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Abstract: It is well recognized that it is challenging to realize high-fidelity and high-robustness
ghost transmission through complex media in free space using coherent light source. In this
paper, we report a new method to realize high-fidelity and high-robustness ghost transmission
through complex media by generating random amplitude-only patterns as 2D information carriers
using physics-driven untrained neural network (UNN). The random patterns are generated to
encode analog signals (i.e., ghost) without any training datasets and labeled data, and are used
as information carriers in a free-space optical channel. Coherent light source modulated by the
random patterns propagates through complex media, and a single-pixel detector is utilized to
collect light intensities at the receiving end. A series of optical experiments have been conducted
to verify the proposed approach. Experimental results demonstrate that the proposed method
can realize high-fidelity and high-robustness analog-signal (ghost) transmission in complex
environments, e.g., around a corner, or dynamic and turbid water. The proposed approach
using the designed physics-driven UNN could open an avenue for high-fidelity free-space ghost
transmission through complex media.

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

1. Introduction

Ghost imaging (GI) [1–4] was first proposed in quantum domain based on a spontaneous
entangled phenomenon in parametric downconversion [1,2]. It was subsequently demonstrated
that classical light source can mimic the entangled photon pairs [5,6], and GI can be conducted
using pseudo-thermal source. With a single-pixel detector [7], GI emerged to be promising
in various applications, e.g., X-ray [8] and Terahertz [9–13] as light source or to be used in
scattering media [14–16].

In ghost diffraction, it is always a challenge to realizing high-fidelity analog-signal (ghost)
transmission in complex environments. When optical wave propagates through complex
media, it could suffer from reflection, absorption and scattering and several approaches were
correspondingly investigated, e.g., wavefront shaping [17–19] and transmission matrix [20–22].
Wavefront shaping [17–19] can manipulate optical wave, e.g., in scattering environments.
However, it requires a complex iterative process to optimize the parameters. The transmission
matrix [20–22] is usually applied in optical imaging or transmission through a fixed scattering
medium, and its flexibility could be limited. Much effort needs to be made to suppress noise or
conduct wavefront compensation. Therefore, it is desirable to develop novel strategies to generate
information carriers to realize high-fidelity and high-robustness ghost transmission in complex
media.

In recent years, deep learning [23,24] has attracted much attention in solving inverse problems
in optics [25–29], e.g., phase retrieval [26], digital holography [27], optical vortex [28], and
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computational imaging [29]. However, most work employs a large labeled dataset, and it could be
time-consuming to obtain the training dataset in optical fields. A solution is to use simulation data
to train the network. However, it could fail to work due to the difference between experimental
datasets and training datasets. Recent work [30] broke the limits, and used untrained deep
convolutional neural network (UNN) to effectively conduct imaging denoising and solve the
tasks independent of the datasets. It was found that this neural network can capture information
to reconstruct natural images, given a physical model and a degraded image. Therefore, UNN
models can be used to reduce the time required to collect the datasets and solve model mismatch
problem. The UNN has been extended to be applied in some fields [31–36], such as diffraction
tomography [31], 3D imaging [32] and phase imaging [33,34]. It could also be desirable to apply
UNN model to encode data information into random amplitude-only patterns in order to realize
high-fidelity and high-robustness ghost transmission through complex media.

In this paper, a new method is proposed to generate a series of random amplitude-only
patterns as information carriers with UNN model to realize high-fidelity ghost transmission
through complex media in free space with coherent light source. A physical model is developed
to be integrated into the designed UNN, and the UNN can capture prior information about
each pixel of the transmitted analog signal (ghost) to be encoded into a 2D random pattern
without any training datasets and labeled data. The generated random patterns are sequentially
embedded into an amplitude-only spatial light modulator (SLM) to be illuminated by coherent
light source. A single-pixel detector is used to collect light intensities at the receiving end, and
high-fidelity analog signals (i.e., ghost) can be retrieved with a differential protocol. A series
of optical experiments are conducted in complex environments, e.g., dynamic and turbid water.
Experimental results demonstrate that the designed UNN is feasible and effective to generate 2D
random patterns as information carriers for high-fidelity and high-robustness ghost transmission
through complex media in free space.

