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Abstract: In this paper, a new and robust method is proposed to realize high-fidelity non-line-
of-sight (NLOS) optical information transmission through turbid water around a corner. A series
of 2D random amplitude-only patterns are generated by using the zero-frequency modulation
method, which are used as optical information carriers. The laser beam modulated by random
amplitude-only patterns propagates through turbid water, and the wave diffused by turbid water is
further reflected around a corner. A single-pixel detector is used to collect light intensity at the
receiving end. To demonstrate feasibility and effectiveness of the proposed NLOS free-space
optical information transmission system, many optical experiments are conducted. The proposed
method is fully verified by using different turbid water conditions, different separation distances
around a corner and different detection angles of the single-pixel detector. Optical experimental
results demonstrate that the proposed method is able to achieve high fidelity and high robustness
for free-space optical information transmission through turbid water. Even when there is an
obstacle behind turbid water, high-fidelity free-space optical information transmission is still
realized by using the proposed method. In addition, the proposed method possesses a wide
detection range at the receiving end, which is of great significance in practical applications.
The proposed method is a promising application for NLOS free-space optical information
transmission.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Wireless data transmission plays an important role in various research areas, and has stimulated
considerable interest in recent years. To satisfy the ever-increasing demands for various
applications (e.g., communication [1–4]), wireless data transmission is expected to be continuously
developed. There are many wireless data transmission technologies, e.g., radio-frequency [5],
acoustic [6] and optical wireless [7–12]. Radio frequency transmission technology provides high-
velocity waves, but it is not highly suitable for long-distance transmission since radio frequency
waves attenuate rapidly (e.g., through turbid water). Acoustic transmission technology uses
acoustic waves to carry information which can be restricted by low-bandwidth and noise pollution
in turbid water environment. Recently, it has been found that optical wireless communication is a
promising alternative for free-space data transmission through turbid water, which offers high
bandwidth, low latency, and unlicensed optical spectra.

However, for free-space optical transmission through turbid water, one fundamental challenge
is that turbid water has strong absorption and scattering effects on optical beams resulting from
water molecules and suspended particles. In this case, it is difficult to realize high-fidelity
and high-efficiency free-space optical information transmission through turbid water. Another
significant challenge is to deal with the obstacles in the optical path, e.g., walls, rocks, large
suspended particles and organic matters or planktonic organisms in the water, which block wave

#440002 https://doi.org/10.1364/OE.440002
Journal © 2021 Received 9 Aug 2021; revised 23 Sep 2021; accepted 24 Sep 2021; published 11 Nov 2021

© 2021 Optica Publishing Group under the terms of the Open Access Publishing Agreement. Users may 
use, reuse, and build upon the article, or use the article for text or data mining, so long as such uses are for 
non-commercial purposes and appropriate attribution is maintained. All other rights are reserved.

https://orcid.org/0000-0003-4326-8835
https://orcid.org/0000-0002-3258-7278
https://doi.org/10.1364/OA_License_v1#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.440002&amp;domain=pdf&amp;date_stamp=2021-11-11


Research Article Vol. 29, No. 24 / 22 Nov 2021 / Optics Express 39499

propagation between the transmitter and the receiver. When there are obstacles in the optical
path, the light dramatically attenuates. Traditional line-of-sight scheme is not suitable in this
case, since a strict alignment between the transmitter and the receiver is requested. Therefore,
non-line-of-sight (NLOS) optical wireless communication [13–16] has been developed, and can
relieve the strict pointing and tracking requirements in line-of-sight link. In addition, it is also
important to address the diffusing loss resulting from obstacles. Wavefront shaping has been
developed to mitigate the attenuation problem by controlling the wavefront [17–20]. However,
wavefront shaping needs feedback control using an iterative algorithm which is complicated and
time-consuming. Therefore, it is highly desirable to establish a simple NLOS free-space optical
information transmission system to transmit optical signals through turbid water.

