = kWy? /2. In our experiment, p < zg,
soW, =~ Wy. Note that when /=0, the vortex beam degenerates into a typical Gaussian beam,
which can be viewed as a special case of vortex beam. According to Ref. [32], the theoretical
formula for the statistical size (speckle statistical diameter) of speckle patterns generated by a

Gaussian beam is given by
21z

S= o &)

where z is the distance after a Gaussian beam passing through a RGG. Based on the above
theoretical analysis, we set Wy = 1 mm, the speckle size S under different topological charge [
versus propagation distance z is shown in Fig. 2(a).

For the Gaussian beam (/=0), one can find that the simulation and experimental values
match well with theoretical results, which confirms the reliability of our numerical model and
experimental measurement. For the vortex beam (I # 0), the simulation values match well with
experimental results. In addition, one can clearly see that the speckle sizes from the vortex
beam are smaller than those of the Gaussian beam under the same propagation distance, and the
larger the topological charge is, the smaller speckle size is. At the same time, Fig. 2(b) shows
the speckle patterns when the topological charge / chooses different values under propagation
distance z = 0.5 m, which intuitively shows the changing trend of the speckle size.

2.2. Experimental description of Gl and imaging quality assessment

The experimental setup of GI with the vortex beam is schematically illustrated in Fig. 3. A
fundamental Gaussian beam is generated by a CW single-frequency laser at 532 nm. The first
circular aperture (CA1) and laser attenuator (LA) are used to filter out the stray light and adjust
the intensity of the beam, respectively. The variable beam expander (VBE) is used to collimate
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Fig. 2. (a) Speckle size S as a function of the propagation distance z under different
topological charge /. (b) The speckle patterns versus topological charge under propagation
distance z=0.5 m.

and expand the beam, and the second circular aperture (CA2) is used to modulated the diameter
of output beam. The first laser polarizer (LP1) is used to control the direction of polarization of
the laser beam, allowing the spatial light modulator (SLM) to achieve maximum modulation.
The prescribed phase picture is loaded onto the SLM, which can generate the Laguerre-Gaussian
vortex beam. The second laser polarizer (LA2) behind the SLM is used as a polarization analyzer
to filter out the stray light, and the third circular aperture (CA3) is used to eliminate conjugate
image of the vortex beam made by the SLM. Then the speckle source, generated by the vortex
beam illuminating the slowly RGG, is divided by using a beam splitter (BS) into the reference
and object beams. In the reference path, the intensity distribution of the speckle field is detected
by a CCD camera (Thorlabs DCC3240C: 1024 x 1280 pixels, pixel size: 5.3 um). In the object
path, the speckle field passes through a transmissive object, and then all transmitted photons are
collected by a bucket detector (Thorlabs PDA100A2: the detected aera 75.4 mm?, the gain range:
0-70dB).

According to the classical GI theory, we can obtain the object information G(p) using the
following correlation function [33,34]

1 N 1 N 1 N
Glp) = D eIy =5 D 1Moy D 1 ©)

n=1 n=1 n=1
where I} = Y I} (0)T(p)I} (p), T(p) and N are the total signal of the bucket detector for the nth
P

measurement, the intensity of the projected field at location p recorded by the CCD camera for the
nth measurement, the transmission function of the object and the total number of measurements,
respectively. For simplicity, it is assumed that the object has binary transmission. i.e., the value
of T(p) is either zero or unity. In order to quantitatively analyze imaging quality, the SNR is
generally used, which is defined as [35]

(Is) = {In)

(Vs + VN)’

where (Ig) and (Iy) are the ensemble average of the reconstructed object signal with the
transmission being one and zero, respectively. Vs and Vy are the corresponding variances,
respectively.

SNR = 7
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Fig. 3. Schematic diagram of experimental setup for GI with the vortex beam. CA1, CA2,
CA3: circular apertures; LA: laser attenuator; LP1, LP2: laser polarizers; VBE: variable
beam expander; SLM: spatial light modulator; BS: beam splitter. / is the topological charge
of generated vortex beam. z(, z; and z, are the distances from the RGG to the CCD, from
the RGG to the object, and from the object to the bucket detector, respectively.

