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Abstract: We propose a new approach for optical analog-signal transmission through multi-layer scattering media using single-
pixel detector to achieve high peak signal-to-noise ratio (PSNR), and analog signals can be experimentally received with high
PSNR through multi-layer scattering media. The proposed approach, experimental observation and optical experimental results
are presented that intensity of the propagating wave recorded by using single-pixel detector can directly produce high-PSNR
signals through multi-layer scattering media using coherent light source at the receiving end. In our optical experiments, high-
PSNR optical transmission is realized in different wave propagation environments, e.g., multi-layer scattering media. The
observed phenomenon and the proposed approach provide a new and interesting insight about optical analog-signal transmission

through multi-layer scattering media. @ Elsevier.
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|. Introduction

Optical wave has been extensively studied for data
transmission over the past decades [1-4]. Optical fiber is a
prime means for transmitting digital signals nowadays, and
has been widely used in the field of communications [5-8]. It
is meaningful and significant to exploit effective methods to
transmit analog signals by using optical waves (especially in
the visible spectrum range) in free space. However, scattering
media or blockades existing in free space strongly destroy the
desired wave (i.e., information carrier) by the light scattering
or reflection [9-15]. Multi-layer scattering also breaks down
Fresnel or Fraunhofer diffraction theory, making it difficult to
control wave propagation in complex environments. As a
result, realizing optical transmission with high peak signal-to-
noise ratio (PSNR) in complex environments is considered to
be optically difficult, which limits the further development of
optical transmission. Coherent light source (e.g., laser) has a
stable frequency and phase, which is suitable for long distance
transmission. However, when coherent light source is used,
the noise, e.g., speckle noise, is usually inevitable, which
always acts as strong background noise at the receiving end.
Hence, it is highly desirable to explore a method which can
utilize the coherent light source to transmit the desired analog
data through scattering media and simultaneously suppress the
noise dramatically.

Furthermore, in terms of optical information carrier, no
study utilizes random amplitude-only patterns to transmit
analog signals. Although the series of random amplitude-only
patterns can be easily generated and used [16-19], they are not
effectively implemented as information carrier due to the lack
of controllability. In this case, the background is always noisy

and the PSNR of the retrieved data is low. Hence, it is also a
significant challenge to achieve high-quality transmission
through scattering media by using random amplitude-only
patterns. It is significant and meaningful to explore a method
which can retrieve the analog data with high robustness
against noise when coherent light source and a series of
random amplitude patterns are applied. In addition, no method
has been developed before to directly realize high-PSNR
optical  transmission in  various wave propagation
environments, e.g., multi-layer scattering media. From the
perspective of optical transmission, there is a fundamental
limit that the analog data cannot be transmitted through multi-
layer scattering media with high PSNR.

In this paper, we propose a new approach to controlling
wavefront for high-PSNR optical transmission through multi-
layer scattering media by using coherent light source and a
series of random amplitude-only patterns. This new approach
is capable of directly retrieving the analog signals with high
PSNR at the receiving end even through multi-layer scattering
media by using coherent light source, and is highly robust
against the noise existing in various wave propagation
environments. At the receiving end, single-pixel detector is
used to collect intensity of the propagating wave. The
potential benefits of applying single-pixel detector include its
low cost and high capability under the conditions of non-
visible wavelength band (e.g., X-ray [20,21] and terahertz light
[22-24]) and various environments [25-27]. It is demonstrated
in optical experiments that the proposed method shows high
transmission reliability in various wave propagation
environments.
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2. Principle

A schematic experimental setup for the proposed high-
PSNR optical analog-signal transmission is shown in Fig. 1,
where a series of generated random amplitude-only patterns as
information carrier are sequentially embedded and illuminated
to propagate through scattering media (e.g., three cascaded
diffusers) and then the intensity values recorded by single-
pixel detector can directly produce the analog data with high
PSNR at the receiving end.
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Fig. 1. A schematic experimental setup for the proposed high-PSNR optical
analog-signal transmission through transmissive and opaque scattering media:
L: He-Ne laser; P: Pinhole; M: Mirror; BD, Bucket detector (i.e., single-pixel
detector); SLM, Spatial light modulator.

