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Abstract: Free-space optical data transmission through non-static scattering media, e.g.,
dynamic and turbid water, is challenging. In this paper, we propose a new method to realize
high-fidelity and high-robustness free-space optical data transmission through highly dynamic
and turbid water using a series of dynamic scaling factors to correct light intensities recorded
by a single-pixel bucket detector. A fixed reference pattern is utilized to obtain the series of
dynamic scaling factors during optical data transmission in free space. To verify the proposed
method, different turbidity levels, different strengths of water-flow-induced turbulence and a
laser with different wavelengths are studied in optical experiments. It is demonstrated that
the proposed scheme is robust against water-flow-induced turbulence and turbid water, and
high-fidelity free-space optical information transmission is realized at wavelengths of 658.0 nm
and 520.0 nm. The proposed method could shed light on the development of high-fidelity and
high-robustness free-space optical data transmission through highly dynamic and turbid water.
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1. Introduction

Free-space optical communication is promising for versatile, secure and high-bandwidth data
transmission in various applications, e.g., underwater [1-4]. Recently, there has been much
research interest in using light as information carrier in underwater transmission links, since the
light can provide the larger bandwidth, higher capacity, and lower power consumption compared
to other communication techniques [5-9]. A challenging scenario is free-space optical data
transmission through dynamic and turbid water, and it is well recognized that complex water
environment could hinder applications of optical wireless communication. There is a severe
power loss of optical wave in highly dynamic and turbid water environment, and the power loss is
mainly due to absorption, scattering and turbulence [10-14]. Absorption and scattering depend
on the wavelength of light and water properties, e.g., density and particles. The turbulence also
imposes a limit on the propagating wave due to the fluctuation in refractive index of water in the
presence of air bubbles, temperature and salinity [15-18], and could induce beam wandering and
wavefront distortion. Until now, much research was focused on the enhancement of data rate and
working distance [19-21] in free-space optical communication. However, real situations related
to free-space optical data transmission in water environment, €.g., strong turbulence and dynamic
water, may be overlooked in previous work. This issue is still open for research. In addition,
much research work used a tank filled with clean water in optical experiments. However, in real
water environments, attenuation coefficient is significantly high due to particles, air bubbles and
turbulence. Therefore, it is desirable to develop new approaches to retrieving accurate signals,
when optical wave propagates through highly dynamic and turbid water.
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In this paper, a new approach is proposed to establish a high-fidelity and high-robustness
optical wireless transmission channel through highly dynamic and turbid water using a series of
dynamic scaling factors to correct light intensities recorded by a single-pixel bucket detector. To
the best of our knowledge, this is the first investigation of utilizing dynamic scaling factors to
realize high-fidelity and high-robustness free-space optical data transmission in highly dynamic
and turbid water environment. A signal to be transmitted is considered as a series of independent
pixels, and each pixel value is encoded into a 2D random amplitude-only pattern. The series of
generated random amplitude-only patterns, called illumination patterns, is sequentially embedded
into a spatial light modulator (SLM), and a fixed reference pattern, i.e., a pre-generated random
amplitude-only pattern, is used before each illumination pattern to correct the recorded light
intensities. Optical wave is diffused through highly dynamic and turbid water, and a single-pixel
bucket detector [22-24] is used to record a series of light intensities. The proposed method
is experimentally verified by using different turbid water conditions, different strengths of
water-flow-induced turbulence and a laser with different wavelengths. Experimental results
demonstrate that high-fidelity irregular analog signals can be retrieved by using the proposed
method, and high robustness against turbulence generated by water flow is achieved.

2. Principle

A schematic experimental setup is shown in Fig. 1 to verify the developed free-space optical
data transmission through highly dynamic and turbid water. In Fig. 1, a laser is controlled by
using a laser diode mount (Thorlabs, LDM56/M) in a range of 0-500 mA, and three different
wavelengths are individually used, i.e., 658.0 nm, 520.0 nm and 405.0nm. A lens with focal
length of 100.0 mm is utilized to collimate the laser beam, and then the collimated optical
wave illuminates an amplitude-only SLM (Holoeye, LC-R720) with pixel size of 20.0 um. The
modulated optical wave propagates through highly dynamic and turbid water tank, and a stirrer is
used to generate dynamic water environment. In this study, a water tank with size of 10.0cm
(L) x25.0cm (W) x30.0cm (H) is used to conduct a proof-of-principle experiment and verify
the proposed method. The longer transmission distance can also be used in the proposed scheme,
and the propagation distance through dynamic and turbid water could be estimated by using
Beer-Lambert law. A single-pixel bucket detector (Newport, 918D-UV-OD3R) with optical
power meter (Newport, 1936-R) is applied to record a series of light intensities at the receiving
end. In optical experiments, axial distance between the SLM and water tank is 10.0 cm, and axial
distance between water tank and single-pixel bucket detector is 5.0 cm.