2. Principle

2.1. Recording and retrieval

UNN model is designed to generate a series of random amplitude-only patterns as information
carriers to encode a transmitted analog signal (i.e., a ghost). Each pixel of the analog signal
is first encoded into a random pattern I(x,y). In ghost transmission, optical wave sequentially
illuminates the generated random patterns embedded into a SLM, and a single-pixel detector
is used to collect light intensities at the receiving end. Wave propagation [37–39] in complex
media could be described by

B = a
∫∫

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

, (1)

where B denotes an intensity value collected by the single-pixel detector, j =
√
−1, (x, y) denotes

the coordinate in spatial domain, (ξ,η) denotes the coordinate in frequency domain, and a denotes
a scaling factor. Since there is much noise induced by complex media, quality of the retrieved
data information could be significantly affected. In addition, the generated random pattern I(x, y)
could have negative values, and cannot be applied directly in optical experiments. Therefore,
each generated random pattern I(x, y) is further separated into two patterns, i.e., (m + I)/2 and
(m − I)/2 where m denotes a positive and real constant. The measurements and ghost retrieval
can be respectively described by

Bi1 = ai

∫∫
1
2
[m + Ii(x, y)]e−2πj(xξ+yη)dxdy

|︁|︁|︁|︁
ξ=0,η = 0

, (2)
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Bi2 = ai

∫∫
1
2
[m − Ii(x, y)]e−2πj(xξ+yη)dxdy

|︁|︁|︁|︁
ξ=0,η = 0

, (3)

Bi = Bi1 − Bi2, (4)

where Bi1 and Bi2 (i= 1,2,3,. . . ,N) denote the collected light intensities corresponding to a
pixel of the analog signal (ghost) to be transmitted, and Bi denotes a finally retrieved intensity
value which is proportional to its original signal pixel. Therefore, analog signal (ghost) to be
transmitted can be retrieved after a series of intensities Bi are obtained.

2.2. Physics-driven UNN for pattern generation

Equations (2)–(4) are also used to describe a physical model Ψ about the developed ghost
transmission through complex media in the designed UNN to generate patterns I(x, y). The
designed UNN model is applied to encode a magnified analog signal (e.g., a magnification factor
of 130000) into the series of 2D random amplitude-only patterns I(x, y). In the developed ghost
transmission system, the pattern I(x, y) generated by the designed UNN is fed into physical model
Ψ. Then, a corresponding intensity value Bgen can be calculated which approaches to a pixel
value of original analog signal So via the UNN optimization.

A physics-driven neural network model is designed and applied for pattern generation, as
shown in Fig. 1(a). The designed model consists of a contracting path, an expansive path, and
skip connections [40]. The contracting and expansive paths are respectively stacked by four
blocks. In the contracting path, each block consists of two 3 × 3 convolutional layers and one
2×2 max pooling layer for downsampling, and after each convolutional layer batch normalization
(BN) and a rectified linear unit (ReLU) are used. The first block in the contracting path generates
a 16-channel feature map, and the number of feature channels in the subsequent three blocks
is sequentially doubled. The expansive path has a mirror symmetry of the contracting path. In
each block of the expansive path, two 3 × 3 convolutional layers are used, and after each of them
BN and ReLU are used. Transposed convolutional layer with a stride of 2 is used to upscale
the multi-channel feature map. The number of feature channels is sequentially halved for the
first three blocks in the expansive path, and the number of feature channels in the last block is 1.
Skip connections in the networks connect feature maps in the contracting and expansive paths,
and create the short paths. This enables a fast convergence, and tackles the vanishing gradient
problem of deep networks. In the output layer, a 1 × 1 convolutional operation is applied, and
sigmoid is used as an activation function.

The designed UNN does not need to use any training datasets and labeled data, and an input z
is first generated with random noise ranging from 0 to 0.1. It is worth noting that other random
distributions, e.g., Gaussian, can also be applied as an input. The parameters p in the network,
i.e., weights and biases, are optimized to map the input z to an output pattern. With randomly
initialized parameters p and the input z, an output Igen obtained in the pattern generation process
can be derived with the designed neural network U(z; p).