In the proposed optical transmission architecture, original
analog data is used as a series of independent pixels, and each
pixel value is transformed or theoretically mapped to one
random amplitude-only pattern according to the proposed
procedure as follows: (1) generate and initialize a random
amplitude-only pattern with real values; (2) apply Fourier
transform (FT) to the generated random amplitude-only
pattern and obtain its Fourier spectrum; (3) use one pixel value
of original analog data to replace zero-frequency component
of the generated Fourier spectrum, and obtain a new Fourier
spectrum; (4) apply inverse Fourier transform (IFT) to the new
Fourier spectrum to generate an updated random amplitude-
only pattern. Each pixel of original analog data is sequentially
processed by using the aforementioned procedure, therefore a
series of random amplitude-only patterns can be
correspondingly generated as information carrier. A flow chart
for generating the random amplitude-only patterns is shown in
Fig. 2.
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Fig. 2. Flow chart for generating random amplitude-only patterns.

The Fourier spectrum of any real matrix (i.e., matrix with
real values) is a symmetric complex matrix [28]. The only one
real value locates at the center of the generated Fourier
spectrum, i.e., zero-frequency component. When the zero-
frequency component is replaced by other real value, the
updated Fourier spectrum is a new symmetric complex matrix

and the IFT of this new symmetric complex matrix leads to an
updated real matrix. Hence, each pixel value of original data
can be theoretically mapped to one 2D random amplitude-only
pattern in the proposed method. When the pattern is
illuminated to propagate in free space, according to the
Huygens-Fresnel principle, every point on a wavefront is a
source of wavelets, which means that the form of the wave at
any subsequent time is determined by the sum of these
secondary waves. In the proposed method, at wave
propagation path, each point in free space contains original
information of the encoded pixel according to Huygens-
Fresnel principle. This property has been fully utilized in the
proposed method to optically transmit information through
scattering media.

After the transformation in spatial and frequency domains,
the finally generated amplitude-only pattern can be described

by
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where j=v=1, P(xy) denotes the finally generated random
amplitude-only pattern, (x,y) denotes the coordinate in spatial
domain, (&7) denotes the coordinate in frequency domain, and
B denotes the zero-frequency component which is equivalent
to each pixel value of the analog data. It can be found that Eq.
(1) corresponds to the single-pixel detection process in free
space. The generated amplitude-only patterns serve as
information carrier. Although each pixel value of the analog
signal is theoretically mapped to one 2D random amplitude-
only pattern in free space, it is experimentally observed that
the generated amplitude-only patterns can be used for high-
PSNR data transmission in various wave propagation
environments, e.g., through multi-layer scattering media. Size
of the generated amplitude-only pattern can be flexibly
adjusted in practice, and is not limited by original data. For
instance, if the data has a size of 64x64 pixels, each pixel value
of the data can be theoretically mapped to one random
amplitude-only pattern with any other size, e.g., 128x128 or
256x256 pixels.
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Fig. 3. A schematic process for the proposed high-PSNR optical analog-signal
transmission: a denotes a constant, B; corresponds to (a+p), B, corresponds to
(a—p), and B=B,-B,. The dashed boxes given here are used to represent those
to be practically implemented in optical experiments. Here, free space,
transmissive scattering media and reflective scattering media are individually
studied as wave propagation environment.



It is experimentally observed that the proposed high-PSNR
optical transmission can be realized even through multi-layer
scattering media, and the intensity recorded by the single-pixel
detector can be used to directly retrieve the analog data with
high PSNR at the receiving end. This is a key feature of the
proposed high-PSNR optical transmission method. A
schematic process for the proposed high-PSNR optical
transmission is shown in Fig. 3. Original analog data is first
encoded into a series of random amplitude-only patterns
P(xy) according to the proposed principle. Subsequently,

three wave propagation environments, i.e., free space,
reflective scattering media and transmissive scattering media,
are individually studied and tested. A series of intensity values
can be sequentially recorded by the single-pixel bucket
detector, schematically illustrated in Figs. 1 and 3. At the
receiving end, intensity values recorded by the single-pixel
detector are used to directly retrieve the high-PSNR data
without additional post-processing algorithms.

