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Abstract: In this study, the influence of hybrid speckle patterns on the contrast-to-noise ratio (CNR)
and resolution in pseudo-thermal ghost imaging (PGI) was examined based on the object dimensions
in the macroscopic and microscopic regimes. This research shows that an enhanced scaling of the
ghost image CNR and resolution from that of the hybrid speckle pattern was observed with the
increase in speckle size for a macroscopic object, compared with the use of single-size speckle patterns.
For microscopic objects, the hybrid speckle pattern also offered the advantage of retrieving ghost
images even if the CNR followed the same trend as the resolution. These results were verified using
two different slits with the same transmitted area. In addition, the numerical analysis revealed that
the interference of the hybrid speckle pattern was the major factor for a better CNR. Based on these
findings, the novel hybrid speckle pattern found in this research provides a possible way for future
experiments in PGI to regulate hybrid speckle patterns to obtain a better ghost image quality.

Keywords: ghost imaging; hybrid speckle pattern; image quality

1. Introduction

Pseudo-thermal light generated by scattering laser radiation from a rotating ground
glass diffuser has been widely employed in ghost imaging experiments [1-4]. Pseudo-
thermal ghost imaging (PGI) is a nonlocal imaging technique that relies on spatial intensity
fluctuation correlations to image objects, which allows us to overcome resolution limitations
of a few micrometers [5-8]. Here, the spatial intensity fluctuation distribution is produced
by the mutual interference of two beams with a random wavefront known as a speckle
pattern. The ghost imaging of an unknown object relies on correlating the speckle patterns
and corresponding single-pixel signals. Compared to ghost imaging based on entangled
photon pairs, PGl is very flexible regarding wavelength, e.g., X-ray ghost imaging has been
demonstrated [9-12]. Thus, in recent years, PGI has been investigated extensively [13-17]
to overcome the limitations of image quality.

At first, Bennink et al. [4] presented an experimental demonstration of ghost imaging
by using a pseudo-thermal light source. Recent studies [18-22] have shown that imple-
menting a speckle-based imaging method is one of the strategies to improve the image
quality in PGI. The ghost image quality, e.g., contrast-to-noise ratio (CNR) and resolution,
highly depends on the characteristics of the speckle patterns. To be specific, increasing the
speckle size results in high CNR reconstructions. In contrast, decreasing the speckle size
results in a higher resolution, but with reduced visibility. In our previous results [23], we
found that the scaling laws for the CNR of the retrieved ghost images strongly depend on
the ratio between the object size and the speckle size of the pseudo-thermal light for the
same number of independent iterations. However, because the detector noise is fixed in the
PGI experiment system, the detectable signal becomes weaker relative to the noise as the
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object size decreases to microscale dimensions. Therefore, it becomes very interesting to
test the effect of hybrid speckle patterns on enhancing the image quality.

From the principle of PG, it is known that increasing the intensity fluctuation of the
light field on the camera and bucket detector can improve the imaging quality, easing the
detector requirements of spatial or time resolution. Fortunately, Zhong et al. [24] and Zerom
et al. [21] demonstrated that the high temporal resolution requirements for detectors are
reduced by continuously detecting multiple independent speckle patterns without image
quality degradation. The image quality can even be improved by using a slow detector for
thermal ghost imaging with highly fluctuating thermal speckle patterns. However, these
studies mainly focus on thermal ghost imaging with random speckle patterns generated
by digital micromirror devices (DMD) and do not focus on ghost imaging with different
speckle pattern combinations. Chen et al. [25] presented the possibility of generating
multi-correlation-scale speckle patterns to reconstruct the ghost image. Zhou et al. [26]
proposed a method to improve the quality of ghost images using a hybrid speckle pattern.
In this method, the higher and lower resolution areas of the object could be detected
by automatically identifying complex objects composed of different resolution scales.
However, it is not the optimal method because the pre-defined speckle patterns may not
be the best for the given object. Wang et al. [27] proposed a compressive computational
ghost imaging method by using hybrid speckle patterns to retrieve the object. This hybrid
speckle pattern is composed of different sizes of speckles that depend on the resolution
of the object. However, the DMD-based hybrid speckle pattern used in computational
ghost imaging is a temporal or spatial combination, rather than a spatial superposition
of hybrid speckles, because DMD is a binary device that can only generate two grayscale
values, namely white and black. In addition, they did not discuss the influence of different
superimposed combinations of hybrid speckle patterns on the contrast and resolution of
ghost imaging. Here, we propose a novel classical ghost imaging method with a hybrid
speckle pattern to obtain better image quality and object adaptability.