In the developed free-space optical data transmission system, a signal to be transmitted is first
encoded into a series of 2D random amplitude-only patterns to be sequentially embedded into
the SLM in Fig. 1. The optical data encoding process is as follows:

(1) generate a 2D random matrix (512 X 512 pixels) with real and positive values;

(2) apply fast Fourier transform (FFT) to the 2D random matrix generated in Step (1) to obtain
its spectrum;

(3) replace zero frequency of the generated spectrum in Step (2) by a pixel value of original
signal, and then a new Fourier spectrum is obtained;

(4) apply inverse fast Fourier transform (IFFT) to the new Fourier spectrum obtained in Step
(3) to generate an updated random amplitude-only pattern (P);

(5) repeat the above Steps (1)-(4) until every pixel of original signal is encoded into a 2D
random amplitude-only pattern. The series of generated random amplitude-only patterns
(P) can be sequentially embedded into the SLM in Fig. 1. Since it is impossible to use
the SLM to directly display the generated pattern that contains negative values, a positive
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Fig. 1. A schematic experimental setup to verify the proposed method: L: Lens; M: Mirror;
SLM: Amplitude-only spatial light modulator; WT: Turbid water tank; BD: Single-pixel
bucket detector.

and real constant m is further used to divide each generated pattern (P) into two separate
patterns (m + P) and (m-P), called illumination patterns.

In Fig. 1, the propagating wave is distorted by highly dynamic and turbid water, i.e., via
scattering, absorption and turbulence. Attenuation coefficient u(A) consists of absorption and
scattering which are related to wavelength of the laser, respectively denoted by u, (1) and u;(A). In
the optical transmission through turbid water, absorption leads to a large power loss in the wave
propagation path, and absorption coefficient depends on light wavelength and water properties
(e.g., different chemical compositions of dissolved materials). Scattering deflects the photons in
random directions, and leads to beam wandering and wavefront distortion. These attenuations
[25-29] affect the light intensities recorded at the receiving end, and according to Beer-Lambert
law [30-33] the process can be described by

1(d) = Iye D4, )]

w(A) = Ha(2) + Hy(2), @)

where I denotes incident light intensity, /(d) denotes output light intensity, and d denotes the
path length. In addition, the turbulence is also induced by random changes of refractive index in
the wave propagation path due to salinity, temperature and pressure.

To obtain dynamic scaling factors in highly dynamic and turbid water environment, a fixed
reference pattern R(x,y), i.e., a random amplitude-only pattern, is further proposed here and
embedded into the SLM before each illumination pattern, i.e., (m + P) and (m-P). At the receiving
end, light intensities are recorded by using the single-pixel bucket detector in Fig. 1. The
recording process is described by

Biy = k(1) / / R(x,y) e 2OEDD dxdy| e_g,=0 + noise, 3)

Bi1 = k(ti+1) // [m + P(x,y)] e 2 dxdy| g—g,,=0 + noise, 4)

B, = kiv1(ti+2) / / R(x,y) e’z”j(x‘fﬂ’”)dxdyl £=0,y=0 + Noise, 5)
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B =k, (t3) / / [m — PCr.y)] e 200D ddy| om0 + noise, ©)

where j = V—1, (x,y) denotes coordinate in spatial domain, (£,77) denotes coordinate in frequency
domain, B;; and B;; denote the recorded intensity values corresponding to the ith pixel of
the transmitted signal, B; and Bir denote the recorded intensity values corresponding to the
reference pattern, and k(7) denotes time-varying (dynamic) scaling factors. In the free-space
optical data transmission system, environmental and shot noise is always induced. Since every
time interval between the reference pattern and each illumination pattern (e.g., ¢; + 1-#; Or t; ;. 3-
t; +2) is short, adjacent scaling factors can be assumed to be the same, i.e., k;(t;)~k;(#; + 1) and
ki 10t 4 2)=~ki 4 1(ti +3)-
Therefore, each pixel value B; of a signal obtained at the receiving end is retrieved by

