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High-resolution ghost imaging through complex
scattering media via a temporal correction
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In this Letter, we propose high-resolution ghost imaging (GI)
through complex scattering media using temporal correc-
tion. We provide evidence that the theoretical description
about GI based on spatially correlated beams is still incom-
plete and cannot work in complex scenarios. We complete
the description of temporal correction of beam correla-
tions in GI. The optical experiments demonstrate that
high-resolution ghost images can always be retrieved by
using the rectified temporally corrected beam correlation
algorithm even in complex, dynamic, and highly strong scat-
tering environments where conventional GI cannot work.
By using the proposed method, the quality of the retrieved
ghost images through complex scattering media can be
enhanced effectively as the number of realizations increases,
which cannot be achieved by conventional GI. The estab-
lished general framework provides optical insights beyond
the current understanding of GI, and the rectified theory
and experimental results would represent a key step toward
applications of GI over a wide range of free-space wave prop-
agation environments. © 2022 Optica Publishing Group
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Ghost imaging (GI) was studied and applied to retrieve sample
information based on spatially correlated beams [1]. In GI, the
illumination beam is split into two beam paths. One beam illumi-
nates a sample collected by using a single-pixel bucket detector
(BD) without spatial resolution, and the transverse distribution
of another beam that never interacts with the sample is collected
by using a pixelated detector. Spatial properties of the sam-
ple can be retrieved using a correlation operation between the
spatially correlated beams. There is either quantum or classical
correlation involved in GI [2]. In quantum optics, GI is created
with correlated beams of entangled photons and is developed
based on quantum entanglement proposed by Klyshko et al. [3].
In Ref. [4], Shih et al. developed GI using entanglement photon
pairs generated from spontaneous parametric downconversion.
Although quantum-entanglement-based GI has been theoreti-
cally and experimentally verified, it was found that quantum
entanglement was not a prerequisite to retrieve ghost images.
Therefore, classical GI using pseudo-thermal light has been
further developed [5].

In GI, different light sources have been studied and applied,
e.g., x ray [6], Terahertz [7], cold atom [8], electron [9], and
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neutron [10]. The extension and studies are significant for the
development of GI. For instance, x-ray GI could reduce the dose
rate of radiation used in imaging and tomography [11]. Compu-
tational GI (CGI) [12] has also been developed which simplifies
the GI setup with only one beam path by explicitly controlling
the distribution of incident illumination using a spatial light
modulator (SLM).

GI could outperform 2D pixelated-detector-based imaging
approaches in many situations, e.g., absorbing samples [13],
low light intensities [14], and scattering media [15]. The GI
method has been employed in various fields, e.g., 3D imaging
[16], cytometry [17], encryption [ 18], telecommunications [19],
remote sensing [20], and pattern recognition [21]. The modified
GI algorithms [22,23] have also been studied and applied for
the purpose of finding novel applications and retrieving ghost
images with improved signal-to-noise ratio (SNR). Although
a second-order correlation algorithm has been investigated in
GI, it is not a complete theoretical description. In the optical
channel of GI, scaling factors exist physically and can play an
important role. GI based on spatially correlated beams always
considers scaling factors as a constant, which may not be fully
feasible. The second-order correlation algorithm is not generally
feasible and efficient for GI to work in various free-space wave
propagation environments, and it is always desirable to complete
the theoretical description of GI in order to establish a general
framework.

In this Letter, we propose high-resolution temporally cor-
rected GI (TCGI) through complex scattering media. We provide
evidence that the theoretical description about GI based on spa-
tially correlated beams is still incomplete and cannot work in
complex scenarios. We complete the description of the tempo-
ral correction of beam correlations in GI. The proposed TCGI
scheme takes scaling factors into consideration, and a theoreti-
cal derivation about GI is completely described. In the proposed
TCGI scheme, a temporal carrier is introduced and used to
correct scaling factors physically existing in the imaging chan-
nel. High-resolution ghost images can always be retrieved by
using the proposed TCGI scheme even in complex, dynamic,
and highly strong scattering environments where conventional
GI cannot work. The rectified correlation algorithm in the pro-
posed TCGI scheme provides a general framework and optical
insights beyond the current understanding of GI and gives rise
to applications of GI over a wide range of free-space wave
propagation environments.
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When scaling factors physically existing in GI are taken into
consideration, the single-pixel detection process in various free-
space wave propagation environments in GI can be described
by