In the optical experiments, the series of random amplitude-
only patterns P(xy) used for high-PSNR transmission is first

generated. The generated amplitude-only patterns contain
negative values which cannot be directly used in optical
experiments. Here, each generated amplitude-only pattern
P(xy) is simply converted into two random amplitude-only

patterns as schematically illustrated in Fig. 3, i.e., a+P and a—
P where a denotes a constant to avoid negative values.
Therefore, for each pixel of original analog data, two
amplitude-only patterns are experimentally used and
sequentially embedded into the SLM as shown in Fig. 1. In the
wave propagation environment, B; denotes one intensity value
recorded by single-pixel detector corresponding to pattern
(a+P), and B, denotes one intensity value recorded by the
single-pixel detector corresponding to pattern (a—P),
schematically illustrated in Fig. 3. Therefore, the intensity
value (B=B,-B,) proportionally corresponds to each pixel
value of original analog data. The objectives to use two
amplitude-only patterns as information carrier for optically
transmitting each pixel of the analog data are: (1) negative
values of the generated amplitude-only patterns can be fully
avoided in optical experiments; (2) the noise existing in
optical experiments can be fully suppressed. For instance,
when the two amplitude-only patterns sequentially embedded
into the SLM are illuminated by coherent light source, the
intensity value (B;—B;) has a strong relationship with one pixel
value of the original analog data. It is found in our optical
experiments that intensity value (B;—B,) is proportional to the
pixel value of original analog data, which means that there is a
scaling factor between the retrieved intensity value (B;—B,)
and pixel value of original analog data. It is also observed that
the scaling factors are within a very small range in each wave
propagation environment, and have no effect on the high-
PSNR information retrieval at the receiving end.

3. Experimental results and discussion

Optical experiments have been carried out, and
experimental results are observed and presented to illustrate

the proposed high-PSNR optical analog-signal transmission.
First, through transmissive and opaque scattering media, a
typical experimental setup is shown in Fig. 1, where coherent
light source (i.e., He-Ne laser, 17.0 mW) with wavelength of
633.0nm is expanded by a pinhole and collimated by a lens
with focal length of 100.0mm. In practice, the light source
with other wavelengths can also be applicable. The collimated
light source illuminates the SLM (Holoeye, LC-R720) with
pixel size of 20.0um and the generated random amplitude-only
patterns (a+P) and (a—P) are sequentially embedded and
illuminated to propagate through scattering media. Three wave
propagation environments are presented here, i.e., free space,
through one diffuser and through three cascaded diffusers.
Experimental results of the high-PSNR transmission and
retrieval are shown in Figs. 4(a)—4(r) respectively for the three
different wave propagation environments. In Figs. 4(a)—4(r),
multiple sets of analog data have been individually tested in
each wave propagation environment. The PSNR values are
calculated to quantitatively evaluate quality of the retrieved
data. Mean squared error (MSE) is also used to compare the
difference between the retrieved data and original data, which
is defined as the average squared difference between the pixel
values of retrieved data and the pixel values of original data.
The PSNR and MSE values for the retrieved data in different
wave propagation environments are given in Fig. 4.
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Fig. 4. Optical experimental results obtained at the receiving end: (a)—(f)
Analog data (64x64 pixels) experimentally retrieved by using single-pixel
detector in the wave propagation environment without any diffuser (i.e., free
space) in Fig. 1, with the PSNR values respectively of 37.39 dB, 38.29 dB,
33.37 dB, 3541 dB, 36.74 dB and 38.51 dB, with the MSE values
respectively of 1.82x10% 1.48x10*, 4.60x10* 2.88x10* 2.12x10* and
1.41x10™. (g)—(I) Analog data (64x64 pixels) experimentally retrieved by
using single-pixel detector in the wave propagation environment with only
one diffuser placed in the optical setup in Fig. 1, with the PSNR values
respectively of 41.88 dB, 39.02 dB, 38.31 dB, 37.63 dB, 35.94 dB and 44.09
dB, with the MSE values respectively of 6.48x10%, 1.25x10* 1.47x10%,
1.73x10™, 2.55x10™* and 3.89x10°. (m)—(r) Analog data (64x64 pixels)
experimentally retrieved by using single-pixel detector in the wave
propagation environment with three cascaded diffusers placed in the optical
setup in Fig. 1, with the PSNR values respectively of 31.67 dB, 36.72 dB,
36.13 dB, 31.26 dB, 34.63 dB and 36.71 dB, with the MSE values
respectively of 6.80x10* 2.13x10% 2.59x10* 7.49x10* 3.45x10“ and
2.08x10™. It is worth noting that multiple sets of analog signals have been
individually tested and transmitted in each wave propagation environment.

