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Abstract: In this paper, we propose a modified Gerchberg-Saxton (GS) algorithm to generate
random amplitude-only patterns as information carriers in ghost diffraction. With the generated
random patterns, high-fidelity ghost diffraction through complex scattering media can be realized
with a single-pixel detector. The modified GS algorithm adopts a support constraint in the
image plane, which is divided into a target region and a support region. In the Fourier plane,
amplitude of the Fourier spectrum is scaled to regulate the sum of the image function. A random
amplitude-only pattern can be generated to encode a pixel of the data to be transmitted using the
modified GS algorithm. Optical experiments are conducted to verify the proposed method in
complex scattering environments, e.g., dynamic and turbid water with non-line-of-sight (NLOS).
Experimental results demonstrate that the proposed ghost diffraction is of high fidelity and high
robustness against complex scattering media. It is expected that an avenue could be opened up
for ghost diffraction and transmission in complex media.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The concept of ghost imaging (GI) or ghost diffraction was proposed based on spatial correlation
between two light beams. The first experimental demonstration of GI was performed with
entangled photon pairs, and it was interpreted as quantum phenomenon [1]. Later, the successful
demonstration of GI using pseudo-thermal light has brought GI to classical domain [2,3]. Since
then, GI has received an extensive study, and several milestones have been achieved. Computation
ghost imaging (CGI) uses a spatial light modulator (SLM) to realize light correlation with
random patterns, and requires only one single-pixel detector to measure object information
[4,5]. Signal-to-noise ratio (SNR) of the retrieved ghost can be improved by differential or
normalization methods [6,7]. Moreover, the number of measurements in GI can be reduced
by applying compressive sensing (CS) [8,9]. As GI can acquire the spatial image of an object
with only a single-pixel detector, it outperforms traditional imaging techniques in non-visible
wavebands [10–13] and scattering environments [14–17].

It has always been a challenge to realize high-fidelity information retrieval through complex
scattering media. The difficulty is that the received data suffers from speckle noise, which is
caused by the interference between distorted wavefronts [18,19]. Complex scattering media
are commonly encountered in many applications, e.g., information retrieval through biological
tissue and turbid water [20–22]. Over the past decade, many methods have been studied to
mitigate the scattering effect, such as adaptive optics, wavefront shaping and speckle correlation
[23–27]. Although adaptive optics can make corrections on the aberrations, it requires prior
calibrations. Wavefront shaping can focus light through scattering but at the cost of a long
acquisition sequence and a huge computational burden. The methods using speckle correlation
are limited by memory effect, and thus are applicable to weak or thin scattering media. Moreover,
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there are few demonstrations of optical analog-signal transmission through scattering media [28].
Ghost diffraction is of a great potential for analog-signal retrieval through complex scattering
media. Although random patterns could be used in ghost diffraction, they have seldom been
effectively designed as information carriers. Therefore, it is meaningful to explore a new method
that uses random patterns as information carriers to realize high-fidelity ghost diffraction in
complex scattering media.

The Gerchberg-Saxton (GS) algorithm was originally proposed to solve phase retrieval
problems, which recovers unknown phase from two intensity measurements [29]. The GS
algorithm alternates between the object plane and the Fourier plane. During the alternations,
amplitude function in each plane is replaced by the measured intensities or a known distribution.
Significant improvements have been made to deal with the stagnation problem that commonly
occurs in the GS algorithm [30–32]. The hybrid input-output algorithm proposed by Fienup is
especially effective in terms of increasing the convergence speed, and is widely adopted. Other
modified GS algorithms are no longer confined to using Fourier transform, but rather broaden the
transform domain to a larger diversity like Fresnel, fractional Fourier, and non-unitary transforms
[33–35]. The development of GS algorithm opens up a wide range of applications, including
optical encoding, beam shaping and holography [36–40]. The process of computer-generated
hologram (CGH) generation using a modified GS algorithm iteratively encodes 3D information
of the target object to a hologram. Inspired by the calculations of CGH, it is possible to modify
the GS algorithm so that the pixels of the data to be transmitted can be encoded into random
amplitude-only patterns. Then, the generated random patterns can be used as information carriers
in ghost diffraction.

