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In this paper, we propose a new approach for high-fidelity optical ghost diffraction and information transmission 

through scattering media in free space using a series of 2D arrays of random numbers as information carriers. A 

series of 2D arrays of random numbers are directly generated to encode the ghosts, i.e., original signals or im- 

ages. The generated 2D arrays of random numbers are sequentially embedded into amplitude-only spatial light 

modulator (SLM), and are illuminated to propagate through scattering media in free space. Experimental results 

show feasibility and effectiveness of the proposed method, and different types of ghosts (e.g., analog signals and 

grayscale images) can be encoded and retrieved with high fidelity. In addition, comparisons using different algo- 

rithm parameters and different experimental parameters (e.g., different diffraction distances and wavelengths) 

are conducted to analyze and illustrate performance of the proposed method. It is found that the proposed method 

possesses high robustness against scattering media, and can realize high-fidelity ghost diffraction and optical in- 

formation transmission. The proposed high-fidelity optical ghost diffraction could open up an avenue for many 

applications, e.g., free-space optical transmission through scattering media. @ 2022. 
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. Introduction 

Optical information transmission through scattering media is al-
ays considered as a significant challenge, since optical field could be

everely destroyed in scattering environment. A number of methods [1–
] have been developed to realize information transmission through
cattering media. A typical method is based on wavefront shaping [3] ,
n which phase or amplitude modulation is usually conducted to con-
rol light to focus at a certain point of the output plane. Manipulation of
nterference among different optical channels is also applied to estab-
ish effective information channels [4] , and amplitude or phase infor-
ation of light through scattering media is further used as a feedback

o optimize optical field. However, conventional methods could be com-
lex and time-consuming due to the optimization and precise stability
equirements. In addition, high-fidelity and high-robustness free-space
ptical data transmission through scattering media has not been fully
ealized. 

To solve key scientific problems in conventional free-space optical
ransmission through scattering media, ghost diffraction can be explored
o provide a promising solution. Ghost diffraction originated from quan-
um [ 5 , 6 ], in which the entangled state of two photons generated from
pontaneous parametric down-conversion was used to realize the imag-
ng. Later, ghost diffraction was further proved to be feasible with clas-
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ical thermal light [ 7 , 8 ]. Ghost diffraction can be applied in different
reas [9–19] , e.g., three-dimensional reconstruction [ 9 , 10 ], phase ob-
ect recovery [ 11 , 12 ], Terahertz [ 13 , 14 ], and X-ray imaging [ 18 , 19 ]. In
host diffraction process with only one single-pixel bucket detector, a
umber of 2D patterns [20–23] need to be generated and sequentially
mbedded into a spatial light modulator (SLM). Then, these 2D patterns
re illuminated to propagate at object wave path, and light intensity is
ollected by using a single-pixel bucket detector. The object information
an be recovered by using correlation algorithms [20–23] with the 2D
atterns and the collected intensity. It is required that a large number
f patterns are usually applied to enhance quality of the recovered ob-
ect image and mitigate environmental and detection noise. However, in
host diffraction, the 2D patterns embedded into SLM usually contain no
eaningful information about the data or object, and cannot be directly

mployed as information carriers for optical data transmission. More-
ver, a non-correlation relationship usually exists among the 2D pat-
erns, and there is also no determined relationship between the 2D pat-
erns and the recorded intensity. Therefore, high-fidelity data transmis-
ion through scattering media is not feasible in traditional ghost diffrac-
ion, when the 2D patterns are directly used and coherent light source is
pplied. It is highly desirable to explore an easy-to-implement and fea-
ible way to apply ghost diffraction and optical modulation method to
nable high-fidelity ghost diffraction and optical information transmis-
2 
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Fig. 1. A schematic for optical transmission. 
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ion through scattering media in free space. It is also desirable that 2D
rrays of random numbers can be generated and directly used as infor-
ation carriers to conduct ghost transmission through scattering media

n free space with high fidelity and high robustness. 
In this paper, we propose optical ghost diffraction using a series of