In this study, we continuously controlled the hybrid speckle patterns using two
adjustable apertures in our setup for generating the pseudo-thermal light. With this step,
we were able to improve the CNR compared to the single-size speckle pattern approaches.
Using objects with different sizes, we verified that these observations were very general.
Thus, high-quality ghost imaging can be realized only if the hybrid speckle pattern is
carefully adjusted for a given object. The observed scaling can be easily transferred to other
spectral ranges and thus will be an important step towards microscopic ghost imaging in
the XUV /X-ray regime.

2. Principle and Measurement Setup
2.1. Theory

PGI relies on correlating a measured 2-dimensional intensity speckle pattern to a
transmission or reflection scalar value of an object, illuminated by the same speckle pat-
tern. By varying the speckle pattern over time and the simultaneous measurement of the
transmitted light through the object, the statistical reconstruction of the image is enabled.
Thus, the measured 2D speckle pattern is weighted by the corresponding scalar value of an
object in every iteration and is added to the ghost image. The ghost imaging reconstruction
algorithm and the measurement of the quality of a ghost image used in this work were
published by [14,15],

N
G(x,y) = ;;(B— (B))(I(x,y) = (I(x,y))) 1)

where the ghost image G(x, y) depends on the measured intensity distribution I(x,y) in
the reference beam and N is the total number of iterations. The brackets represent the
mean over all the iterations. The total light intensity containing the unknown object’s
information measured by a single-pixel detector is recorded as B, and B is the integrated
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signal over the whole image plane. For each iteration, information about the total integrated
intensity of the light transmitted through the object and the spatial intensity distribution in
the reference beam is obtained. The ghost image gradually appears while the number of
speckle realizations increases.

The randomness of the rotating ground glass diffuser in PGI imposes field fluctuations.
A pseudo-thermal ghost image always lies on a noisy background. Thus, the noise in
the background of the retrieved image is one of the main obstacles affecting the image
quality. Here, we use the CNR to measure the quality of a ghost image, which is calculated
from the object signal strength and the background signal strength and normalized to the
image noise:

_ (L) —(Si)
CNR = 2L 2)

where (I,) is the mean signal of the object area, (S;) is the mean signal of the background
in the ghost image, and o is the standard derivation of the image considering noise.

To estimate the spatial resolution of the retrieved ghost image, the slanted-edge
method is used. The retrieved ghost image is chosen such that its area is nearly equally
covered by the signal and background. The resolution is calculated by fitting an error
function according to Ref. [23]. A higher value indicates a lower resolution.

2.2. Experimental Setup

The experimental setup to study the evolution of CNR with speckle patterns is shown
in Figure 1. A He-Ne laser and a rotating diffuser constituted a pseudo-thermal light
source. Speckle patterns are generated when a laser beam passes through a rotating ground
glass. The ground glass is composed of a large number of irregular and independent micro-
diffusers. When the laser beam illuminates the ground glass, the widespread presence of
numerous small scatterers causes the scattered light field to follow a Gaussian distribution
in both the space and time domains. This phenomenon allows for the simulation of the
statistical properties of thermal light [28,29]. In order to modify the randomness and
achieve a non-Gaussian distribution of light fields, fabrication methods such as laser-
write metasurfaces need to be employed [30]. Two unmounted N-BK7 ground glass
diffusers (DG10-220—1” Unmounted N-BK7 Ground Glass Diffuser, 220 Grit Thorlabs
Inc., Newton, NJ, USA) were selected to generate speckle patterns in our experiment.
The rotating diffuser is in the focal plane of the lens of focal length f = 150 mm. From
boxg = mAf/wp [27,31], different average speckle sizes dxy can be obtained by changing
the beam waist wy, by controlling the open diameter of aperture 1 and/or aperture 2 from
1.0 mm to 2.25 mm. The different hybrid speckle patterns are generated by adjusting the
two aperture diameters. If we close one of the apertures, we can obtain single-size speckle
patterns. The typical single-size speckle patterns and hybrid speckle patterns are shown
at the bottom of Figure 1. The speckles are separated by a beam splitter, then transmitted
by two apertures through the same distance of free-space paths. The angle between the
two beams is less than 3°. After the rotating ground glass diffuser, the two beams with
different speckle patterns are focused by a lens to hit the camera and the object at the same
distance by controlling time-delay mirrors. The reference beam does not interact with the
object, and its speckle pattern is recorded using a monochrome industrial CCD camera,
with 1200 x 1600 pixels and an effective pixel size of 5.86 um x 5.86 um, which is much
smaller than the speckle size of §x¢. In the test beam, the laser passes through the object and
is recorded by a bucket detector (single-pixel detector). Here, the error in the propagation
lengths between the reference beam and test beam paths is in the order of a few millimeters.
Two laser-cut p-shaped transmitting objects were used as the test objects for ghost imaging.
Their actual shape and sizes are also shown in Figure 1. The widths of the vertical bar of the
letter “p” in objects 1 and 2 are 120 um and 60 pum, respectively. Correspondingly, the areas
of objects 1 and 2 are calculated as ~ 180 x 10*> um? and ~ 77 x 103um?, respectively. It is
worth noting that the main objective of this study is to explore the ghost imaging principles