In this paper, we propose a modified GS algorithm to encode analog signals into random
amplitude-only patterns, which are then employed as information carriers in ghost diffraction. The
modified GS algorithm encodes pixel information in the data to a random pattern by constraining
the corresponding amplitude in the Fourier plane. In the image plane, amplitude freedom is
introduced. The concept of amplitude freedom refers to adding a support region around the
target pattern by zero padding. Therefore, the function in the image domain contains two parts,
i.e., a target region and a support region. During each iteration, the values in the support
region are suppressed to zero so that the total energy would gradually cluster within the target
region, which yields a better convergence. The random amplitude-only patterns generated by
the modified GS algorithm are uploaded to a SLM. The SLM is illuminated by coherent light
source. The modulated light then propagates through scattering media, and is finally collected
by a single-pixel detector. Optical experiments are conducted in complex scattering media, and
experimental results demonstrate that the proposed method is capable of realizing high-fidelity
and high-robustness ghost diffraction through complex scattering media.

2. Principle

To use random patterns as information carriers [41–43], each pixel value of the data to be
transmitted can be encoded into a random pattern. A modified GS algorithm is proposed to
regulate the sum of a random amplitude-only pattern with a specific value. In the Fourier plane,
amplitude of the Fourier spectrum is scaled to drive the sum of the pattern to approach the target
pixel value. In the image plane, amplitude freedom is introduced for a fast convergence by
dividing the image function into two regions. The strategy is shown in Fig. 1, where the image
function consists of a target region and a support region. The target region contains a random
pattern, and the support region is suppressed to zero in each iteration. The ratio between the
support region and the target region can have an effect on the convergence of the modified GS
algorithm. To achieve a satisfactory convergence rate, a typical ratio could be 3.

The iterative process of the proposed GS algorithm is illustrated in Fig. 2. First, a random
amplitude-only pattern with 512× 512 pixels is padded with zeros to have a size of 1024× 1024
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Fig. 1. A schematic illustration of the strategy to introduce amplitude freedom in the image
plane of the modified GS algorithm: The image function is divided into a target region and a
support region. The target region contains a random pattern, and the support region contains
zeros.

pixels. The padded pattern is used as an initial input of the modified GS algorithm. During
each iteration, the algorithm switches repeatedly between the image plane and Fourier plane via
Fourier transform and inverse Fourier transform. The proposed algorithm can be generalized as
the following four steps:

(1) Apply Fourier transform to the image gk;

(2) Scale amplitude of the resultant spectrum Gk by a factor β;

(3) Apply an inverse Fourier transform to the updated spectrum G′
k;

(4) Apply a support constraint to the resultant image g′
k.

Amplitude 
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FT
kg

kG

'
kGIFT'

kg
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Image plane Fourier plane

Fig. 2. A block diagram of the modified GS algorithm. FT: Fourier transform; IFT: Inverse
Fourier transform.

The factor β is defined by
β = e(p−q)/p, (1)

where p denotes the target pixel value and q denotes the sum of gk.
As can be seen in Fig. 2, the updated function g′

k contains random values in the target and
support regions. A support matrix is used to suppress the values in the support region of g′k to be
zero by an element-wise multiplication. The support matrix has ones in the target region and
zeros in the support region, as illustrated in Fig. 2. The input function for the next iteration is
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also shown in Fig. 2, in which the target region contains a random pattern and the support region
contains zeros. For the kth iteration, the proposed algorithm is described by

Gk(ξ, η) = FT[gk(x, y)] = |Gk(ξ, η)|eiϕk(ξ ,η), (2)

|F(ξ, η)| = β |Gk(ξ, η)|, (3)