Igen = U(z; p). (5)

Here, size of the pattern Igen is 512×512 pixels. To keep dimension consistency in the designed
neural network model, size of the input z is set as 512 × 512 pixels. Then, the output from the
designed neural network model is fed into a physical model Ψ as shown in Fig. 1(b) to calculate
an intensity value Bgen described by

Bgen = Ψ(Igen). (6)

In the forward model as shown in Fig. 1(b), the pattern Igen is divided into two separate patterns
(h + Igen)/2 and (h − Igen)/2 where h denotes a constant to be set as one in the pattern generation
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Fig. 1. (a) A diagram of the designed neural network model with downsampling in the
contracting path and upsampling in the expansive path. Conv: convolution. Each blue box
represents a multi-channel feature map in the contracting path. Each white box represents
a multi-channel feature map in the expansive path. (b) A physical model Ψ. FFT: fast
Fourier transform. Bgen denotes a value calculated by a subtraction operation in the pattern
generation process. (c) A schematic process to generate a series of random amplitude-only
patterns with UNN architecture. L: a loss function. Size of the generated pattern is 512× 512
pixels, and Soi denotes a pixel of the analog signal to be transmitted. (d) The typically
generated amplitude-only patterns: the 1st row: (m + Ii)/2 and the 2nd row: (m − Ii)/2.
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process. Fast Fourier transform (FFT) is employed to respectively transform these two patterns
in the far field, and their zero frequencies are extracted and subtracted. Therefore, a value Bgen
can be correspondingly calculated. To make zero frequency of Fourier spectrum of the pattern
Igen be scaled to a pixel value of analog signal, a loss function L in Fig. 1(c) is applied by using
mean squared error (MSE) between a pixel Soi of analog signal and the calculated value Bgen.

L = | |Soi − Bgen | |
2. (7)

The optimized parameters p∗ are obtained by using Adam optimizer [41] with a learning rate
of 0.01. The whole process, as shown in Fig. 1(c), can be described by

p∗= arg min
p

| |Soi − Ψ[U(z; p)]| |2. (8)

The designed UNN maps a transmitted analog signal into random amplitude-only patterns I(x, y).
The process is repeated until all pixels of the analog signal are encoded into the corresponding
random patterns I(x, y). The pattern generation process is independent of any datasets, and does
not require labeled data. The designed UNN model is implemented using Nvidia GeForce GTX
1080 Ti GPU with the codes in Pytorch.

Using the designed UNN, a series of random amplitude-only patterns, as shown in Fig. 1(d),
are generated. Other pattern sizes (e.g., 128 × 128, 256 × 256 pixels) are also applicable in
optical experiments. The number of random amplitude-only patterns is determined by the length
of analog signal to be transmitted. Coherent light source is used to illuminate the generated
random patterns placed in an optical channel, and light intensities are sequentially detected by a
single-pixel detector after the propagation through complex media in free space. A flow chart
of the proposed method is shown in Fig. 2. The proposed method can realize high-fidelity and
high-robustness ghost transmission through complex media in free space, e.g., around a corner,
or dynamic and turbid water.
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Fig. 2. A flow chart for the proposed ghost transmission through complex media in free
space. It consists of encoder and decoder parts. At the encoder part, each pixel of original
signal or image is encoded to generate random amplitude-only patterns with the designed
UNN. After all pixels of the signal to be transmitted (e.g., N= 4096) are encoded, the
generated patterns are sequentially embedded into a SLM. Coherent light source is used to
sequentially illuminate the patterns, and optical wave propagates through complex media in
free space followed by the measurements with a single-pixel detector. Then, high-fidelity
signals or images can be retrieved at the receiving end using a differential protocol. BD:
Single-pixel bucket detector.
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3. Experimental results and discussion

A schematic optical experimental setup is shown in Fig. 3. A green laser with wavelength
of 532.0 nm and the maximum output power of 50.0 mW is utilized as light source, and is
expanded by an objective lens and collimated by a lens with a focal length of 100.0 mm. The
collimated beam illuminates the series of generated random patterns sequentially embedded
into an amplitude-only SLM (Holoeye, LC-R720) with a pixel pitch of 20.0 µm. Then, optical
wave propagates through complex media. Finally, a series of light intensities are recorded by a
single-pixel detector (Newport, 918D-UV-OD3R) at the receiving end. Here, a series of optical
experiments are conducted to verify validity of the proposed method in complex media, i.e.,
around a corner, or dynamic and turbid water. Experimental results are obtained by testing
a series of 1D irregular analog signals and 2D images using the proposed free-space ghost
transmission system.

Laser

OL

Lens

Mirror

SLM SM
BD

Fig. 3. A schematic experimental setup for the proposed ghost transmission through complex
media in free space. OL: Objective lens; SM: Complex media.