D arrays of random numbers and coherent light source to realize opti-
al field modulation and optical information transmission in free space
hrough scattering media, which can provide an easy-to-implement way
ith high fidelity and high robustness. Instead of a direct realization of

ignal transmission with a laser, various types of ghosts, e.g., analog sig-
als and grayscale images, are first encoded into 2D arrays of random
umbers as information carriers. The generated 2D arrays of random
umbers are sequentially embedded into SLM, and are sequentially illu-
inated to propagate through scattering media in free space. A single-
ixel bucket detector is used at the receiving end to collect the intensity.
riginal signals or images can be retrieved at the receiving end using a

imple retrieval operation. The main contributions of this work are de-
cribed as follows: (1) To the best of our knowledge, it is the first time to
ealize free-space optical signal transmission through scattering media
sing a series of 2D arrays of random numbers as information carriers.
2 
2) An entirely new method is proposed to design a series of 2D arrays of
andom numbers to realize high-fidelity and high-robustness free-space
ptical information transmission through scattering media. (3) Optical
xperiments are conducted to analyze the effect of different parameters
nd different environments on free-space optical information transmis-
ion by utilizing the proposed method. (4) Light intensity is collected by
sing a single-pixel bucket detector so that the collimation and align-
ent problem of free-space optical transmission channel can be solved

t the receiving end. Optical experimental results and observation could
hed light on free-space optical information transmission through scat-
ering media. 

. Principle 

An optical model is shown in Fig. 1 . Data to be transmitted is en-
oded into 2D information carriers, and 2D information carriers are se-
uentially embedded into the SLM. A laser is modulated by the 2D infor-
ation carriers, and the modulated light propagates through scattering

hannel which consists of diffusers (i.e., ground glass) and reflective
edia (i.e., A4 paper). Light intensities are collected by using a single-
ixel bucket detector at the receiving end, and are utilized to retrieve
he signal. 

In the proposed method, the signal or image is first encoded into
D arrays of random numbers. The proposed generation process of 2D
rrays of random numbers is described as follows: 

(1) Enlarge each original signal pixel ( S ) by using a magnification
actor ( M ): 𝐴 = 𝑀 × 𝑆; 

(2) Arbitrarily generate a random matrix P with real and non-
egative values (i.e., from 0 to 1); 

(3) Calculate a difference y between the enlarged value A obtained
n step (1) and the sum of the generated matrix P: 𝑦 = 𝐴 − sum (P); 
Fig. 2. A flowchart of the proposed pattern gen- 

eration algorithm. 
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Fig. 3. A flowchart of the proposed optical infor- 

mation encoding and retrieval process. 

Fig. 4. A schematic experimental setup for the pro- 

posed free-space optical ghost diffraction and information 

transmission through scattering media: M, Mirror; SLM, 

Amplitude-only spatial light modulator; D, Diffusers; BD, 

Single-pixel bucket detector. d 1 denotes axial distance be- 

tween the SLM and the first diffuser, and d 2 denotes axial 

distance between the A4 paper and single-pixel bucket de- 

tector. Two cascaded diffusers and a reflective A4 paper are 

used as a typical example in this study. 
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(4) Generate another matrix F with real and non-negative values,
um of whose pixel values is equivalent to absolute value of y obtained
n step (3): sum (F) = |𝑦 |, where | | denotes an absolute operation; 

(5) When the difference y obtained in step (3) is negative, a 2D array
orresponding to the enlarged data in step (1) is generated by calculat-
ng the difference between the matrix P and the matrix F. When the
ifference y obtained in step (3) is positive, a 2D array corresponding
o the enlarged data in step (1) is generated by the addition of matrix P
nd matrix F: 

̃
 = 

{ 

P + F , 𝑦 > = 0 
P − F , 𝑦 < 0 . (1)