G′
k(ξ, η) = |F(ξ, η)|eiϕk(ξ ,η), (4)

g′
k(x, y) = IFT[G′

k(ξ, η)], (5)

gk+1(x, y) =
⎧⎪⎪⎨⎪⎪⎩

g′
k(x, y) (x, y) ∉ S

0 (x, y) ∈ S
, (6)

where FT denotes Fourier transform, φk denotes phase distribution, IFT denotes inverse Fourier
transform, and S denotes a support region. Throughout the iterative process, scaling amplitude
of the Fourier spectrum can drive the sum of image function towards the target pixel value. On
the other hand, the support constraint gradually forces the energy in the image plane to gather in
the target region. Therefore, the proposed modified GS algorithm ultimately produces an image
function that contains a random pattern whose sum is equal to the target pixel value in the target
region and all zeros in the support region. Then, the target region of the output is extracted to be
used as an information carrier. Pseudocode of the modified GS algorithm is given in Algorithm
1. The proposed encoding strategy can suppress scattering effect in complex environments, and
realize high-fidelity signal retrieval at the receiving end as shown in the experimental results
given in Section 3.

Algorithm 1: Pseudocode of a modified GS algorithm
 

Input: A target pixel value p to be encoded into a 2D pattern.
1.     Initialize ( , ).g x y
2.    g x yq ( , )

3.     while q p  do
4.        ( , )( , ) FT ( , ) ( , ) ,iG g x y G e
5.        p q pe ,/

6.        ( , ) ( , ) ,F G
7.        ( , )( , ) ( , ) ,iG F e
8.        ( , ) IFT ( , ) ,g x y G

9.        ( , ) ( , ),g x y g x y

10.      g x yq ( , ).
11.    end
Output: A pattern ( , ).g x y

For each pixel of the analog signal to be transmitted, a corresponding random amplitude-only
pattern is generated by the modified GS algorithm. The sum of the generated pattern is equal to a
corresponding pixel value. The modified GS algorithm can be guaranteed to quickly converge,
and needs ∼30 iterations (i.e., ∼0.5 s on average) to encode each pixel value of the signal. A flow
chart for generating a series of random amplitude-only patterns is shown in Fig. 3. However, the
generated patterns may contain negative values, which cannot be displayed by the SLM. In order
to solve this problem, optical experiment is conducted in a differential manner by splitting each
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Fig. 3. A flow chart of the overall process for generating a series of random amplitude-only
patterns as information carriers.

generated pattern P into two amplitude-only patterns, i.e., m+P and m-P where m denotes a
constant.

The generated random amplitude-only patterns are displayed by the SLM to modulate light
beam. The modulated light then propagates through a dynamic and turbid water environment,
which is produced with skimmed milk drops and a stirrer. At the receiving end, a single-pixel
bucket detector is used to collect the scattered light. It is important to consider that scaling
factor of optical system is not constant during the ghost diffraction as scattering media are highly
dynamic. In this case, a direct calculation of the pixel values with a differential method cannot
remove the errors caused by the varying scaling factors.

To address this issue, a fixed reference pattern Pref is used before each random pattern to correct
the effect brought by the scaling factors. Therefore, the recording process can be expressed by

Br1 = λ1

∫∫
Pref(x, y) e−2πj(xξ+yη)dxdy|ξ=0,η=0, (7)

B1 = λ1

∫∫
[m + P(x, y)] e−2πj(xξ+yη)dxdy|ξ=0,η=0, (8)

Br2 = λ2

∫∫
Pref(x, y)e−2πj(xξ+yη)dxdy|ξ=0,η=0, (9)