The evaluating method of the spatial resolution of the reconstructed image is shown in Fig. 4.
Here, the white square with a side of length /& (double-slit height) is chosen as an area covering
signal and background to calculate the resolution. The R value, which is defined as the ratio of
the intensity at the ghost-image center to the maximum intensity [36], is chosen as the evaluation
criterion of imaging resolution. It is worth mentioning that the average value of the pixel values
in the y direction is used to replace the pixel value at y = 0 to degrade the impact of noise. Thus,

-0.8 -0.4 0 0.4 0.8
x(mm)

Fig. 4. Method of resolution measurement of a retrieved image.
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where M represent the pixel numbers in the y direction. The smaller the R value is, the higher the
resolution of the reconstructed image is, which is indicated by a blue dashed line in Fig. 4(b).

3. Experimental and simulation results

In our experiments, the imaging object is chosen as a double-slit, whose center-to-center separation
d is twice slit width w, i.e., d =2w. The exposure time of the CCD is 0.25 ms, the gain of
the bucket detector is 70 dB, the number of measurements is 10000 and the imaging distances
shown in Fig. 3 satisfy: zgp =z;. In our simulations, the sampling points is 480 x 480, and other
parameters are identical to those in the experiments.

3.1.  Exploring the critical resolution and optimum SNR of the Gl system

We consider the speckle field generated by Gaussian beam (/=0 in Eq. (4)), and the effects of
speckle size on GI are examined. From Eq. (3), different speckle sizes S can be obtained by
changing the imaging distance zp or adjusting the beam width W,. Here, we set d =0.4 mm,
Wo =1 mm, and zp is increased from 0.295 m to 1.772 m in 6 steps. The experimental and
simulation results are shown in Fig. 5. It is obvious that the speckle size gradually increases for
lager imaging distance in Figs. 5(a) and (c), here S of every speckle pattern is marked at the
bottom. The reconstructed ghost-images are given in Figs. 5(b) and (d). As the imaging distance
increases, i.e., the increment of the speckle size, the back noise of the ghost images become
lower and lower, while the resolution of ghost-images is degraded and finally the two slits cannot
be distinguished. For quantitatively depicting the change of the resolution, R is presented in
Figs. 5(e). With the increase of the imaging distance, the value of R keeps increasing, which
means that the imaging resolution is getting lower and lower. In addition, it is worth noting
that the image of the double slit is barely distinguishable when the imaging distance is 1.181 m
[see Figs. 5(b4) and (d4)], which corresponds to the speckle size being about 0.4 mm. Based
on the Rayleigh criterion, the value of R is 0.81 [18] when two rectangular apertures are just
distinguishable. As can be seen from Fig. 5(e), the value of R is about 0.81 when the imaging
distance is 1.181 m (S = 0.4 mm) both in experiment and simulation. i.e., the critical resolution
(the resolvable minimum-separation between two adjacent objects), denoted dg, appears when
the speckle size is about the slit separation (d = 0.4 mm), which is of great significance to evaluate
the imaging capability of GI system. In addition, the function relationship between SNR of
ghost-images and imaging distance zo or speckle size S is plotted in Fig. 5(f). One can find that
the laws of SNR versus the speckle size S is different from the previous works [19-24,27], i.e., the
value of SNR increases first and then decreases with the increase of the speckle size S, while the
SNR increases monotonically as S increases in previous works. In fact, our result does not conflict
with that in previous works. The previous works only considered the case where the speckle
size S is smaller than the object size w. When S < w, the double-slit is clearly distinguishable.
Under the circumstances, the SNR of ghost-image is mainly affected by the background noise
[see Figs. 5(b1) and (d1)], so the SNR increases monotonously with the increase of the speckle
size. When S > w, as the speckle size increases, the resolution of ghost-image becomes lower
and lower, resulting in blurred and widened double-slit. In the process of calculating of the SNR
[see Eq. (7)], the widened region of the double-slit is treated as the noise. When the increment of
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this noise is greater than the decrement of background noise, the SNR of ghost-image is mainly
affected by this noise, which leads to the decrease of SNR.
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Fig. 5. The speckle patterns and reconstructed ghost-images versus speckle size S controlled
by imaging distance z. (a), (b) Experimental results. (c), (d) Simulation results. (e), (f) The
dependences of the R and the SNR on the imaging distance.