In this paper, a new method is proposed to establish a high-fidelity and high-robustness
laser-based NLOS transmission channel through turbid water. To the best of our knowledge, this
is the first investigation of encoding signal information into 2D random amplitude-only patterns to
realize high-fidelity free-space optical transmission through turbid water around a corner. In the
proposed method, original signal is considered as independent pixel values, and each pixel value
is encoded into a 2D random amplitude-only pattern. The generated amplitude-only patterns are
sequentially embedded into spatial light modulator (SLM) to be illuminated to propagate through
turbid water. The optical wave is diffused through turbid water. Subsequently, part of the diffused
wave reflects from a scattering wall around the corner, and the rest of the wave is blocked. At the
receiving end, a single-pixel detector [21–25] is used to record light intensity. At the receiver
operation, high-fidelity signal information can be retrieved by using the collected light intensity
without complicated post-processing algorithms. The proposed method is fully verified by using
different turbid water conditions, different separation distances around the corner and different
detection angles, and optical experimental results are quantitatively evaluated. In addition to
free-space one-dimensional analog-signal transmission, it is also feasible to transmit grayscale
images in the designed NLOS link through turbid water. The proposed approach can effectively
overcome the challenges in conventional NLOS free-space optical data transmission methods,
i.e., low-fidelity analog-signal retrieval through turbid water, low light detection, low mobility
and high pointing errors.

2. Principle

Figure 1 shows a schematic experimental setup for laser-based NLOS free-space optical informa-
tion transmission through turbid water around a corner. He-Ne laser with wavelength of 633.0 nm
is used, and an amplitude-only spatial light modulator (SLM) serves as the transmitter. Original
signal is first encoded into a series of 2D computer-generated random amplitude-only patterns
which are sequentially embedded into the amplitude-only SLM.

The proposed optical encoding method is described as follows: Firstly, a 2D matrix with
random real values is generated. Then, fast Fourier transform (FFT) is applied to the 2D matrix to
obtain its corresponding spectrum S. Zero frequency of spectrum S is replaced by one pixel value
of original signal, and a new Fourier spectrum S’ is correspondingly generated. Next, inverse
fast Fourier transform (IFFT) is applied to the Fourier spectrum S’ to obtain an updated random
amplitude-only pattern. The above steps are repeated until all the pixels of original signal are
individually encoded into random amplitude-only patterns. Since the finally generated random
amplitude-only pattern for each pixel value of original signal contains negative values, a positive
constant w is further used to divide the generated random amplitude-only pattern (P) into two
patterns (w+P) and (w-P) which are sequentially embedded into the SLM in optical experiments.
A flow chart is further shown in Fig. 2 to illustrate the proposed optical data encoding method.

As can be seen in Fig. 1, the wave propagates in free space through turbid water which consists
of skimmed milk and clean water. The diameter of skimmed milk particles ranges from 10
to 600 nm. The particles can result in strong scattering effects, including Mie scattering and
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Fig. 1. Experimental setup for the proposed NLOS free-space optical information transmis-
sion system: OL: Objective lens with magnification of 40; SLM: Amplitude-only spatial
light modulator; WT: Water tank; SW: Scattering wall; BD: Single-pixel (bucket) detector;
L: Lens with focal length of 100.0 mm; M: Mirror; PS: Protective screen to block the beam.
An ordinarily white paper is used as the scattering wall.

Fig. 2. Flow chart for the generation of a series of 2D random amplitude-only patterns: n
denotes each pixel (1,2,3,. . . ); N, the total number of pixels in original signal.

Rayleigh scattering [26]. The optical wave is attenuated rapidly by the scattering effects. In
addition, when the wave propagates through turbid water, the photons encounter absorption effect.
To characterize these parameters, the scattering and absorption coefficients are defined as a(λ)
and b(λ), respectively. The total attenuation coefficient c(λ) can be represented as the sum of
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scattering and absorption coefficients described by

c(λ) = a(λ) + b(λ). (1)

According to Beer-Lambert law [27], the light intensity can be calculated by

I(z) = I0e−c(λ)z, (2)

where I0 denotes the incident light intensity, I(z) denotes the transmitted light intensity, z denotes
the path length, and c(λ) is also called Beer’s coefficient.

Behind turbid water, the diffused optical wave further propagates around a corner, as seen in
Fig. 1. Part of the diffused optical wave is blocked by a protective screen as shown in Fig. 1, and
other part of the diffused wave is reflected by scattering wall and then recorded by a single-pixel
detector at the receiving end. The single-pixel detector is a high-sensitivity device, and is suitable
for wide-range wavelength and low-light detection. Finally, the recorded light intensity is used to
directly retrieve the signal. The recording and retrieval process is described by

B1 = δ
∫∫

[w + P(x, y)] e−2πj(xξ+yη)dxdy|ξ=0,η=0, (3)

B2 = δ
∫∫

[w − P(x, y)] e−2πj(xξ+yη)dxdy|ξ=0,η=0, (4)

B = B1 − B2, (5)

where j =
√
−1, (x, y) denotes the coordinate in spatial domain, (ξ, η) denotes the coordinate in

frequency domain, w+P(x,y) and w-P(x,y) denote 2D random patterns (512×512 pixels), B1 and
B2 denote the recorded intensity values, B denotes the retrieved signal, and δ denotes a scaling
factor. In the proposed method, scaling factors exist between the retrieved data and original data,
as shown in Eqs. (3) and (4). In the proposed method, each pixel value of original signal has
been encoded into two random amplitude-only patterns, and a subtraction operation between
the two corresponding intensity points recorded by single-pixel detector can be directly used for
retrieving each pixel value of original signal.