Photonics 2023, 10, 709

4 of 14

of hybrid speckle patterns. The size of the speckles and objects involved can be adjusted
according to practical requirements.

Object 1 Object 2

. 1000 pm
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:"j Large speckles Small speckles Type-one Type-one Type-two
= 60pm 30um 60pm + 60pm 30pm+30pm  60pm + 30pm

Figure 1. Schematics of PGI setup with hybrid speckle pattern. The time-delay module is used to
ensure that the two beams produce speckle patterns at the same optical path length. The rotating
diffuser is used to impress two spatially random speckle patterns onto the laser field.

3. Experiment and Simulation Results
3.1. Experimental Results and Discussion

Starting with object 1, the speckle size was increased from 36 um to 60 um in five
steps, followed by reconstruction with 10,000 iterations under the same conditions. In
the traditional single-size speckle pattern imaging condition, the retrieved ghost image
CNR-dependent speckle size was found to be in good agreement with [18-23], which
indicates a growth of the CNR and a reduced resolution proportional to the speckle size in
Figure 2 (black line with solid squares and black line with hollow squares). The highest
CNR ghost image was obtained with the largest speckle size of 60 um. The best resolution
was obtained with the smallest speckle size of 36 pum.

To verify the image quality evolution with the hybrid speckle pattern, we designed
two types of combinations experiments as presented in Table 1. For the type-one hybrid
speckle pattern, aperture 1 and aperture 2 had the same diameter. In this case, the hybrid
speckle patterns were built up by two similar speckle patterns. The speckle size was
increased from 36 um to 60 pm in five steps, so we had five kinds of hybrid speckle patterns
for ghost imaging. For the type-two hybrid speckle pattern, aperture 1 and aperture 2 had
different diameters. Because the highest CNR can be obtained by using a ~60 um speckle
size in a single-size speckle pattern imaging condition, we fixed the diameter of aperture
2 at 1 mm diameter to obtain a ~60 pm speckle size. The speckles after aperture 1 were
stepwise increased from 36 pm to 60 pm.
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Ghost images with single and hybrid speckle patterns
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Figure 2. Retrieved CNR and resolution vs. speckle patterns for object 1. (a) Retrieved CNR of the
u-shaped object increases with higher speckle size, and resolution worsens with higher speckle size;
(b) ghost images with single-size speckle pattern; (c) ghost images with type-one hybrid speckle
pattern; (d) ghost images with type-two hybrid speckle pattern. Note: ghost images of an object are
imaged in the same dynamic range.

Table 1. Hybrid speckle pattern combinations for object 1.