B2 = λ2

∫∫
[m − P(x, y)] e−2πj(xξ+yη)dxdy|ξ=0,η=0, (10)

where Br1 denotes the first intensity value measured with the reference pattern, B1 denotes an
intensity value measured with a pattern m+P, Br2 denotes another intensity value measured with
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the reference pattern, B2 denotes an intensity value measured with a pattern m-P, j =
√
−1, λ1

and λ2 denote scaling factors of optical system, and (x,y) and (ξ,η) denote the coordinates in
spatial domain and frequency domain, respectively. To make it clear, scaling factor is assumed to
be invariant during the recording of Br1 and B1 as well as during the recording of Br2 and B2.
Based on this assumption, the scaling effect can be eliminated by dividing B1 and B2 by Br1 and
Br2, respectively. Hence, the transmitted analog signal B can be retrieved by

B =
B1
Br1

−
B2
Br2
=

2
∫∫

P(x, y)dxdy∫∫
Pref(x, y)dxdy

. (11)

Given that the sum of Pref is known, the sum of each generated pattern P can be derived from
the value B. When the sum of the generated pattern P is derived, the transmitted data can then be
retrieved. In the proposed ghost diffraction, B is calculated according to Eq. (11) for each pixel
of the data to be transmitted, and then the signal can be retrieved at the receiving end.

3. Experimental results and discussion

The proposed method is validated by a series of optical experiments. The detail of experimental
setup is shown in Fig. 4, in which the light is emitted by a laser with a wavelength of 532 nm
and then expanded by an objective lens with a magnification factor of 40. A lens with a focal
length of 100 mm is used to collimate the expanded laser beam. After the collimation, the light
is reflected by a mirror and illuminates an amplitude-only SLM (Holoeye, LC-R720), which
sequentially displays the generated random patterns. The modulated light further propagates
through scattering media, which consist of dynamic and turbid water with non-line-of-sight
(NLOS). Finally, the scattered light is collected by a single-pixel bucket detector.

Laser

OL L

SLM

Milk

WT

PS

BD

ST

SW

  M Wall

Fig. 4. A schematic experimental setup for the proposed ghost diffraction: OL, Objective
lens; L, Lens; SLM, Spatial light modulator; M, Mirror; WT, Water tank; ST, Stirrer; SW,
Scattering wall; PS, Protective screen; BD, Bucket detector (single pixel).

The proposed method is first tested in a dynamic and turbid water environment. As shown in
Fig. 4, skimmed milk is constantly dropped into a water tank containing 3200 mL clear water.
The dimensions of water tank are 100 mm (L), 150 mm (W) and 300 mm (H). A stirrer is used to
evenly mix the milk drops with the water in the water tank. The propagation distance of the light
in water tank is 100 mm. Three different one-dimensional (1D) analog signals are transmitted in
the experiments. During each experiment, 10 mL skimmed milk is diluted with 300 mL clear
water. The diluted milk is dropped constantly into water tank with a funnel, and speed of the
stirrer is 1000 revolutions per minute (rpm).
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The comparisons between original signals and the experimentally received signals are shown
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Fig. 5. Experimental results measured through dynamic and turbid water for three different
signals: (a), (c) and (e) comparisons of original and received signals without using reference
patterns. (b), (d) and (f) Comparisons of original and received signals using reference
patterns. PSNR values of the received signals without using reference patterns in (a), (c)
and (e) are 28.47 dB, 22.37 dB and 28.20 dB, respectively. MSE values of the received
signals without using reference patterns in (a), (c) and (e) are 1.42× 10−3, 5.79× 10−3

and 1.42× 10−3, respectively. PSNR values of the received signals (b), (d) and (f) using
reference patterns are 38.19 dB, 38.31 dB and 40.96 dB, respectively. MSE values of the
received signals using reference patterns in (b), (d) and (f) are 1.52× 10−4, 1.48× 10−4 and
8.02× 10−5, respectively.