3.1. Ghost transmission around a corner

In Fig. 4, the propagating wave encounters reflection and scattering when a diffuser and opaque
media (i.e., walls), are placed in the optical channel, and significant attenuation occurs. To verify
effectiveness and robustness of the proposed method, optical experiments are conducted with
two perpendicular screens to form non-line-of-sight in free space. A protective screen is placed

Laser

Diffuser

PS

BD

d

SS

SLM

Fig. 4. A schematic experimental setup to verify the proposed ghost transmission through a
diffuser around a corner. SS: A scattering screen; PS: A protective screen.
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between the SLM and single-pixel detector to block the propagating wave, and another screen is
used to reflect optical wave. In our experiments, a black paper and a white paper are utilized
to respectively emulate the protective and scattering screens. A separation distance d between
the two screens can affect light intensity to be collected at the receiving end and quality of the
retrieved signals. In this study, MSE and peak signal-to-noise ratio (PSNR) are calculated to
evaluate quality of the retrieved signals, respectively described by

MSE =
1
N

∑︂N

i=1
(Sri − Soi)2, (9)

PSNR = 10log10

(︄
MAX2

So

MSE

)︄
, (10)

where Sri denotes a pixel of the retrieved signal at the receiving end, and MAXSo denotes the
maximum pixel value of original signal. Here, MAXSo is 1, since a normalization operation is
conducted for a comparison.

Figures 5(a)–5(d) show the typically experimental results, when different separation distances
around a corner are used and the diffuser in Fig. 4 is not placed. In Figs. 5(a) and 5(b), the
retrieved signals are obtained at the receiving end, when the separation distance is 3.0 cm. It
is illustrated that the retrieved analog signals are of high quality, i.e., overlapping with original
signals. The high PSNR values and low MSE values in Figs. 5(a) and 5(b) demonstrate that the
proposed ghost transmission using the designed UNN can be realized with high fidelity, even
when optical wave is disturbed around a corner. When the separation distance is small (e.g.,
0.2 cm), there is a significant intensity attenuation and the retrieved signals are of low quality
as shown in Figs. 5(c) and 5(d). A variation of PSNR values of the retrieved signals is further
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Fig. 5. The proposed ghost transmission around a corner: (a) and (c) The experimentally
retrieved analog signal A obtained when the separation distance is 3.0 cm and 0.2 cm,
respectively. MSE values of (a) and (c) are 1.15× 10−4 and 9.49× 10−4, and PSNR values of
(a) and (c) are 39.39 dB and 30.23 dB, respectively. (b) and (d) The experimentally retrieved
analog signal B obtained when the separation distance is 3.0 cm and 0.2 cm, respectively.
MSE values of (b) and (d) are 1.01× 10−4 and 0.0011, and PSNR values of (b) and (d) are
39.96 dB and 29.59 dB, respectively.
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shown in Fig. 6, when the separation distance d is in a range of 0.2 cm to 4.0 cm. It is illustrated
that quality of the retrieved signals declines with the smaller separation distance, since more
wavefront is blocked. When the separation distance d is larger than 0.3 cm, effective information
can be received and PSNR values are always stable at a high level, showing the superiority and
high robustness of the proposed method. PSNR values of 40.83 dB and 40.49 dB are obtained
respectively for the two retrieved signals, when optical wave propagates around a corner with
a separation distance of 4.0 cm. As shown in Figs. 5 and 6, the proposed method can realize
high-fidelity and high-robustness ghost transmission around a corner.

Fig. 6. A variation of PSNR values of the experimentally retrieved analog signals when
different separation distances around a corner are used in the proposed ghost transmission
system. The signals A and B in Fig. 5 are tested.

More complex environment is established and applied to verify the proposed method, and a
diffuser (Thorlabs, DG10-1500) with a thickness of 2.0 mm is further placed before the corner
as shown in Fig. 4. Figures 7(a)–7(d) show the experimentally retrieved analog signals. When
the separation distance is 3.0 cm, the retrieved signals in Figs. 7(a) and 7(b) are still of high
fidelity and have high overlapping with original analog signals. The high PSNR values and
low MSE values verify effectiveness of the proposed ghost transmission. As the separation
distance between two walls is small (e.g., 0.2 cm), experimentally retrieved analog signals deviate
from their original ones due to the dramatically attenuated light intensity to be collected at the
receiving end as shown in Figs. 7(c) and 7(d).