Sequence Pattern I Pattern II Pattern III Pattern IV Pattern V

Aperture 1 2 1 2 1 2 1 2 1 2

Type-one 36 36 4 ) 48 48 54 54 60 60
(um)

Type-two 36 60 4 60 48 60 54 60 60 60
(um)

To clearly understand and generalize the influence of hybrid speckle patterns on the
CNR of the retrieved ghost images for an object of a given size, we evaluated the CNR and
resolution as a function of the two types of hybrid speckle patterns. For easy comparison
between the CNR and resolution resulting from a single-size speckle pattern, we plot the
speckle size after aperture 1 with a common abscissa in Figure 2a. The corresponding
marked retrieved ghost images are exhibited in Figure 2b—d. In Figure 2 (blue line with
solid circles), we summarize the dependence of the CNR on the type-one hybrid speckle
pattern. The corresponding resolution is shown in Figure 2 (blue line with hollow circles).
The scaling of the CNR and resolution undergoes the same evolution with the single-size
speckle pattern imaging. In most cases, this hybrid speckle superimposed by the same
speckle shows a clear advantage in imaging quality. This advantage is further improved
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when changing to a type-two hybrid speckle pattern. As we can see from Figure 2 (orange
line with solid triangles), the CNR of the retrieved ghost images is slightly higher than the
type-one hybrid speckle pattern for ghost imaging because of the larger speckles. At the
same time, the resolution is slightly lower than that of the type-one hybrid speckle pattern
in Figure 2 (orange line with hollow triangles).

These observations implied that the large speckles in the hybrid speckle pattern
contributed substantially to the improvement of the CNR of the ghost images, and the
small speckles were also helpful to the improvement of resolution during the ghost imaging
reconstruction. First, we used single-size speckles for ghost imaging and selected the
speckle size that achieved the highest CNR as one size of speckle in the hybrid speckle field.
Here, the speckles with optimal size always provided the most benefits to the improvement
of the CNR in ghost imaging with the hybrid speckle pattern. On one hand, when the two
optimized speckles were used in the hybrid speckle pattern, the CNR reached its maximum
value. On the other hand, because of the coherence of the light field, the hybrid speckle
field produced finer interference fringes in some parts of the hybrid speckle field where the
speckles overlapped. These finer stripes provided a significant contribution to the increase
in resolution. Thus, the ghost imaging resolution of the hybrid speckle pattern was higher
than that of the single-size speckle pattern.

This indicated that an optimal hybrid speckle pattern existed in the PGI, for which the
maximum CNR with a better resolution can be achieved for the given object size. In the
experiment, we separately compared the two beams with the same speckle size for ghost
imaging, and the image quality was almost the same. Subsequently, in the hybrid speckle
pattern ghost imaging experiment, we believed that fixing the speckle size of any one of
the beams would not affect the experimental results. Moreover, this scaling was easily
observed from the ghost images represented by false color, as in Figure 2b—d. It is worth
noting that the retrieved ghost images that are visible to the naked eye are not exactly the
same as the image with the highest CNR, because the CNR takes full image noise into
account (given by Equation (2)). Therefore, we used both CNR and resolution to estimate
the image quality.

By reducing the size of the object to the microscopic scale, the speckle size became
comparable to the dimension of the object. The CNR scaling of object 2, with features in
the speckle size range, exhibited a different scaling compared to object 1. Here, we used a
set of smaller-sized speckle patterns to study the properties of the retrieved ghost images
with hybrid speckle patterns. It was observed that the CNR showed an increasing trend
from the speckle size of 30 um. Then, it reached a maximum of 36 pum, following which
it dropped continuously, as shown in Figure 3 (black line with solid squares). The reason
for the reversed trend is that the noise level of the photodiode is the major limitation to
the growth of the CNR for large speckle sizes. The lower transmission reduces the margin
between typical signal levels, and the noisy background of the photodiode results in a shift
from the maximum CNR with respect to smaller speckle sizes. With the increase in noise
level, this effect becomes increasingly prominent in fields with smaller speckle sizes [27].

In addition to the CNR, the resolution of the retrieved images was evaluated. Different
from the CNR, the resolution is mainly affected by the speckle size, i.e., the resolution
increases with smaller speckle sizes independent of the dimension of the object. However,
due to the limitation of the pixel size of the camera, the resolution will not increase further.
Therefore, in the case of object 2, because of the limited detection capabilities of the system,
decreasing the speckle size resulted in a higher CNR and a higher resolution. Moreover, the
resolution itself was limited by the pixel size of the imaging device and was comparable to
the resolution achieved with shadow grams of object 2. Thus, the declining trend of the
resolution of object 2 was slower than that of object 1.
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Ghost images with single and hybrid speckle patterns
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Figure 3. Retrieved CNR and resolution vs. speckle patterns for object 2. (a) Retrieved CNR of the
u-shaped object decreases with higher speckle size after ~36pm, and resolution worsens with higher
speckle size; (b) ghost images with single-size speckle pattern; (c) ghost images with type-one hybrid
speckle pattern; (d) ghost images with type-two hybrid speckle pattern. Note: ghost images of an
object are imaged in the same dynamic range.