3. Experimental results and discussion

A series of optical experiments are carried out to illustrate feasibility and effectiveness of the
proposed NLOS free-space optical information transmission through turbid water around a corner.
In Fig. 1, He-Ne laser with 17.0 mW and wavelength of 633.0 nm is used. A beam expander with
a magnification of 40 is used to adjust size of the laser beam followed by the collimation using
a converging lens with focal length of 100.0 mm. The collimated laser beam is reflected by a
mirror and illuminates the surface of an amplitude-only SLM (Holoeye, LC-R720) with pixel size
of 20.0 µm. In this study, a modulation rate of 1.25 Hz is used to conduct a proof-of-principle
experiment and verify the proposed method. The angle between the incident beam and the
reflected beam on the SLM is 45°. The water tank in Fig. 1 is made from PMMA, and has a
dimension of 60 mm (L) × 110 mm (W) × 300 mm (H). In this study, axial distance between
the SLM and water tank is 100 mm, and axial distance between water tank and scattering wall
is 50 mm. Axial distance between the scattering wall and single-pixel detector is 100 mm. A
single-pixel detector (Newport, 918D-UV-OD3R) and a power meter (Newport, 1936-R) are
used to record light intensity at the receiving end. The active area of single-pixel detector is 1.0
cm2. Temperature in the laboratory is set as 24℃ for optical experiments.



Research Article Vol. 29, No. 24 / 22 Nov 2021 / Optics Express 39502

3.1. Turbidity of water

The optical wave dramatically attenuates, when it propagates through turbid water. Scattering is
a form of accumulation, which means that the bigger the turbidity is, the heavier its impact on
quality of the retrieved signal. The effect of different turbidities of turbid water on the accuracy of
the proposed free-space optical signal transmission is experimentally tested here. In the optical
experimental setup shown in Fig. 1, 850 mL clean water is first prepared and placed into the water
tank, and then skimmed milk in which molecules have diameters ranging from 10 to 600 nm is
used to emulate turbidity. When particles have a size of 10 nm, they can lead to the forward and
backward scattering effect. Therefore, skimmed milk is an optimal option to emulate all kinds of
scattering effects in seawater conditions. Then, skimmed milk is added to the water tank in order
to increase the turbidity. The volume of skimmed milk starts from 20 mL with an increase of
5 mL each time, and this process is repeated for five times. Three significantly different analog
signals are randomly selected and tested in each milk concentration case. The wave propagation
distance through turbid water is 60 mm, and separation distance around the corner, i.e., between
scattering wall and protective screen, is set as 45 mm. In addition, the power just before water
tank is 0.93 mW in optical experiments. To quantify turbidity level of the scattering medium, an
optical power meter can be utilized to record the light intensity after propagating through the
turbid water. In Eq. (2), Beer’s coefficient c(λ) can be calculated based on the light intensity
before water tank, the light intensities after water tank and the propagation distance through
turbid water. Beer’s coefficient c(λ) can be calculated using Eq. (2) and is employed to represent
the turbidity level [28,29].

To quantitatively evaluate performance of the proposed method, signal-to-noise ratio (SNR) is
calculated and defined by

SNR = 10 × log10

⎡⎢⎢⎢⎢⎢⎣
∑︁

S2
ori∑︁

(Sori − Sre)
2

⎤⎥⎥⎥⎥⎥⎦ , (6)