To analyze influence of the separation distance around a corner, a variation of PSNR values of
the experimentally retrieved analog signals using different separation distances is shown in Fig. 8,
when the diffuser is also placed before the corner in the optical channel. The two curves have a
similar trend to show that PSNR values are higher with the longer separation distance d. When
the separation distance d is larger than 0.5 cm, PSNR values of the retrieved analog signals keep
steady and are higher than 35.50 dB. It is demonstrated by experimental results in Figs. 6 and 8
that a diffuser placed before the corner does not dramatically affect quality of the experimentally
retrieved analog signal at the receiving end, and high-fidelity and high-robustness free-space
ghost transmission can still be realized in complex media. It is experimentally verified that the
proposed method using random patterns as information carriers generated by the designed UNN
is feasible to realize high-fidelity optical data (ghost) transmission in complex environments. It
is straightforward to apply the proposed method to realize high-fidelity ghost transmission in free
space without scattering media.
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Fig. 7. The proposed ghost transmission through a diffuser around a corner: (a) and (c) The
experimentally retrieved analog signal A obtained when the separation distance is 3.0 cm
and 0.2 cm, respectively. MSE values of (a) and (c) are 1.51× 10−4 and 0.0022, and PSNR
values are 38.21 dB and 26.58 dB, respectively. (b) and (d) The experimentally retrieved
analog signal B obtained when the separation distance is 3.0 cm and 0.2 cm, respectively.
MSE values of (b) and (d) are 1.26× 10−4 and 0.0016, and PSNR values are 39.00 dB and
27.96 dB, respectively.

Fig. 8. A variation of PSNR values of the experimentally retrieved analog signals when
different separation distances are used in the proposed ghost transmission through a diffuser
around a corner. The signals A and B in Fig. 7 are tested.
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3.2. Ghost transmission in dynamic and turbid water

To realize high-fidelity ghost transmission through dynamic and complex scattering media in
free space (e.g., water) is still an open question. Since dynamic and turbid water has high
absorption and scattering, it is challenging to optically transmit the data with high fidelity in
free space [42,43]. When scattering environment in the optical transmission channel is dynamic
as shown in Fig. 9, light intensities collected by the single-pixel detector would contain limited
effective information. In addition, scaling factors were usually assumed as a constant in the
whole recording process, which could make the retrieval of effective signals become difficult or
impossible at the receiving end.

Laser

Milk

Water

tank

BD

Rotator

Fig. 9. A schematic experimental setup for the proposed ghost transmission through
dynamic and turbid water.

Here, a temporal correction is developed to overcome the aforementioned challenge by
introducing a temporal carrier to correct a series of physically-existing dynamic scaling factors
in the optical transmission channel. A fixed temporal carrier T(x, y) with random values is
numerically pre-generated and is not influenced by scattering environment. Before each generated
amplitude-only pattern [(m + Ii)/2 or (m − Ii)/2], the fixed temporal carrier T(x, y) is used and
embedded into the SLM, and its corresponding measurements can be described by

BTi = aTi

∫∫
T(x, y) e−2πj(xξ+yη)dxdy

|︁|︁|︁|︁
ξ=0,η = 0

, (11)

where BTi denotes light intensity collected at the receiving end, and aTi denotes a scaling factor
corresponding to the temporal carrier T. Since the display interval between temporal carrier T
and each random pattern [(m + Ii)/2 or (m − Ii)/2] is short, aTi ≈ ai can be assumed. Then, the
realizations Bi1 and Bi2 in Eqs. (2) and (3) are rectified using their correspondingly collected
light intensities BTi. Finally, an intensity value can be calculated in Eq. (4) using a differential
operation, which is proportional to original signal pixel. The proposed method with a temporal
correction can suppress noise to realize high-fidelity and high-robustness ghost transmission in
complex media.

An experimental setup is shown in Fig. 9. The fixed temporal carrier T and each generated
random pattern are alternately and sequentially embedded into the SLM. Then, the modulated
wave passes through a transparent water tank (polymethyl methacrylate) with a dimension of
10.0 cm (L)× 15.0 cm (W)× 30.0 cm (H). A rotator is utilized to stir 3000.0 ml water in the
tank to create a dynamic environment, and 10.0 ml skimmed milk diluted by 500.0 ml clean
water is continuously dropped into water tank during optical experiments for free-space ghost
transmission. Axial distance between the front face of water tank and single-pixel detector is
20.0 cm.
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Figures 10(a)–10(d) show the experimentally retrieved analog signals, when 1000.0 revolutions
per minute (rpm) are used in the rotator. In Figs. 10(a) and 10(c), the retrieved signals are
obtained without temporal carriers. It is demonstrated that the retrieved pixels deviate from those
of original signals. On the other hand, the retrieved signals can overlap with original ones as
shown in Figs. 10(b) and 10(d), when the designed temporal carrier is further used. The retrieved
signals in Figs. 10(b) and 10(d) have high PSNR values, showing that the proposed method with
a temporal correction can effectively suppress noise in dynamic and turbid water.
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Fig. 10. The proposed ghost transmission through dynamic and turbid water: (a) and (b)
The retrieval results of analog signal A without or with a temporal correction. MSE values
of (a) and (b) are 0.021 and 2.79× 10−4, and PSNR values are 16.78 dB and 35.54 dB,
respectively. (c) and (d) The retrieval results of analog signal B without or with a temporal
correction. MSE values of (c) and (d) are 0.074 and 3.57× 10−4, and PSNR values are
11.31 dB and 34.47 dB, respectively.