_Bu_Ba
l Bi Bir
~ k(tiv1) // [m + P(x,y)]dxdy + noise ~ ki (tie3) // [m — P(x, y)]dxdy + noise
ki(t;) f/ R(x,y)dxdy + noise kiv1(tiy2) ff R(x, y)dxdy + noise

~ f/ RG y)djcdy —— {// [m + P(x,y)]dxdy — // [m — P(x, y)]dxdy} @)

2
/ / P(x, y)dxdy
/R(x y)dxdy + noise

/ / P(x,y)dxdy

It can be seen in Eq. (7) that noise can be effectively suppressed, and the retrieved intensity
value is proportional to original signal pixel. Therefore, high-fidelity signals can be retrieved at
the receiving end in the proposed free-space optical data transmission through highly dynamic
and turbid water.

3. Experimental results and discussion
3.1.  Turbidity

To verify the proposed method, different volumes of milk are mixed with clean water to be placed
in the water tank in Fig. 1. Dissolving milk in clean water creates particle suspension, and can
change attenuation coefficients. To emulate the turbidity, different volumes of milk are added
to clean water with volume of 3.0 L, resulting in a variation of attenuation coefficients. Beer’s
coeflicient u(Q) is calculated based on Eq. (1), and is used to describe turbidity level [30,31] in
this study. Performance of the developed free-space optical data transmission system through
highly dynamic and turbid water can be evaluated, and experimental results are shown in Figs. 2
and 3.

To quantitatively evaluate quality of the signals retrieved at the receiving end, peak signal-to-
noise ratio (PSNR) [32,33] is calculated. Figure 2 shows PSNR values of the retrieved signals,
when turbidity of water in the tank, i.e., attenuation coefficient, is 3.24 x 1072, 3.60 x 1072,
3.68x107%, 3.74x 1072, 3.84x 1072, 3.91x 1072, 3.97x 1072, 4.11x 1072, 4.12x 1072,
4.13 x 1072, 4.14x 1072 and 4.16 x 1072, respectively. It can be seen in Fig. 2 that PSNR
decreases with the increase of water turbidity level. When the turbidity is not larger than
3.97 x 1072, the retrieved signals are of high fidelity as shown in Figs. 3(a)-3(c). It is illustrated
that the proposed method is feasible and effective. When attenuation coefficients are larger than
3.97 x 1072, PSNR values of the retrieved analog signals decrease dramatically as shown in
Fig. 3(d). Due to the accumulation feature, scattering becomes stronger as milk concentration
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Fig. 2. PSNR values of the retrieved signals using the proposed method in the free-space

optical data transmission through highly dynamic and turbid water when different water
turbidities are used and tested. In this experiment, speed of the stirrer is 900.0 rpm.
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Fig. 3. Comparisons between original signal and the experimentally retrieved signals at the
receiving end when different volumes of milk are used in the water tank to have an attenuation
coefficient of (a) 3.24 x 1072, (b) 3.74 x 1072, (c) 3.97 x 1072 and (d) 4.13x 1072.



Research Article Vol. 30, No. 24/21 Nov 2022/ Optics Express 43485 |

Optics EXPRESS N

increases. It is also demonstrated in Figs. 2 and 3 that quality of the retrieved signals has a strong
relationship with the detected light power, and highly dynamic and turbid water leads to a power
loss of the propagating wave via scattering and absorption.

3.2. Water-flow-induced turbulence

A real water environment is always not static, and could be complex. A real water environment
also produces turbulence. Therefore, we also investigate effect of water-flow-induced turbulence
on the performance of the proposed method. In our study, dynamic water flow is generated by
using a stirrer in Fig. 1, and different turbulence strengths are obtained by using different speeds
of the stirrer in the water tank. The turbulences result in beam distortion and beam wandering,
which cause large fluctuations of light intensities recorded at the receiving end.

In highly dynamic water environment, clean water and turbid water are respectively studied
here. Turbid water is obtained by a mixture of clean water of 3.0 L and milk of 10.0 mL to be
placed in the water tank in Fig. 1. The stirrer is used in optical experiments, and path loss and
scintillation index are also calculated. The path loss is calculated by [34,35]

P
PL=10xlog, (Ft) ®)

where PL denotes the loss (unit: dB), P; denotes optical power just before water tank, and P,
denotes optical power collected by the single-pixel bucket detector. The optical power P; just
before water tank is 80.0 uW in our optical experiments. A relationship between speed of the
stirrer and path loss is shown in Fig. 4. In addition, scintillation index is used and defined by
[36,37]
)
)
o =— -1, )
oy
where (-) denotes ensemble average, and / denotes the measured beam intensity by the single-pixel

bucket detector at the receiving end. A relationship between speed of the stirrer and average
scintillation index is shown in Fig. 5.
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Fig. 4. Path loss due to wave propagation through clean water and turbid water in the tank
when speed of the stirrer is 400.0, 600.0, 800.0 and 1000.0 rpm, respectively.