where Sori denotes original signal and Sre denotes the retrieved signal. Quantitative results about
the SNR variation with different concentrations of skimmed milk are shown in Fig. 3. The
typically retrieved signals are shown in Figs. 4(a)–4(f), when different concentrations of skimmed
milk are added to the water tank. It can be seen in Fig. 3 that the SNR values decline with the
incremental of skimmed milk concentration. When the volume of skimmed milk is increased
to be 40 mL, SNR values for the three retrieved analog signals are close to 20 dB. The signals
retrieved at the receiving end are shown in Figs. 4(e) and 4(f), when 40 mL and 45 mL skimmed
milk is respectively used. When the concentrations of skimmed milk are smaller than 40 mL, the
retrieved signals have high SNR values as shown in Fig. 3 and nearly overlap with original signals
as shown in Figs. 4(a)–4(d). Due to the accumulation feature of scattering, scattering becomes
stronger as the skimmed milk concentration increases, which will have the heavier influence
on the quality of retrieved signals. It is also illustrated in Figs. 3 and 4 that there is a steady
decrease in the SNR values and light power when skimmed milk concentration is increased,
and quality of the retrieved signals has a relationship with the light power. From the optical
powers given in Fig. 3, it can be further observed that water turbidity significantly affects the
propagating light wave, and lead to high scattering and high absorption in the free-space optical
transmission channel. In addition, the optical experimental results in Figs. 3 and 4 demonstrate
that the proposed method is able to directly retrieve high-fidelity and high-SNR analog signals in
free-space optical transmission through turbid water around a corner.
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Fig. 3. A relationship between the concentration of skimmed milk and the quality of
retrieved signals at the receiving end. Turbid water in the water tank consists of 850 mL
clean water and different volumes of skimmed milk.

3.2. Separation distances around the corner

In addition to water turbidity, the separation distance d around the corner (i.e., between scattering
wall and protective screen) in Fig. 5 can also affect optical power detected at the receiving end.
In the optical experiment, a protective screen is placed between the transmitter and the receiver
to block the wave, and the scattering wall is used to further reflect the diffused wave after turbid
water. In optical experiments, the scattering wall is opaque. In Fig. 5, an ordinarily white paper is
used to emulate the scattering wall. In this optical experiment, 850 mL clean water is mixed with
20 mL skimmed milk to be placed into the water tank. The separation distance d has an impact
on the optical power detected at the receiving end, and a relationship between the separation
distance d and optical power detected at the receiving end is studied here. In this case, the loss is
calculated by [30,31]

PL = 10 × log
10

(︃
Pt

Pr

)︃
, (7)

where PL denotes the loss (dB), Pt denotes the power just before water tank, and Pr denotes
optical power just before single-pixel detector. The power Pt just before water tank is 1.5 mW in
the optical experiments. Optical experimental results are shown in Figs. 6(a)–6(d) and 7.

It can be seen in Figs. 6 and 7 that when the separation distance d increases, optical power
detected at the receiving end increases and power loss decreases. In addition, accuracy of
the retrieved analog signals is enhanced. These optical experimental results illustrate the
high-robustness feature of the proposed NLOS free-space optical transmission method through
turbid water around a corner. There is a sharply downward trend in the detected power when the
separation distance is lower than 3 mm, since only a small part of optical wave is reflected by the
scattering wall and others are blocked by the protective screen. When the separation distance
d is lower than 3 mm, MSE values are larger than 3.55×10−3 and SNR values are smaller than
21.04 dB. Therefore, it can be seen in Figs. 6 and 7 that when the separation distance d is not
smaller than 5 mm, the retrieved signals are always of high fidelity.
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Fig. 4. (a)-(f) Comparisons between original signal and the experimentally retrieved signals
at the receiving end when different concentrations of skimmed milk (i.e., 20 mL, 25 mL,
30 mL, 35 mL, 40 mL and 45 mL) are respectively used in the water tank. The signal 2 in
Fig. 3 is used and typically presented here.

3.3. Detection range of the single-pixel detector

In conventional free-space optical transmission systems through complex media, the acquisition,
tracking and pointing can be difficult, and pointing errors cannot be effectively mitigated. In
addition, the alignment process is complicated when there are turbid water and obstacles in the
wave propagation path. In the proposed NLOS free-space optical transmission system, there is
no need to accurately place the single-pixel detector at the receiving end, and pointing errors can
be fully suppressed.

In Fig. 8, the optical wave propagates through turbid water, and then the diffused wave is
further reflected by the scattering wall. The reflected wave is detected by using a single-pixel
detector placed at an arbitrary position (θ). Here, the detection angle (θ) range of single-pixel
detector is further studied. In optical experiments, 850 mL clean water is mixed with 20 mL
skimmed milk, and an ordinarily white paper is used as the scattering wall. The power loss is
calculated to investigate performance of the developed NLOS free-space optical transmission
system. It can be seen in Figs. 9 and 10 that when the single-pixel detector is arbitrarily moved
and placed in a detection angle ranging from -45° to 45°, the proposed method can always realize
high-fidelity free-space optical data transmission. In other words, the proposed method can
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Fig. 5. A schematic optical experimental setup for wave propagation around a corner behind
turbid water: d: separation distance.