B= k/](x)G(x)dx, (1)

where B denotes the single-pixel value (i.e., a realization in GI),
k denotes the scaling factor in optical channel, /(x) denotes an
illumination pattern with spatial coordinate x, and G(x) denotes
the intensity transmission function of a sample. Then, the corre-
lation operation between intensity fluctuation §B and 61(x) can
be described by

O(x) = (6BSI(X))
={(B-(B)U(x) - {(x)))),

where O(x) denotes a retrieved ghost image, () denotes an
ensemble averaging over the total number of realizations, 6B =
B - (B), and 61(x) = I(x) — {I(x)) .

The scaling factors physically existing in GI are always
assumed as constant which has no effect on the correlation algo-
rithm in Eq. (2). Since complex and dynamic factors, such as
scattering or turbulence, are a significant challenge in GI, scal-
ing factors in the optical channel could be severely modified. A
direct calculation of (B) and 6B could be physically meaningless
due to the variation of scaling factors, e.g., through dynamic and
strong scattering media. Therefore, the correlation algorithm is
not generally feasible and effective for the retrieval of ghost
images in many application scenarios. It is crucial to investigate
the variation of scaling factors physically existing in the opti-
cal channel and completely derive a second-order correlation
algorithm to establish a general framework for GI.

To solve the problem induced by the variation of scaling
factors physically existing in GI, a temporal carrier 7'(x) is intro-
duced (see Section 1 in Supplement 1 for details) in this study
and used before each illumination pattern 7(x). When the fixed
temporal carrier and each illumination pattern are alternately
used to sequentially illuminate a sample in GI, the single-pixel
detection process is respectively described by

(2

By =k / T®)GX)x, @3)

B =k / LX)GX)dx, @)

where i denotes a sequence (i.e., 1,2,3,...), B, denotes the
single-pixel intensity values corresponding to the temporal
carrier T(x), k; denotes scaling factors corresponding to the
temporal carrier, B; denotes the single-pixel intensity value cor-
responding to each illumination pattern I;(x), and k; denotes
scaling factors corresponding to the illumination patterns. Since
the time interval between the fixed temporal carrier 7(x) and
each illumination pattern /;(x) embedded into an SLM is short,
arelationship of k; ~ k; can be employed. Therefore, scaling fac-
tors in GI can be eliminated by using the recorded single-pixel
intensity values corresponding to the temporal carrier, which is
described by
B, f I(x)G(x)dx 5
B, f T(x)G(X)dx ®)
Here, a fixed temporal carrier 7(x) is used before each illu-
mination pattern 7;(x). The denominator in Eq. (5) can be
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considered as a constant p described by

o= / T(x)G(x)dx. (6)

Then, we have

[106ax~ o3 (@)
B,
The left-hand side in Eq. (7) represents the sum of a product
between each illumination pattern /;(x) and intensity transmis-
sion function of the sample. After / I(x)G(x) dx is denoted as
B;, we have
, B
B ~p B, (8)
Unlike the resultant B in Eq. (1), B! in Eq. (8) does not contain
the impact of scaling factors physically existing in the optical
channel of GI. The result obtained in Eq. (8) is further used in
the correlation algorithm, and a wide range of free-space wave
propagation environments, e.g., through complex, dynamic, and
highly strong scattering media, can be studied. Applying Eq. (8)
into Eq. (2), we have

B, B,

0x) =({|p5 — (P3| Ui(x) - {Li(x)))) . 9
B, B,

Since p is a constant that has no effect, it can be omitted.
Equation (9) can be re-written as

Bi [B;
O(x) = <( 5 < 5 >) (1(x) <1,~<x>>>> . ()

The rectified correlation algorithm in Egs. (9) and (10) pro-
vides a general framework for GI and can be used for the retrieval
of high-resolution ghost images in various free-space wave prop-
agation environments, e.g., imaging without scattering media in
free space, and through complex and dynamic scattering media
where conventional GI methods cannot work.