in Fig. 5. Specifically, the comparisons between original signals and the signals received without
using reference patterns are shown in Figs. 5(a), 5(c) and 5(e). Although the original and received
signals have similar shapes, there are still offsets between the original and received signals when
reference patterns are not used. The offsets are caused by the variation of scaling factors in a
dynamic environment, and are obvious when the concentration of skimmed milk in the water
increases. In contrast, original signals and the received signals match well when reference
patterns are used, as can be seen in Figs. 5(b), 5(d) and 5(f). Furthermore, peak signal-to-noise
ratio (PSNR) and mean squared error (MSE) are calculated to quantitatively evaluate quality of
the received signals. PSNR and MSE values of the received signals are annotated in Fig. 5. The
signals received using reference patterns have high PSNR values and low MSE values, which



Research Article Vol. 31, No. 9 / 24 Apr 2023 / Optics Express 14396

indicates that the proposed method can realize high-fidelity ghost diffraction through dynamic
and turbid water.

When skimmed milk is dropped into clear water, the suspended skimmed milk particles absorb
and scatter the incident light. The absorption and scattering can greatly attenuate the light
intensity. It is certain that if more skimmed milk is added to the water tank, water turbidity
will grow higher. Then, the attenuation effect will also be stronger. To test performance of
the proposed method under different levels of attenuation, several optical experiments that
use different volumes of skimmed milk are further carried out. During the experiments, the
concentration of skimmed milk in the water tank is increased from 0 to 25 mL. The stirring speed
remains unchanged (i.e., 1000 rpm), and wave propagation distance in scattering media is fixed
(i.e., 100 mm). Beer-Lambert law describes a relationship between light intensity attenuation and
characteristics of scattering media that the light propagates through. The law can be expressed
by [44]

I(d) = I0e−µd, (12)

where I(d) denotes light intensity after propagating a distance d in scattering media, I0 denotes
incident light intensity, and µ denotes the attenuation coefficient. Considering that skimmed
milk is dropped into the water tank constantly, it is difficult to precisely quantify the skimmed
milk concentration in water tank at a specific moment. Therefore, the change in the attenuation
coefficients is used to reflect the change in water turbidity, which is due to the increase in skimmed
milk concentration in water tank.

PSNR values of the received signals and the received light power under different attenuation
coefficients are shown in Fig. 6(a). PSNR value of the received signal drops from 38.98 dB to
20.20 dB, and the received light power drops from 1120 nW to 73 nW as attenuation coefficient
increases from 0.018 mm−1 to 0.036 mm−1. Comparisons between original and received signals
under different attenuation coefficients are shown in Figs. 6(b) and 6(c). The received signal
in Fig. 6(b) is obtained, when the attenuation coefficient is 0.018 mm−1. The received signal
in Fig. 6(c) is obtained, when the attenuation coefficient is 0.034 mm−1. As can be seen in
Fig. 6(b), the received signal overlaps with original signal when the attenuation coefficient is
small. However, the error in the received signal appears to be prominent as shown in Fig. 6(c)
when the attenuation coefficient becomes relatively large. Hence, the proposed method can
realize high-fidelity ghost diffraction when attenuation coefficient of scattering media is smaller
than 0.034 mm−1.

In addition to the concentration of skimmed milk, the stirring speed is also an important factor
that can affect the change of attenuation coefficients. To comprehensively evaluate robustness
of the proposed method, effect of the stirring speed on quality of the received signals is also
investigated. In the same manner, the propagation distance of the light in scattering media is fixed
at 100 mm, and the volume of added skimmed milk is fixed at 10 mL. In this case, stirring speed
is the only factor that changes during the experiment. Six different stirring speeds (i.e., 1000 rpm,
1200 rpm, 1400 rpm, 1600 rpm, 1800rpm and 2000rpm) are tested in the experiments. PSNR
values of the received signal and the received signal power under different stirring speeds are
shown in Fig. 7. PSNR value of the received signal drops from 41.06 dB to 28.32 dB. The received
light power drops from 1500 nW to 500 nW as the stirring speed increases from 1000 rpm to
2000rpm. When the stirring speed is less than 1800rpm, the received signals are of high quality
and PSNR values of the received signals are above 38 dB. The high PSNR values prove that the
proposed method is robust against high stirring speeds. However, it is worth noting that there
is a sudden drop in the PSNR values when the stirring speed reaches 2000rpm. This is mainly
caused by the increased number of turbulences and bubbles in the water that may block the light
path. The results in Figs. 5–7 demonstrate that the proposed method can realize high-fidelity and
high-robustness ghost diffraction in dynamic and turbid water environments.
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Fig. 6. (a) PSNR values of the received signals and the received light power as attenuation
coefficient increases, (b) a comparison between original and received signals when attenuation
coefficient is 0.018 mm−1, and (c) a comparison between original and received signals when
attenuation coefficient is 0.034 mm−1.
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Fig. 7. PSNR values of the received signals and the received light power with different
stirring speeds (rpm).