A variation of PSNR values of the retrieved analog signals is shown in Fig. 11, when different
rotation speeds, i.e., 500.0 rpm to 2000.0 rpm, are used. It is demonstrated that PSNR values of
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Fig. 11. A variation of PSNR values of the experimentally retrieved analog signals when
different rotation speeds are used in the proposed ghost transmission system through dynamic
and turbid water. The signals A and B in Fig. 10 are tested. TC: temporal correction.
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the experimentally retrieved signals without a temporal correction are always low, and analog
signals cannot be correctly retrieved. When the proposed method with a temporal correction is
applied, PSNR values of the retrieved signals remain at a high level. As shown in Fig. 11, when
the rotation speed is lower than 1800.0 rpm, PSNR values of the retrieved analog signals are
higher than 30.0 dB. The proposed method with a temporal correction shows high robustness
against dynamic scattering. When the rotation speed increases to 2000.0 rpm, there is a dramatic
drop in PSNR values. In this case, the propagating wave is significantly dissipated due to vortices
generated by the rotator.

3.3. 2D ghost transmission

The proposed method is also tested using 2D grayscale images. Two 8-bit images (64× 64 pixels)
from DIV2K [44] are encoded by using the designed UNN model, and then are transmitted using
the optical setup in Fig. 3. Figures 12(a) and 12(d) show the experimentally retrieved images
at the receiving end, when ghost transmission around a corner with a separation distance of
3.0 cm is conducted. Figures 12(b) and 12(e) show the experimentally retrieved images at the
receiving end, when the diffuser is further placed before the corner. In a dynamic and turbid
water environment, two retrieved images are shown in Figs. 12(c) and 12(f). A rotation speed of
1000.0 rpm is used in the rotator. Original images are shown in Figs. 12(g) and 12(h).

(37.72 dB/0.9911) (37.16 dB/0.9895) (36.88 dB/0.9920)

(a) (c)

(37.68 dB/0.9943) (38.30 dB/0.9947) (36.31 dB/0.9915)

(d) (f)

(b)

(e)

(g) (h)

Fig. 12. The experimentally retrieved images obtained when (a) and (d) around a corner is
studied, (b) and (e) a diffuser is further placed before the corner, (c) and (f) dynamic and
turbid water environment without the corner is studied, and (g) and (h) original images.
PSNR and SSIM values are inside the brackets.

PSNR and structural similarity index measure (SSIM) [45] are calculated to evaluate quality
of the experimentally retrieved images obtained at the receiving end. It is illustrated in
Figs. 12(a)–12(f) that high-fidelity images can be retrieved at the receiving end. To clearly show
quality of the retrieved images, pixels along the 30th column in Figs. 12(a)–12(c) are compared to
those in original images. It is demonstrated in Figs. 13(a)–13(c) that the experimentally retrieved
data overlaps with original data. MSE values of Figs. 13(a)–13(c) are 2.93× 10−4, 2.47× 10−4

and 2.04× 10−4, and PSNR values are 35.33 dB, 36.07 dB and 36.90 dB, respectively.
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Fig. 13. (a)-(c) A comparison between pixel values along the 30th column of the experi-
mentally retrieved images in Figs. 12(a)–12(c) and those in original images.

4. Conclusion

We have proposed high-fidelity and high-robustness ghost transmission through complex media
by the generation of a series of random amplitude-only patterns as 2D information carriers with
a designed physics-driven UNN architecture. A physical model is developed and integrated
into the designed UNN to encode each pixel of analog signals, which facilitates the designed
neural network to learn prior. The 2D pattern generation does not require any training datasets
and labeled data. A series of optical experiments demonstrate that the proposed method is
feasible and effective, and high-fidelity ghost transmission in complex media using coherent light
source is realized. It is expected that this work could open an avenue to realize high-fidelity and
high-robustness ghost transmission in complex media.
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