To analyze the selection of different parameters in the proposed
ethod aforementioned, original signal, i.e., acting as ghost, is normal-

zed to be within a range from 0 to 1. (i) Since the generated 2D arrays
f random numbers are sequentially embedded into the SLM, the large
ize of 2D arrays, e.g., 256 × 256 or 512 × 512 pixels, is required in
3 
rder to provide sufficient light intensity in the experiments. (ii) Al-
hough the magnification factor used in the proposed method can be
rbitrarily selected, it needs to satisfy that the enlarged value obtained
n step (1) is comparable to the total pixel number of its correspond-
ngly generated 2D array. (iii) The matrix F is generated in a random
rocess. The difference y is first calculated by using a subtraction oper-
tion between the enlarged value obtained in step (1) and the sum of
andom matrix P, whose absolute value consists of an integer value de-
oted as m and a decimal (fractional part) denoted as n . Then, the steps
or the generation of matrix F are as follows: A random sequence T with
 length of 2 × m is first generated, of which the upper half are random
umbers between 0 and 1 and the lower half are obtained by calculat-
ng the difference between 1 and each value of the upper half. Then,
n all-zero matrix with the same size of the matrix P is generated, and
ixels with the number of 2 × m + 1 are randomly selected from this all-
ero matrix. Finally, the decimal (fractional part) n and all values of the
andom sequence T are arbitrarily assigned to those randomly-selected
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Fig. 5. The signals retrieved at the receiving end in different environments: the signal obtained (a) when no scattering medium is in wave propagation path in Fig. 4 , 

(b) when only the reflective A4 paper is placed in wave propagation path in Fig. 4 , (c) when one diffuser and the reflective paper are placed in wave propagation 

path in Fig. 4 , and (d) when two cascaded diffusers and the reflective paper are placed in wave propagation path in Fig. 4 . PSNR values of the retrieved signals 

in (a-d) are 35.62 dB, 38.20 dB, 38.02 dB and 36.35 dB, respectively. MSE values of the retrieved signals in (a–d) are 2.74 × 10 − 4 , 1.52 × 10 − 4 , 1.58 × 10 − 4 and 

2.31 × 10 − 4 , respectively. 

Fig. 6. Error distributions obtained between original signals and the retrieved 

signals in Fig. 5 (a)–(d). 
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ixel positions with the number of 2 × m + 1 in order to generate the
atrix F. 

A flow chart of the proposed pattern generation process is shown in
ig. 2 , and important and relevant parameters have been described. The
ollowing objective can be achieved: the sum of the generated 2D array
f random numbers is equivalent to the enlarged value obtained in step
1), and each signal pixel to be transmitted is individually encoded into
 2D array of random numbers. 

The whole encoding and retrieval process is shown in Fig. 3 . For
n original signal (as ghost, i.e., S , i = 1,2,3,…, K ) with K pixels to be
i 

4 
ransmitted, the proposed whole process is as follows: Each signal pixel
s first encoded into a 2D array of random numbers ( ̃𝑃 𝑖 , i = 1,2,3,…, K )
sing the proposed algorithm aforementioned. To fully mitigate environ-
ental and detection noise, a differential method is further developed

o convert each generated 2D array of random numbers into two 2D ar-
ays of random numbers (i.e., B 

+ 𝑃 𝑖 and B 

− 𝑃 𝑖 ) with a real and positive
onstant B to remove negative values. Then, for each pixel of the signal
o be transmitted, the two generated 2D arrays of random numbers are
equentially embedded into an amplitude-only SLM in Fig. 4 , and two
ntensity points ( b i 1 , b i 2 ) can be sequentially collected by a single-pixel
ucket detector. In information retrieval process, a simple subtraction
peration with these two collected intensity values ( b i 1 , b i 2 ) is carried
ut to retrieve each signal pixel value ( S i ), which has a close relation-
hip with its corresponding pixel value in original signal, i.e., with a
caling factor. According to the principles of wave propagation through
cattering media [ 24 , 25 ], intensity I out collected by single-pixel bucket
etector can be described by I out ≈ 𝑡 |E 𝑛 |2 , where t denotes a scaling fac-
or and E n ( n = 1, 2, 3,…) denotes each element of wavefront infor-
ation. The scaling factors can be considered to be the same in this

tudy, and are obtained in optical experiments. Original signal can be
etrieved with high fidelity by using scaling factors and collected light
ntensities. The proposed method is able to realize high-fidelity opti-
al ghost diffraction and information transmission through scattering
edia in free space, when a single-pixel bucket detector is used at the

eceiving end. 