3.2. Verificating the critical resolution and optimum SNR of the Gl system

Based on the discussion in Section 3.1, two important conclusions can be drawn: (1) the critical
resolution dg of GI system is approximately equal to the speckle size S under d =2w, i.e., dg =
S5 (2) GI system exists a maximum of SNR for a given object size, which can be achieved by
adjusting the speckle size. To prove that the above conclusions are general, we consider some
other cases in the hope of reaching the same conclusions.

Firstly, we set the slit separation d =0.2, 0.3, 0.5 and 0.6 mm, and the corresponding speckle
sizes are about 0.2, 0.3, 0.5 and 0.6 mm, respectively to demonstrate the critical resolution of
GI system. Figure 6(a) shows the experimental results of the reconstructed ghost-images and
the corresponding simulation results are presented in Fig. 6(b). The two slits of ghost-images
which are visible to the naked eye are in the state that is just distinguishable. Further, the R value
of ghost-images for different d is plotted in Fig. 6(c), here the theoretical R value of critical
resolution is indicated by a blue dashed line. One can find that although some of the results
are slightly different from the theoretical value, the error of experimental and simulation results
is lower than 2.23%. Therefore, the experimental and simulation results match well with the
theoretical value 0.81, which confirms the reliability of our conclusion (1). Thus, the critical
resolution of pseudo-thermal GI system under d = 2w can be express as:

22z
dp =~ —. 9
R W )]
Next, we further demonstrate the laws of SNR versus the speckle size S shown in Fig. 6(d)
under different object sizes (w =0.25 and 0.3 mm). Obviously, the optimum SNR appears when
S > w, which confirms the reliability of our conclusion (2).
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Fig. 6. (2) and (b) are the experimental and simulation results when the slit separation d is
comparable to the speckle size S, respectively. (c) is the R versus d. (d) is the SNR versus
Siw.

3.3. Enhancing critical resolution of the Gl system by using a vortex beam

According to the above analysis, the critical resolution of pseudo-thermal GI system is determined
by the speckle size, and the critical resolution is approximately equal to the speckle size, which
means that the critical resolution can be enhanced by decreasing the speckle size. In Section 2.1,
we have presented the comparison between the propagation effect for the Gaussian beam and
vortex beam, which clearly shows that the speckle sizes from the vortex beam are smaller than
those of the Gaussian beam under the same propagation distance. Based on these conclusions,
we propose a scheme to enhance the critical resolution in GI system by replacing the Gaussian
beam with the vortex beam.

Firstly, we consider the slit separation d = 0.4 mm and the imaging distance zo = 0.886 m to
demonstrate the resolution enhancement of GI system by using vortex beam. Figure 7 shows
the ghost-images obtained under different topological charges. Figures 7(a) and (b) are the
experimental and simulation results, respectively. Although the two slits of ghost-images from
Gaussian beam (I = 0) can be distinguished, the resolution is low. Compared with the Gaussian
beam, the two slits of ghost-images from vortex beam (/=1 and 3) can be clearly distinguished,
and the larger the topological charge, the better the discrimination effect, which means that the
resolution of ghost-images is improved by using vortex beam, and the greater the topological
charge, the better the improvement.