As presented in Table 2, we also provide two types of combination experiments to
verify the image quality evolution of hybrid speckle patterns. Because of the increase in
resolution with smaller speckle sizes, which is independent of the dimension of the object,
the trade-off must only be considered for object 1. On the contrary, in the case of object
2, because of the limited detection capabilities of the system, decreasing the speckle size
resulted in a higher CNR and a higher resolution. In this way, for type-two hybrid speckle
pattern, aperture 2 fixed at a 2 mm diameter to obtain a ~36 um speckle size obtained the
highest CNR with a higher resolution in single-size speckle pattern imaging condition. The
speckles after aperture 1 increased from 30 pm to 60 pm in six steps. The type-one hybrid
speckle pattern remained unchanged. In Figure 3 (blue line with solid circles and orange
line with solid triangles), we summarize the dependence of the CNR on type-one and -two
hybrid speckle patterns, and the corresponding resolutions are shown in Figure 3 (blue line
with hollow circles and orange line with hollow triangles). Both CNRs with hybrid speckle
patterns decrease rapidly with increasing speckle size after the pattern 2 series because
of the negligible bucket detector noise signal. For the type-two hybrid speckle pattern,
because it has smaller speckles, it is easier to achieve ghost imaging with a high CNR and
resolution in this case.
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Table 2. Hybrid speckle pattern combinations for object 2.

Sequence Pattern I Pattern II Pattern III Pattern IV Pattern V Pattern VI
Apertures 1 2 1 2 1 2 1 2 1 2 1 2
Type-1 30 30 36 36 42 4 48 48 54 54 60 60
(um)
Type-2 30 36 36 36 42 36 48 36 54 36 60 36
(um)

Comparing the results with the single-size speckle pattern, the following conclusion
can be derived: the scaling of the retrieved ghost image CNR and resolution strongly
depend on the combination of the hybrid speckle patterns for the same number of indepen-
dent iterations. The method of using the hybrid speckle pattern instead of the single-size
speckle pattern to improve the quality of ghost imaging can be extended from macroscopic
to microscopic imaging.

To generalize our observations in PGI, the experiment was repeated with two slits with
the same transmission area. For comparison, two slits with the size of 1200 um x 150 pm
and 517 pm x 150 um, respectively, were used. Figures 4 and 5 show the experimental
results of the CNRs for test slits 1 and 2, corresponding to objects 1 and 2. The ghost images
for the two slits were retrieved by 10,000 independent iterations of the corresponding
speckle patterns. The agreement between the estimated CNR and resolution for the two
completely differently shaped objects with the same transparent area was excellent. A
slight discrepancy was observed because of the deviation of the object area selected for the
measurement, and some uncertainties in the estimated area of the “pn” and/or small errors
in setting the slit width.

Ghost images with single and hybrid speckle patterns

(b) Single-size speckle pattern
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S4pm+54pm - 60pm+60um
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Figure 4. Retrieved CNR and resolution vs. speckle patterns for test slit 1. (a) Retrieved CNR of
the p-shaped object increases with higher speckle size, and resolution worsens with higher speckle
size; (b) ghost images with single-size speckle pattern; (c) ghost images with type-one hybrid speckle
pattern; (d) ghost images with type-two hybrid speckle pattern. Note: ghost images of an object are
imaged in the same dynamic range.
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Figure 5. Retrieved CNR and resolution vs. speckle patterns for test slit 2. (a) Retrieved CNR of the

u-shaped object decreases with higher speckle size after ~36 pm, and resolution worsens with higher

speckle size; (b) ghost images with single-size speckle pattern; (c) ghost images with type-one hybrid

speckle pattern; (d) ghost images with type-two hybrid speckle pattern. Note: ghost images of an

object are imaged in the same dynamic range.