To verify capability of the proposed method, a corner is further placed between water tank
and single-pixel bucket detector to partially block the light. In this case, the proposed method is
tested in dynamic and turbid water with NLOS. As can be seen in Fig. 4, the corner consists
of a protective screen that completely blocks the light and a scattering wall that reflects the
light. After the light is scattered by dynamic and turbid water, part of the light is blocked by
the protective screen and the others are reflected by scattering wall. At the receiving end, the
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Fig. 8. Experimental results obtained in a dynamic and turbid water environment with a
corner for three different signals: (a), (c) and (e) comparisons of original and received signals
without using reference patterns. (b), (d) and (f) Comparisons of original and received
signals using reference patterns. PSNR values of the received signals without using reference
patterns in (a), (c) and (e) are 27.52 dB, 26.75 dB and 27.76 dB, respectively. MSE values
of the received signals without using reference patterns in (a), (c) and (e) are 1.76× 10−3,
2.11× 10−3 and 1.67× 10−3, respectively. PSNR values of the received signals (b), (d)
and (f) using reference patterns are 35.95 dB, 36.37 dB and 36.88 dB, respectively. MSE
values of the received signals using reference patterns in (b), (d) and (f) are 2.54× 10−4,
2.31× 10−4 and 2.05× 10−4, respectively.

light reflected by the corner is captured by a single-pixel bucket detector. The wave propagation
distance in water tank is fixed at 100 mm, and speed of the stirrer is fixed at 1000 rpm. Similarly,
10 mL skimmed milk is diluted with 300 mL clear water to be dropped constantly into water tank
during the experiments. The separation distance around the corner, i.e., between scattering wall
and protective screen, is 20 mm.

Comparisons between original and received signals are shown in Fig. 8. Original signals
and the received signals without using reference patterns are compared in Figs. 8(a), 8(c) and
8(e), in which the errors can be easily observed. When reference patterns are used, the received
signals are in good concurrence with original signals as can be seen in Figs. 8(b), 8(d) and 8(f).
The signals in Figs. 8(b), 8(d) and 8(f) have high PSNR values and low MSE values, which
quantitatively confirms high fidelity of the received signals. Hence, the proposed method can still
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Fig. 9. (a) PSNR values of the received signals and the received light power as the separation
distance around the corner varies, (b) a comparison between original and received signals
when the separation distance is 25 mm, and (c) a comparison between original and received
signals when the separation distance is 5 mm.

(a) (b) (c) (d)

Fig. 10. (a)-(d) The experimentally retrieved images (64× 64 pixels) at the receiving end.

realize high-fidelity ghost diffraction even if a corner is placed after dynamic and turbid water
environment.

When the wave propagates around the corner, attenuation of light intensity is largely affected
by the separation distance. Therefore, the impact of different separation distances is further
studied. In the experiments, separation distance around the corner is tested with six different
values, i.e., 3 mm, 5 mm, 10 mm, 15 mm, 20 mm and 25 mm. Other conditions remain the same.