Next, we discuss the improvement effect of vortex beam on the critical resolution of GI system.
The reconstructed ghost-images versus imaging distance under different topological charges
are shown in Figs. 8(a)-(d), here the slit separation is d =0.2 mm. The first and second rows
are the experimental and simulation results, respectively. For the convenience of comparison,
Figs. 6(al) and (b1) are redrawn in Fig. 8(a). When the imaging distance is equal to 0.591 m, the
two slits of ghost-images from the Gaussian beam (/= 0) are just distinguishable, which means
that the critical resolution dg is about 0.2 mm [see Fig. 8(a)]. While the double-slit pattern by
using the vortex beam (/ = 1) can be clearly distinguished, indicating that the critical resolution is
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Fig. 7. The reconstructed ghost-images versus topological charge under slit separation
d=0.4mm. (a) Experimental results. (b) Simulation results.

improved [see Figs. 8(b)]. This fact can also be demonstrated from the evolution of R, and the
corresponding R values of the experimental and simulation results increase by 35.85% and 50%,
respectively when the vortex beam is considered. For the longer imaging distance (zp = 0.886 m),
the double-slit pattern is barely distinguishable in Fig. 8(c) under the topological charge [=1,
while the two slits can be clearly distinguished as shown in Fig. 8(d) for the higher topological
charge (I =3), and the R value in the experimental and simulation results increase by 24.15%
and 41.63%, respectively. Therefore, one can conclude that the critical resolution of GI can be
significantly improved by using the vortex beam when compared with that with the Gaussian
beam. At the same time, GI with longer imaging distance can be achieved by increasing the
topological charge number of the vortex beam under the same critical resolution, as shown in
Fig. 8(e). The above results can be explained by the change of the speckle size plotted in Fig. 8(f).
One can clearly see that the speckle sizes from the vortex beams are smaller than those of the
Gaussian beam, and the speckle size decreases with increasing the topological charge number of
the vortex beam, thus a larger critical resolution can be obtained.

To quality the above result, we choose Q; to represent the enhancement ability of critical
resolution by replacing the Gaussian beam with the vortex beam, and Q; = Sg/Sy. Here, Sg and
Sy are the speckle size generated by the Gaussian beam and vortex beam, respectively. The
function relationship between Q; and [ is plotted in Fig. 9(a). Obviously, Q; gradually increases
for larger /, i.e., the larger the topological charge is, the stronger the enhancement ability. At the
same time, a fitting function Q; = A/® + C is performed to formalize the relationship between the
enhancement ability and the topological charge. The fitted curve (solid line) match well with the
simulation data (open circles). Thus, the critical resolution in GI system with the vortex beam
can be expressed as :

21z

T QW'

where Q;=0.97881%5214 4+ 0.4740 and /> 1. Morever, the comparison between the critical
resolution with the vortex beam and the Rayleigh diffraction limit (0.614z/ W) is presented, as
shown in Fig. 9(b). Obviously, the critical resolution with the vortex beam (/>0) can exceed the
Rayleigh diffraction limit.

R (10)
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Fig. 8. The reconstructed ghost-images versus imaging distance with slit separation
d =0.2 mm under different topological charges. (a) zg =0.591 m, [=0; (b) zg =0.591 m,
[=1; (c) z0=0.886 m, [=1; (d) z0=0.886 m, /[=3. The first and second rows are the
experimental and simulation results, respectively. (e), (f) The dependence of R and S on the
imaging distance, respectively.
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Fig. 9. (a) and (b) are the dependences of the enhancement ability Q; and critical resolution
dg on the topological charge /, respectively.

4. Conclusions

In conclusion, we have experimentally and numerically investigated the effects of the speckle
size (speckle diameter) controlled by the imaging distance on resolution and SNR of GI. It is
shown that the critical resolution (the resolvable minimum-separation dr between two adjacent
objects) of GI system is approximately equal to the speckle size and an optimum SNR exists
in GI system, which is verified by the corresponding experimental and simulation results. In
addition, the scheme of improving the critical resolution of GI system is proposed by using the
vortex beam, and the results show that the critical resolution can be significantly enhanced by
replacing the Gaussian beam with the vortex beam. Moreover, a quantitative formula about the
critical resolution of GI system with vortex beam is given, which can be useful for designing GI
system and remote sensing.
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