. Experimental results and discussion 

An experimental setup in Fig. 4 is conducted to show feasibility
nd effectiveness of the proposed method. A diode pumped green laser
CrystaLaser, CL532–025-S) with power of 25.0 mW and wavelength
f 532.0 nm is expanded with an objective lens. The collimated light
ource illuminates amplitude-only SLM (Holoeye, LC-R720) with pixel
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Fig. 7. Experimental results retrieved at the receiving end: (a) and (b) the typically generated 2D arrays of random numbers containing ghost information, (c) and 

(d) the retrieved ghosts (64 × 64 pixels) using the proposed method, (e) a typical comparison between the 30th row of the retrieved ghost in (c) and those original 

values, and (f) a typical comparison between the 30th row of the retrieved ghost in (d) and those original values. PSNR values of (c) and (d) are 37.94 dB and 

37.26 dB, respectively. MSE values of (c) and (d) are 1.61 × 10 − 4 and 1.88 × 10 − 4 , respectively. 
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ize of 20.0 𝜇m. The generated 2D arrays of random numbers with size of
12 × 512 pixels are sequentially embedded into the SLM, and then are
lluminated to propagate through scattering media in free space. Here,
wo cascaded diffusers (Thorlabs, DG10–1500) and one reflective ordi-
ary A4 paper are used as a typical example. After wave propagation,
ight intensity at the receiving end is collected by using a single-pixel
ucket detector (Newport, 918D-UV-OD3R). Axial distance between the
wo diffusers is 25.0 mm. Axial distance between the SLM and the first
iffuser is denoted as d 1 with a default value of 12.5 cm. Axial distance
etween the second diffuser and the A4 paper is 11.0 cm, and axial dis-
ance between the A4 paper and single-pixel bucket detector is denoted
s d 2 with a default value of 2.5 cm. 

When the series of generated 2D arrays of random numbers is se-
uentially embedded into the SLM and the modulated wave propagates
hrough scattering media in free space, a series of intensity values are
equentially collected by using the single-pixel bucket detector at the re-
eiving end. Here, four different 1D analog signals are used as the ghosts
o be individually encoded and optically transmitted through scattering
edia in free space to verify the proposed method. The optical experi-
ental results are shown in Fig. 5 (a)–(d), where the dotted points rep-

esent original signals and triangle points represent the retrieved sig-
als. As can be seen in Fig. 5 (a)–(d), the encoded ghosts are retrieved
t the receiving end with high fidelity in different transmission environ-
ents. Peak signal-to-noise ratio (PSNR) and mean squared error (MSE)

26–32] are calculated to quantitatively evaluate experimental results,
iven in Fig. 5 . The high PSNR values and low MSE values demonstrate
hat high-fidelity ghost diffraction and optical information transmission
5 
hrough scattering media in free space are experimentally realized by
sing the proposed method. 

To further show the difference between the retrieved signals and
riginal signals in Fig. 5 (a)–(d), a box chart is shown in Fig. 6 . As shown
n Fig. 6 , all the normalized errors between the retrieved signals and
riginal signals are within a very small range, meaning that original
ignals are retrieved with high fidelity. 