(m)

The experimental results shown in Figs. 4(a)-4(f) are
obtained in free space without any diffuser placed in the
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Fig. 5. Typical comparisons between the experimentally received data and original analog data: (a) A comparison between the pixel values along the 32nd row of
Fig. 4(b) and those in original analog data when no diffuser is placed in the optical setup in Fig. 1, (b) a comparison between the pixel values along the 32nd row
of Fig. 4(e) and those in original analog data when no diffuser is placed in the optical setup in Fig. 1, (c) a comparison between the pixel values along the 32nd
row of Fig. 4(g) and those in original analog data when one diffuser is placed in the optical setup in Fig. 1, (d) a comparison between the pixel values along the
32nd row of Fig. 4(i) and those in original analog data when one diffuser is placed in the optical setup in Fig. 1, (e) a comparison between the pixel values along
the 32nd row of Fig. 4(n) and those in original analog data when three cascaded diffusers are placed in the optical setup in Fig. 1, and (f) a comparison between
the pixel values along the 32nd row of Fig. 4(q) and those in original analog data when three cascaded diffusers are placed in the optical setup in Fig. 1.

optical setup in Fig. 1, and the intensity values are recorded by
using a single-pixel detector (Newport, 918D-UV-OD3R).
The experimental results shown in Figs. 4(g)—4(l) are obtained,
when one diffuser (Thorlabs, DG10-1500) with the diameter
of 25.4 mm and thickness of 2.0 mm is placed in the optical
setup in Fig. 1. In a strongly scattering environment with three
cascaded diffusers, it is experimentally observed that the high-
PSNR data can also be obtained, as shown in Figs. 4(m)—4(r).
In Fig. 1, axial distance between the first diffuser and the
second diffuser is 25.0 mm, and axial distance between the
second diffuser and the third diffuser is 10.0 mm. In the
proposed high-PSNR optical transmission, there is also no
limitation about the axial distances, e.g., between the diffuser
and the single-pixel detector. In our experiments, the axial
distance between the final diffuser and the single-pixel
detector is set as 3.5 cm. It is observed from Figs. 4(a)-4(r)
that the analog data retrieved at the receiving end is always of

high quality in different wave propagation environments,
which is clearly verified by the calculated PSNR and MSE
values given in Fig. 4. Even in a strongly scattering
environment, when the series of random amplitude-only
patterns and coherent light source are applied, the proposed
high-PSNR optical transmission is also realized. Hence, the
proposed method possesses high robustness in different
environments, which means that different layers of scattering
media would have little influence on the measured results. It is
worth noting that various types of data, e.g., analog signals,
can be transmitted by using the proposed method.

To further illustrate the relationship between the pixel
values of experimentally retrieved data and pixel values of
original analog data, the pixel values along the 32nd row of
Figs. 4(b), 4(e), 4(g), 4(i), 4(n) and 4(qg) and those in original
analog data are compared. As can be seen from the typical
comparisons in Figs. 5(a)-5(f), the experimental data almost



overlap with pixel values of original analog data after the
normalization operation. Here, to conduct normalization, all
experimental data are divided by the maximum value of
experimental data, and for original signal all values are
divided by the maximum value of original signal. It is
demonstrated that high-PSNR optical transmission through
multi-layer scattering media is realized and observed.

High-PSNR optical transmission and retrieval through
reflective scattering media are also studied and observed. A
typical experimental setup is shown in Fig. 6. In the reflective
scattering environment, an ordinary paper serves as a
reflective scattering medium, and a series of the generated
random amplitude-only patterns are sequentially embedded
into the SLM. The single-pixel detector records the light
intensity reflected from the paper.

Fig. 6. A schematic experimental setup for the proposed high-PSNR optical
analog-signal transmission through reflective scattering media: an ordinary
paper is placed just before a plate as reflective scattering media.