3.2. Simulation Results

To validate the experimentally observed enhanced image quality of hybrid speckle
patterns, the interference speckle pattern model was developed to simulate the observed
behavior. It can independently vary the interference parameters over a wide range to
identify their role in the observed scaling of the CNR for hybrid speckle patterns. First, we
implemented an expression to numerically generate random speckle fields based on the
interference of two monochromatic waves [31]. Then, we developed the hybrid speckle
pattern model to reconstruct the ghost image. Figure 6 shows the reconstruction images of
the slit with the size of 1200 um x 150 um for 25 different combinations of hybrid speckle
patterns, ranging from a speckle size of 12 pm to 60 pm. The retrieved ghost images are
given by the combination of the speckles, both in abscissa and ordinate. We also present
19 retrieved ghost images with single-size speckle patterns obtained by only one optical
path for comparison. The speckle size of 0 um means the optical path has no contribution
to the ghost imaging reconstruction. In this case, we obtained the ghost image with a
single-size speckle pattern. Since the two optical paths use the same speckle for ghost
imaging, the imaging quality is almost the same as in the experiment. Thus, we considered
that the contribution of the two optical paths to ghost imaging must be the same in the
simulation. By comparing the simulation results with the experimental results described
above, two types of hybrid speckle patterns were identified for a given combination of
hybrid speckle patterns. The retrieved ghost image of the type-two hybrid speckle pattern
exhibited better features than the type-one hybrid speckle pattern, resulting in a slightly
higher CNR. Moreover, the retrieved ghost images of the hybrid speckle pattern had a
higher CNR than those of the single-size speckle pattern.
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Figure 6. Results of the hybrid-speckle-pattern-dependent CNR simulation with 20 pm spacing of
interference fringes. (a) Calculated CNR and resolution of the ghost images as a function of type-one,
-two hybrid speckle pattern, and single-size speckle pattern; (b) retrieved ghost images as a function
of hybrid speckle pattern and single-size speckle pattern. For type-one hybrid speckle patterns, we
use the speckle patterns hybridized with a 60 um speckle size for simulation. For the type-two hybrid
speckle pattern, we use the speckle patterns hybridized with speckles of the same size for simulation.
All data are averaged after 10 calculations with 5000 iterations.

It has been proven by Ref. [23] that the anomalous evolution law of the speckles and
image quality for a smaller object is only caused by the detector noise level. Thus, we only
use object 2 for simulation. It is worth noting that we set the spacing of interference fringes
of the simulated hybrid speckle pattern close to the experiment. We did not discuss the
influence of the spacing of interference fringes for hybrid speckle patterns on image quality
in the experiment, but we made the comparison in the simulation.

To further analyze the influence of the hybrid speckle pattern on ghost image quality,
we simulated the hybrid speckle pattern with the different spacing of interference fringes
in Figure 7a and corresponding retrieved ghost images in Figure 7b. The theory of the
spacing of interference fringes in the simulation can be explained by Young’s double-slit
interference experiment [31]. Because the best image quality was obtained by pattern V
of the type-one hybrid speckle pattern (60 um + 60 um) when the spacing of interference
fringes was 20 um in Figure 6, we chose it for the simulation. We first made a comparison
with the single-size speckle pattern with a speckle size of 60 um. It is clear to see that the
quality of the retrieved ghost images with hybrid speckle patterns having 20 pm spacing of
interference fringes is better than the single-speckle pattern in Figure 7a,c. This behavior
can be attributed to the interference between the hybrid speckles, which were strongly
modified in the speckle fields. We also simulated pattern V of the type-one hybrid speckle
pattern without interference fringes. The calculated CNR and resolution of the retrieved
ghost images of the hybrid speckle pattern without interference fringes were close to the
single-speckle pattern in Figure 7d. Thus, the hybrid speckle pattern without interference
fringes was almost equivalent to a random speckle pattern with a fixed single size.
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Figure 7. Results of pattern V of the type-one hybrid speckle pattern are dependent on the CNR
corresponding to the simulation of different spacings of interference fringes. (a) Calculated CNR
and resolution of the retrieved ghost images as a function of the spacing of interference fringes of
the hybrid speckle pattern; (b) retrieved ghost image of pattern V corresponds to the simulated
speckle pattern with different spacings of interference fringes; (c) calculated CNR and resolution of
the retrieved ghost image of the single-size speckle pattern of 60um, corresponding simulated speckle
pattern, and the retrieved ghost image; (d) calculated CNR and resolution of the retrieved ghost
image of the hybrid speckle pattern of 60 um + 60 um without interference fringes, corresponding
simulated speckle pattern, and the retrieved ghost image. All data are averaged after 10 calculations
with 5000 iterations.