2D grayscale images are also used as ghosts to be encoded into a
eries of 2D arrays of random numbers, and optical information trans-
ission through scattering media in free space are conducted using the

xperimental setup in Fig. 4 . Here, two grayscale images with 64 × 64
ixels are selected as original signals (i.e., ghosts). Each grayscale im-
ge contains 4096 pixels to be sequentially encoded into 2D arrays of
andom numbers by using the proposed method, and then these gener-
ted 2D arrays of random numbers are sequentially embedded into SLM
nd are illuminated to propagate through scattering media in free space.
ere, two typical 2D arrays of random numbers are shown in Fig. 7 (a)
nd (b). As described in Section 2 , each generated 2D array of random
umbers is further transformed into two 2D arrays of random numbers
i.e., B 

+ 𝑃 𝑖 and B 

− 𝑃 𝑖 ) with a real and positive constant B to remove
egative values. Fig. 7 (a) shows a typical image of B 

+ 𝑃 𝑖 , and Fig. 7 (b)
hows a typical image of B 

− 𝑃 𝑖 . In this experiment, a refreshing rate of
he SLM is set as 1.25 Hz as a typical example to illustrate the proposed
ethod, and there are totally 8192 patterns sequentially embedded into

he SLM for each 2D grayscale image with 64 × 64 pixels. The time to
cquire 2D information by using single-pixel bucket detector is 6553.6 s.
 proof-of-principle optical experiment is conducted in this study, and
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Fig. 8. (a) PSNR and MSE values of the signals retrieved at the receiving end 

when different magnification factors are used in the proposed method, and (b) 

PSNR and MSE values of the signals retrieved at the receiving end when 2D 

arrays with different sizes are used. 
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Fig. 9. (a) PSNR and MSE values of the signals retrieved at the receiving end 

using different propagation distances d 1 , and (b) PSNR and MSE values of the 

signals retrieved at the receiving end using different propagation distances d 2 . 
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he refreshing rate can be further increased by using digital micromirror
evices (DMD). 

A series of intensity values are correspondingly collected by the
ingle-pixel bucket detector, and these intensity values are further
sed to retrieve image data. Optical experimental results are shown in
ig. 7 (c) and (d) and the PSNR and MSE values are given in Fig. 7 , which
emonstrates that high-fidelity optical transmission of 2D images can
lso be realized by using the proposed method when there is a scatter-
ng medium in the optical path. 

To further illustrate quality of the images (ghosts) retrieved at the
eceiving end, cross-sectional comparisons between original signals and
he retrieved ghosts are conducted and shown in Fig. 7 (e) and (f). A
ypical comparison between the pixels along the 30th row of the re-
rieved ghost in Fig. 7 (c) and those original values is shown in Fig. 7 (e).
 typical comparison between the pixels along 30th row of the re-

rieved ghost in Fig. 7 (d) and those original values is shown in Fig. 7 (f).
t is demonstrated again that high-fidelity signals are retrieved at the
eceiving end. As discussed in Section 2 , scaling factor can be calcu-
ated to denote the relationship between intensity values collected by a
ingle-pixel bucket detector and original information. 4096 scaling fac-
ors can be calculated for each grayscale image in optical experiment.
he scaling factors in Fig. 7 (c) and (d) are within a small range, i.e.,
.06 × 10 − 11 ∼2.24 × 10 − 11 and 2.00 × 10 − 11 ∼2.25 × 10 − 11 , respec-
ively. This verifies the validity of the proposed method. It is experimen-
ally demonstrated that high-fidelity 2D image (as ghost) transmission
hrough scattering media in free space can be realized by encoding pixel
alues into a series of 2D arrays of random numbers. 

To better evaluate performance of the proposed method with differ-
nt parameters, two important parameters, i.e., the magnification factor
6 
nd size of 2D arrays, are further analyzed for a comparison using the
xperimental setup in Fig. 4 . 

Different magnification factors are selected to generate 2D arrays
f random numbers as information carriers, and these 2D arrays of ran-
om numbers are further used for free-space ghost transmission through
cattering media. In this case, size of the generated 2D arrays of random
umbers is fixed as 512 × 512 pixels. The experimental results using
ifferent magnification factors ranging from 1.0 × 10 4 to 2.0 × 10 5 are
hown in Fig. 8 (a). As can be seen in Fig. 8 (a), high PSNR values and
ow MSE values are always obtained when the magnification factor is
arger than 3.5 × 10 4 . It is also experimentally found that when the mag-
ification factor is low, influence of environmental and detection noise
s large. Experimental results using different sizes (N × N pixels) of the
enerated 2D arrays of random numbers are shown in Fig. 8 (b). The
xperimental setup in Fig. 4 is applied. In this case, the magnification
actor is fixed as 35,000. It is demonstrated in Fig. 8 (b) that high PSNR
alues and low MSE values are always obtained when N is larger than
00. In this study, the laser with a fixed power is used in the experi-
ents, and insufficient light reflected by the SLM would be collected