PSNR values of the received signals and the received light power with different separation
distances are shown in Fig. 9(a). As can be seen in Fig. 9(a), light intensity captured by
single-pixel bucket detector drops dramatically from 1150 nW to 150 nW when the separation
distance around the corner decreases. PSNR values of the received signals also decrease from
36.96 dB to 23.08 dB as the separation distance drops from 25 mm to 3 mm. The signals obtained
at the receiving end are compared with original signal, and the results are shown in Figs. 9(b)
and 9(c). The signal in Fig. 9(b) is obtained, when the separation distance around the corner is
25 mm. PSNR of the signal is 36.96 dB. Thus, the received signal is of high accuracy when the
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Fig. 11. (a)-(d) Comparisons between the pixels along the 32nd row of original images
and those along the 32nd row of the experimentally received images in Figs. 10(a)–10(d),
respectively.

separation distance is large. Moreover, the signal in Fig. 9(c) is obtained when the separation
distance around the corner is 5 mm, which has a PSNR of 30.98 dB. With such a small separation
distance, the received signal still matches original signal as can be seen in Fig. 9(c). When the
separation distance around the corner is further reduced to 3 mm, PSNR of the received signal is
23.08 dB as most of the light is blocked by the protective screen. Hence, it is demonstrated that a
high-fidelity NLOS ghost diffraction can be realized when the separation distance around the
corner is not less than 5 mm.

It has been verified that analog signals can be retrieved successfully with the proposed method
in dynamic and turbid water with NLOS. To further study performance of the proposed method,
2D grayscale images are encoded and tested. In this case, 2D image transmission can be realized
by the proposed ghost diffraction through complex scattering media. The ghost diffraction
that uses random patterns encoded with 2D grayscale images is investigated in dynamic and
turbid water environment with NLOS. The conditions for dynamic and turbid water environment
are the same as those in previous experiments. A corner with a separation distance of 20
mm is placed between water tank and single-pixel bucket detector as shown in Fig. 4. The
experimentally received images are shown in Figs. 10(a)–10(d). PSNR and structural similarity
index measure (SSIM) are utilized to quantitatively evaluate the received 2D grayscale images.
PSNR values of the received images in Figs. 10(a)–10(d) are 35.96 dB, 36.19 dB, 36.16 dB and
36.60 dB, respectively. SSIM values of the received images are 0.9893, 0.9866, 0.9862 and
0.9923, respectively. Moreover, it is feasible that high-fidelity images with the larger size can
also be retrieved using the proposed method.

For clarity, the pixels along the 32nd row of the received images in Figs. 10(a)–10(d) are
compared with those along the 32nd row of their corresponding original images. As can be seen
in Figs. 11(a)–11(d), the received data overlaps with original data. The experimental results
indicate that the received images are of high fidelity. Therefore, high-fidelity 2D grayscale images
can be obtained in the proposed ghost diffraction through complex scattering media.
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4. Conclusion

In this paper, a modified GS algorithm has been proposed to encode analog signals into random
amplitude-only patterns, which are used as information carriers in ghost diffraction. The modified
GS algorithm regulates the sum of a random pattern by scaling the amplitude of its spectrum in
the Fourier plane. In the image plane, a support constraint is used to ensure the convergence. The
random patterns are generated in such a way that the sum of each pattern is equal to a specific
pixel value of the data to be transmitted. In the proposed ghost diffraction, the generated random
patterns sequentially modulate the light, and the encoded data can be derived from the measured
intensities. Optical experiments have demonstrated that high-fidelity and high-robustness ghost
diffraction can be realized in dynamic and turbid water environments with NLOS. Irregular analog
signals and 2D grayscale images can be retrieved with high fidelity using the proposed method.
The proposed ghost diffraction can also be realized in other scattering media, e.g., biological
tissues and dynamic smoke etc. The proposed method effectively utilizes random patterns as
information carriers generated by a modified GS algorithm, and successfully overcomes the
challenges in analog-ghost diffraction and transmission. This work could be inspiring for the
development of high-fidelity ghost diffraction and transmission in complex media, and may open
up a wide range of applications in free-space optical transmission.
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