To verify the rectified correlation algorithm in the proposed
TCGI scheme, a series of optical experiments are conducted
to realize the retrieval of high-resolution ghost images in com-
plex scenarios. In Fig. 1, a green laser with power of 25.0 mW
and wavelength of 532.0nm is used. A series of 2D random
amplitude-only patterns with 128128 pixels are generated and
sequentially embedded into an amplitude-only SLM (Holoeye,
LC-R720) with pixel size of 20.0 pm. The fixed temporal car-
rier and each illumination pattern are alternately embedded into

s\ Stirrer

, Milk drop

SLM

T—
i
Objective  Lens
Laser lens

Fig. 1. Schematic of an optical setup in complex, dynamic, and
highly strong scattering media to verify the rectified correlation
algorithm in the proposed TCGI scheme. SLM: Spatial light mod-
ulator; BD: Bucket detector. A USAF 1951 resolution target is used
as a sample.
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Fig. 2. (a) Ground truth (i.e., the part inside red box), (b) a
retrieved ghost image using GI with 38,000 realizations, and (c)
a retrieved ghost image using the rectified correlation algorithm in
the proposed TCGI scheme with 38,000 realizations. The retrieved
ghost image is slightly tilted due to the illumination angle.

the amplitude-only SLM. As a typical example, 38,000 ran-
dom amplitude-only illumination patterns are used in this study
and the fixed temporal carrier, i.e., a pre-generated random
amplitude-only pattern, is used before each illumination pat-
tern. A USAF 1951 resolution target is used as a sample in the
experimental setup, and imaging through complex, dynamic,
and highly strong scattering media is studied. It is worth noting
that the amplitude-only patterns are projected onto the sample
by using a 4f system, which is not shown in Fig. 1. In the
water tank (transparent polymethyl methacrylate), with dimen-
sions of 10.0cm (L) x 30.0cm (W) X 30.0cm (H), 6000 ml
of clean water is first placed. Then, in the imaging process,
skimmed milk (total volume of 10.0 ml) keeps dropping into the
water tank over 102.0 minutes. To create a dynamic environ-
ment, a stirrer is used to operate at 500.0 rpm. A single-pixel
BD (Thorlabs, PDA100A?2) is used to record a series of inten-
sity values. In optical experiments, the axial distance between
the water tank and single-pixel detector is 22.0cm, and the
axial distance between the sample and single-pixel detector
is 42.0 cm.

The free-space wave propagation environment in Fig. 1
changes the characteristics of the optical channel in the single-
pixel measurement process. Suppose that only the realizations
corresponding to the series of illumination patterns are used
based on spatially correlated beams in Eq. (2), it is impossible
to retrieve the information of the sample. The ground truth is
shown inside a red box in Fig. 2(a), and the retrieved result based
on Eq. (2) is shown in Fig. 2(b). It can be seen in Fig. 2(b) that
no information about the sample can be retrieved, even when
38,000 realizations are used. Experimental results demonstrate
that the theoretical description of GI is incomplete and cannot
provide a general framework for the retrieval of ghost images in
various free-space wave propagation environments. When the
realizations measured corresponding to the series of illumina-
tion patterns and the fixed temporal carrier are employed in
Eq. (10) in the proposed TCGI scheme, the experimental result
is shown in Fig. 2(c). It can be seen that a high-resolution ghost
image is retrieved, and a spatial resolution of 70.15 um (i.e.,
element 6 of group 2 in the USAF 1951 resolution target) is
achieved. The spatial resolution achieved is close to the theo-
retical limit in this GI system. Experimental results in Fig. 2
verify the rectified correlation algorithm in the proposed TCGI
scheme.

The retrieved ghost images are also evaluated by using the
SNR [24]. Figure 3 shows SNR values of the retrieved ghost
images with a different number of realizations in conventional GI
and the proposed TCGI scheme, when a complex and dynamic
environment in Fig. | is studied. It is shown in Fig. 3 that
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Fig. 3. Relationships between the different number of realizations
and SNR values of the retrieved sample images. Conventional GI
and the proposed TCGI schemes are tested, when the scattering
media in Fig. 1 is used.