Then, we studied the evolution of the calculated CNR and resolution of the retrieved
ghost images with the spacing of interference fringes of the hybrid speckle pattern. It was
observed that the CNR showed a slight increase for a small spacing of interference fringes
until it reached a maximum, following a stepwise decrease, as shown in Figure 7a. Different
from the CNR, the resolution did not significantly vary. Thus, the shape of the retrieved
ghost images worsened above a 40 pm interference fringe spacing. In Figure 7b, we show
the corresponding speckle patterns for different interference fringe distances. The ghost
imaging images obtained using these speckle patterns are also given in Figure 7b. To make
the simulation closer to the experiment, we selected the spacing of interference fringes
with 20 pm to simulate the ghost imaging effect of the hybrid speckle pattern. However,
it can be seen from the results in Figure 7b that it was not the best choice for acquiring
a better image quality. In the future, we can further optimize our experiments when the
spacing of interference fringes of the hybrid speckle pattern is close to 25 pm by adjusting
the parameters of the input laser.

The hybrid speckle patterns show advantages in improving the image quality of
PGI, but also has a limitation for practical applications due to the necessity of the precise
control of the arm lengths in the experimental setup. With the help of the correlation
function introduced in Refs. [32-34], we can classify the different speckle pattern states
by their robustness to deviations from the ideal setup. We simulated the correlation
evolution dependent on the error in propagation lengths between the reference and test
beam with the hybrid speckle pattern and single-size speckle pattern. As seen in Figure 8,
as the single-speckle size increased, the correlation factor increased. The correlation of
the single-size speckle pattern was significantly higher than the hybrid speckle pattern
within a large error in the range of propagation lengths. For the type-one hybrid speckle
pattern (60 um + 60 um), the correlation factor did not drop significantly over a wide range,
although it was also slightly lower than the correlation factor for single-speckle sizes larger
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than 48 um. On the contrary, for the other hybrid speckle patterns, the correlation factor
was lower than the single-speckle size of 18 pm, even close to the correlation factor of the
minimum single-speckle size of 12 um. Especially for the type-two hybrid speckle pattern
(12 pm + 60 um), the correlation appeared to be greatly reduced after the error exceeded a
few million meters. This means that for the vast majority of hybrid speckle patterns used
in PGI, the length error between the reference and test beams must be precisely controlled.

—— Speckle size of 12um  —@— Speckle size of 18um ++()-+ Hybrid speckle pattern (12pm + 60pm)
b Speckle size of 24pym  —4— Speckle size of 30um -+/\+«Hybrid speckle pattern (24pm + 60pm)
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Figure 8. Simulation of the correlation factor dependent on the error in propagation lengths with
different speckle patterns.

4. Conclusions

We analyzed the role of the hybrid speckle pattern on the achievable CNR and res-
olution in PGI. From our experiments, we obtained the scaling laws for the CNR and
resolution of the retrieved ghost images in both type-one and -two hybrid speckle patterns
for the same number of independent iterations. For comparison, the CNR and resolution
scaling were observed for two objects of different shapes with the same transmittance. The
results showed that the ghost imaging results using rectangular slits and more complex
structures were consistent, that is, the CNR was shape-independent. For all the samples,
because of the impact of the speckle size on the CNR and resolution, as well as the fine
interference fringes produced by the coherence effect of the partial speckles in the hybrid
speckle pattern, the ghost imaging quality obtained by using the hybrid speckle pattern
was always better.

An analysis of our simulation unambiguously identified the hybrid speckle pattern
with interference as the major parameter for the increase in CNR. The influence of the
interference of the hybrid speckle pattern on CNR behavior has been theoretically discussed
in the field of PGI. The hybrid speckle pattern has better adaptability to an object compared
to the single-size speckle pattern, because the hybrid speckle pattern can be easily generated
by the interference of two random speckle fields and is convenient to use in practical
applications. In addition, the novel hybrid speckle pattern found in this research will be of
great importance in future experiments on microscopic ghost imaging in regulating speckle
sizes and their combinations to obtain better image quality.
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