Fig. 6. (a)-(d) Comparisons between the retrieved analog signals at the receiving end in
optical experiments and original signal when different separation distances are used around
the corner, i.e., d= 3, 5, 15 and 30 mm. SNR values of the retrieved analog signals in
(a)-(d) are 21.04 dB, 24.78 dB, 31.75 dB and 33.44 dB, respectively. MSE values of the
retrieved analog signals in (a)-(d) are 3.55×10−3, 1.50×10−3, 3.01×10−4 and 2.04×10−4,
respectively.
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Fig. 7. The detected optical power and the loss when optical wave propagates through
turbid water (850 mL clean water with 20 mL skimmed milk) and further propagates around
a corner respectively with the separation distance d of 3, 5, 10, 15, 20, 25, 30, 35, 40 and 45
mm.

realize a large angular coverage at the receiving end, and high mobility is achieved. Optical
experimental results demonstrate that the proposed method is robust, and pointing errors existing
in conventional methods are effectively suppressed. The single-pixel detector is a high-sensitivity
device, and can be applied in low-light detection environments. The proposed method can realize
a multi-point connection, and can mitigate the workload of multiple carriers on each sensor.

Fig. 8. A schematic setup for testing the detection range of single-pixel detector: normal
direction denotes zero degree as indicated by the dotted line. θ denotes different positions of
single-pixel detector. Clockwise direction denotes positive degree, and counterclockwise
direction denotes negative degree.
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Fig. 9. (a-d) Comparisons between analog signals retrieved at the receiving end in optical
experiments and the original signal when different detection angles θ={0°, 15°, 35°, 45°} of
single-pixel detector at the receiving end are respectively used.

Fig. 10. SNR values of the retrieved signals and power loss obtained when different
detection angles θ of -45°, -35°, -25°, -15°, 0°, 15°, 25°, 35° and 45° are respectively used.
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3.4. Two-dimensional grayscale-image transmission

In addition to one-dimensional analog signals, the proposed method is also feasible to transmit
grayscale images. In optical experiments, the turbid water consists of 850 mL clean water and
25 mL skimmed milk. In this case, the separation distance d around the corner is 25 mm, and the
detection angle of single-pixel detector is set as 0°.

To quantitatively evaluate quality of the retrieved images at the receiving end, two evaluation
parameters, i.e., peak signal-to-noise ratio (PSNR) [32–34] and structural similarity index measure
(SSIM) [32], are calculated. The maximum SSIM value is 1, and the calculated SSIM value
shows the similarity between original image and the retrieved image obtained at the receiving
end.

In optical experiments, the typically retrieved images are shown in Figs. 11(a)–11(c). It can be
seen in Figs. 11(a)–11(c) that the three retrieved images are of high fidelity, and PSNR values
are 40.53 dB, 37.13 dB and 41.90 dB, respectively. The SSIM values for Figs. 11(a)–11(c) are
0.9929, 0.9893, and 0.9920, respectively. To clearly show the quality of retrieved images, the
pixel values along the 55th row in Fig. 11(c) are shown in Fig. 12(a), and the experimentally
retrieved data overlap with original data. It is also found that scaling factor between the retrieved
image and original image can be further calculated to evaluate the quality. As can be in Fig. 12(b),
the scaling factors are within a small range. It is illustrated that high-fidelity grayscale image can
be retrieved in the proposed NLOS free-space optical data transmission method.

Fig. 11. Optical experimental results obtained by using single-pixel bucket detector: (a)-(c)
2D images (64×64 pixels) typically retrieved at the receiving end. The PSNR and SSIM
values are given.

Fig. 12. (a) A comparison between pixel values along the 55th row of the retrieved image in
Fig. 11(c) and those along the 55th row of original image, and (b) a scaling factor distribution
(magnitude of the coefficients: 0.2×10−11) corresponding to that in Fig. 11(c).
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4. Conclusion

A new and robust method has been proposed for NLOS free-space optical data transmission
through complex media, and high-fidelity free-space optical data transmission through turbid
water around a corner has been realized. Optical experiments have been conducted to verify the
proposed method using different turbid water conditions, different separation distances around
the corner and different detection angles of single-pixel detector. Optical experimental results
demonstrate that the proposed method possesses high feasibility and high robustness when there
are turbid water and obstacles in the wave propagation path. In addition, different signals, e.g.,
analog signals and grayscale images, are widely tested by using the proposed method. The
proposed approach can effectively overcome the challenges in conventional NLOS free-space
optical data transmission methods, i.e., low-fidelity analog-signal retrieval through turbid water,
low light detection, low mobility and high pointing errors.
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