SNR values of the retrieved ghost images in the proposed TCGI
scheme increase correspondingly as the number of realizations
increases, and the SNR value can achieve up to 1.70. In contrast,
SNR values of the retrieved ghost images in conventional GI
are always close to 0 even with a large number of realizations.
It is experimentally demonstrated that the theory rectified here
for GI removes the effect of the physically existing scaling fac-
tors via temporal correction and provides a framework for the
retrieval of high-resolution ghost images in various free-space
wave propagation environments.

In addition to conventional GI, modified GI reconstruction
algorithms, i.e., differential GI (DGI) [22] and normalized GI
(NGI) [23], also cannot retrieve any information about the
sample, and experimental results are obtained (see Fig. S2 in
Supplement 1). DGI and NGI were developed to enhance the
quality of retrieved ghost images but these approaches can-
not work when the scattering environment in Fig. 1 is studied.
The experimental results of DGI and NGI are similar to those
obtained by using conventional GI: no information about the
sample can be retrieved in DGI and NGI. This shows again that
the theoretical description about GI based on spatially corre-
lated beams is still incomplete. Furthermore, the fundamental
principle in the proposed TCGI scheme is completely different
from that in NGI where the recorded single-pixel intensity value
is divided by a reference value R;, i.e., R, = f I(x)dx. It can
be seen that the parameters B, in Eq. (3) and R; are different.
The parameter B,; denotes an interaction between the tempo-
ral carrier and intensity transmission function of the sample,
and R; denotes only the sum of each illumination pattern. NGI
was developed to enhance the quality of the retrieved ghost
images based on Eq. (2), and TCGI is proposed in this study to
complete a theoretical description of spatially correlated beams
and establish a general framework for GI which can give rise
to applications in various free-space wave propagation envi-
ronments, e.g., high-resolution imaging through complex and
dynamic scattering media.

Visualization 1, Visualization 2, Visualization 3, Visualiza-
tion 4 further illustrate the different GI algorithms (GI, DGI,
NGI, and TCGI, respectively) in a complex, dynamic, and highly
strong scattering environment. It is demonstrated that the quality
of the ghost images retrieved based on the rectified theory in the
proposed TCGI scheme is high, and conventional GI theories
(i.e., GI, DGI and NGI) cannot retrieve any information about
the sample.
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In addition, performance of the total variation regulariza-
tion algorithm (i.e., TVAL3 [25]) through complex scattering
media is also discussed (see Fig. S3 in Supplement 1). The
results demonstrate advantages of the proposed TCGI method
in complex scattering media.

Based on the experimental setup in Fig. 1, it is also feasible
to retrieve high-resolution ghost images in the proposed TCGI
scheme when there is no turbid water tank in free space (see
Fig. S4 in Supplement 1), and a comparison among different
methods (i.e., GI, DGI, NGI, TVAL3, and TCGI) in free space
without scattering media [26] is also conducted (see Fig. S5 in
Supplement 1). It can be seen in the experimental results that the
proposed TCGI method can also obtain a better recovery result
compared with the other methods.

In recent years, deep learning has become a powerful tool
for imaging through complex scattering media [27-29]. Unlike
data-driven or model-driven algorithms, the proposed TCGI
scheme provides a general framework for imaging through com-
plex scattering media. More discussions of the proposed TCGI
method can be found in Section 6 of Supplement 1.

In conclusion, we have provided evidence that the theoretical
description of GI based on spatially correlated beams is still
incomplete and cannot work in complex scenarios. The theoret-
ical description of temporal correction of beam correlations in
Gl is completed and reported here. Characteristics of the optical
channel have been taken into consideration, and a correlation
algorithm in GI is rectified to be applicable in a wide range of
free-space wave propagation environments. The theory we recti-
fied can establish a general framework to provide optical insights
beyond the current understanding of GI and can eliminate the
influence of physically existing scaling factors via temporal cor-
rection. By using the proposed TCGI scheme, high-resolution
optical imaging through complex scattering media is realized,
and the quality of the recovered ghosts through complex scat-
tering media can be enhanced effectively when the number of
realizations increases. A new avenue can be opened up for the
application of GI.
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