y the single-pixel bucket detector when the size of 2D arrays is small
e.g., 64 × 64 or 128 × 128 pixels). The magnification factor in this ex-
eriment should be larger than 3.5 × 10 4 . In terms of the range of size
N × N pixels) of 2D arrays of random numbers, N should be larger than
00. 

Different propagation distances are further employed to evaluate the
roposed method, and experimental results are shown in Fig. 9 (a) and
b). Here, d 1 denotes axial distance between the SLM and the first dif-
user, and d 2 denotes axial distance between the A4 paper and single-
ixel bucket detector in Fig. 4 . In Fig. 9 (a), the distance d 2 is fixed as
.5 cm, and the propagation distance d ranges from 12.5 to 37.5 cm.
1 
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Fig. 10. PSNR and MSE values of signals retrieved at the receiving end when 

the laser with different wavelengths is used. 
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t is shown in Fig. 9 (a) that high PSNR values and low MSE values are
lways obtained, and high-fidelity data transmission through scattering
edia in free space is realized. In Fig. 9 (b), the distance d 1 is fixed as
2.5 cm, and the propagation distance d 2 ranges from 2.5 to 15.0 cm. It
s also illustrated in Fig. 9 (b) that high PSNR values and low MSE values
re always obtained, and high-fidelity data transmission through scat-
ering media in free space is realized. When the propagation distance
 2 is approaching to or larger than 15.0 cm, the scattered light inten-
ity collected by single-pixel bucket detector is weaker and quality of
he retrieved ghosts decreases as shown in Fig. 9 (b). In terms of d 1 , the
istances of 12.5 cm to 37.5 cm can be used in this experiment, when
 2 is fixed as 2.5 cm. In terms of d 2 , the distances smaller than 12.0 cm
an be used, when d 1 is fixed as 12.5 cm. 

The laser with different wavelengths is also used to conduct the pro-
osed free-space ghost diffraction and optical information transmission
hrough scattering media. Here, the laser with five different wavelengths
i.e., 405.0, 520.0, 532.0, 658.0 and 690.0 nm) is individually used
n the experiments. Experimental results of optical diffraction through
cattering media using the generated 2D arrays of random numbers are
hown in Fig. 10 . It can be seen in Fig. 10 that PSNR and MSE values
f the retrieved data remain stable, and high-fidelity free-space optical
host diffraction and information transmission through scattering me-
ia are always realized when different wavelengths are used. Therefore,
ultiple transmission channels are potentially feasible. 

In this study, two cascaded diffusers and one A4 paper are utilized as
cattering media and reflective media, which provide typically optical
xperimental results in scattering environment. It is believed that the
roposed method can also work well through other scattering media,
nd in our future study we will further evaluate performance of the
roposed method in different scattering environments. Compared with
avefront shaping [3] , the proposed method does not require a time-

onsuming optical alignment and calibration process. Compared with
ther optical methods that use linear intensity modulation [4] to realize
nformation transmission, the proposed method can realize high-fidelity
ree-space analog signal transmission and retrieval through scattering
edia. 

. Conclusion 

We have proposed a new method to directly generate a series of 2D
rrays of random numbers to encode the ghost (e.g., signals or images)
n order to realize high-fidelity free-space optical information transmis-
ion through scattering media. Optical experimental results demonstrate
hat high-fidelity free-space optical information transmission through
cattering media is realized. The proposed ghost diffraction could open
p an avenue for many applications, e.g., high-fidelity free-space optical
nformation transmission through scattering media. 
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