Optical experimental results, i.e., the retrieved data, are
shown in Figs. 7(a)-7(f). In Figs. 7(a)-7(f), multiple sets of
analog data have been individually tested. The PSNR values
and the MSE values of the retrieved data are shown in Fig. 7.
The pixel values along the 32nd row of Figs. 7(a), 7(c) and 7(f)
and those in original analog data are compared and
respectively shown in Figs. 7(g)-7(i) to illustrate high-PSNR
optical transmission. It is always observed that high-PSNR
optical transmission and retrieval through reflective scattering
media can also be realized.

Based on experimental results in Figs. 5 and 7, the proposed
method provides a powerful tool to address practical
applications. For instance, it is still a great challenge to use
visible and coherent light source to realize high-fidelity optical
data transmission where blockade, reflection and scattering
could occur, and quality of the information retrieved at the
receiving end is significantly affected. The proposed method
resolves the problems encountered in data transmission.

It is also experimentally found that in each wave
propagation environment, there are steady scaling factors
between the pixel values of retrieved data and those in original
analog data. The typical results about scaling factors are
shown in Figs. 8(a)-8(d), i.e., corresponding to the optical
setups in free space, through one diffuser, through three
cascaded diffusers, and through reflective scattering media
with the experimental results respectively in Figs. 4(b), 4(1),
4(m) and 7(f). The scaling factor is calculated by the ratio
between the retrieved intensity values (B=B;-B,) and pixel
values of original analog data. As seen in Figs. 8(a)-8(d), in

each wave propagation environment, the scaling factors are
within a very small range. It is demonstrated again that in each
wave propagation environment, the proposed high-PSNR
optical transmission through scattering media is realized and
observed.
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Fig. 7. Optical experimental results obtained at the receiving end: (a)—(f) The
analog data (64x64 pixels) experimentally retrieved by using single-pixel
detector in optical experiments, with the PSNR values respectively of 38.64
dB, 35.95 dB, 34.97 dB, 39.22 dB, 36.70 dB and 34.72 dB, with the MSE
values respectively of 1.37x10%, 2.54x10* 3.19x10* 1.20x10*, 2.13x10*
and 3.37x10™, (g) a comparison between the pixel values along the 32nd row
of (a) and those in original analog data, (h) a comparison between the pixel
values along the 32nd row of (c) and those in original analog data, and (i) a
comparison between the pixel values along the 32nd row of (f) and those in
original analog data. Multiple sets of analog data have been individually tested
and transmitted through reflective scattering media.



4000 4000

3000 3000
= -
(]
£ 2000 € 2000
=] =]
z z
1000 1000
0 — 0 —
1.15-2.75 2.75:3.00 3.00-3.30 3.30-3.61 7.33-8.25 8.258.45 8.45-9.40 9.40-9.94
Scaling factor distribution Scaling factor distribution
(®) (b)
4000 4000
3000 3000
5 @
[
Qo Q
£ 2000 £ 2000
=] >
z P4
1000 1000
0 -

1.65-2.30 2.30-2.45 2.45-3.00 3.00-3.49
Scaling factor distribution Scaling factor distribution
© (d)

Fig. 8. Typical scaling factor distributions obtained in different wave
propagation environments: (a) The scaling factor distribution (magnitude of
the coefficients: 10™) obtained corresponding to the experimental result in
Fig. 4(b) when the optical setup in Fig. 1 contains no diffuser, (b) scaling
factor distribution (magnitude of the coefficients: 1072 obtained
corresponding to the experimental result in Fig. 4(1) when the optical setup in
Fig. 1 contains one diffuser, (c) scaling factor distribution (magnitude of the
coefficients: 10™2) obtained corresponding to the experimental result in Fig.
4(m) when the optical setup in Fig. 1 contains three cascaded diffusers, and (d)
scaling factor distribution (magnitude of the coefficients: 10™?) obtained
corresponding to the experimental result in Fig. 7(f) when the optical setup in
Fig. 6 contains the reflective scattering medium.

2.95-315 3.15-330 3.30-3.65 3.65-3.85

4. Conclusions

We have proposed a new method to transmit and retrieve
analog signals with high PSNR through multi-layer scattering
media when coherent light source and a series of random
amplitude-only patterns as information carrier are applied. In
our optical experiments, high-PSNR optical transmission has
been realized and observed in different wave propagation
environments, i.e., free space, transmissive scattering media,
reflective scattering media and multi-layer scattering media.
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