It can be seen in Fig. 4 that path loss in clean water is smaller than that in turbid water, and the
path loss increases dramatically in turbid water environment when speed of the stirrer approaches
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Fig. 5. A relationship between speed of the stirrer and average scintillation index obtained
when clean water and turbid water are respectively used.

1000.0 rpm. It can be seen in Fig. 5 that the range of scintillation index is 0.201-0.205 in clean
water and 0.200-0.213 in turbid water, which is larger than that used in other work [38].

The typically retrieved analog signals are shown in Figs. 6(a)-6(h). It is demonstrated that the
retrieved signals are of high fidelity, and the proposed method is feasible and effective. When
speed of the stirrer increases, PSNR values of the retrieved signals declines as shown in Fig. 7.
When speed of the stirrer is not higher than 900.0 rmp, the retrieved signals are always of high
quality as shown in Figs. 6(a)-6(f) and 7. It is also indicated that as velocity of dynamic scattering
medium increases, there are severe and harsh turbulences. When water flow increases, particles
in the water move rapidly which results in the larger power loss and wave distortion. It is verified
that high-fidelity irregular analog signals can always be retrieved at the receiving end using the
proposed method, and high robustness against highly dynamic and turbid water is achieved.

3.3. Laser with different wavelengths

The laser with different wavelengths, i.e., 405.0 nm blue laser (Thorlabs, DL5146-101S), 520.0 nm
green laser (Thorlabs, L520P50) and 658.0 nm red laser (Thorlabs, L658P040), is individually
used to further verify the proposed method. Turbid water is prepared by a mixture of clean
water of 3.0 L and milk of 10.0 mL to be placed in water tank as shown in Fig. 1. Milk serves
as a strongly scattering material, which has spheroidically-shaped particles floating in water.
According to Mie scattering for spheroids, there is a linear downward trend on the percent of
scattering light with an increment of the wavelength [39]. Therefore, light with the longer
wavelength can propagate longer in turbid water. Figure 8 shows PSNR values of the retrieved
signals, when different speeds of the stirrer and a laser beam with three different wavelengths are
used. It can be seen in Fig. 8 that high-fidelity free-space optical information transmission is
also realized by using the proposed method at wavelengths of 658.0 nm and 520.0 nm, and it is
impossible to realize high-fidelity data transmission at wavelength of 405.0 nm. It is illustrated
that a laser with long wavelengths (e.g., 658.0 nm and 520.0 nm) is feasible in the proposed
method compared with short wavelength (e.g., 405.0 nm), when there is highly dynamic and
turbid water in the wave propagation path.
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Fig. 6. (a)-(h) Comparisons between the retrieved analog signals at the receiving end and
original signals respectively in clean water and turbid water when different speeds of the
stirrer are used: i.e., (a), (b) 400 rpm; (c), (d) 600 rpm; (e), (f) 800 rpm; and (g), (h) 1000
rpm. (a), (¢), (e) and (g) in clean water; (b), (d), (f) and (h) in turbid water.
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and a laser beam with three different wavelengths are respectively used. The irregular analog
signal in Fig. 3 is tested.
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4. Conclusion

We propose a new approach to establishing a high-fidelity and high-robustness optical wireless
transmission channel through highly dynamic and turbid water using a series of dynamic scaling
factors to correct the light intensities recorded by a single-pixel bucket detector. A series of
generated 2D random amplitude-only patterns are sequentially embedded into the SLM, and a
fixed reference pattern is used before each illumination pattern to correct the series of recorded
light intensities. The optical wave is severely diffused through highly dynamic and turbid water,
and a single-pixel bucket detector is used to record a series of light intensities. The proposed
method is experimentally verified by using different turbid water conditions, different strengths
of water-flow-induced turbulence and a laser with different wavelengths. It is demonstrated
that high-fidelity irregular analog signals can always be retrieved at the receiving end using the
proposed method, and high robustness against highly dynamic and turbid water is achieved. The
proposed method could open up a novel research perspective for the development of high-fidelity
and high-robustness free-space optical data transmission through highly dynamic and turbid
water. It can be expected that the proposed method is feasible to realize optical data transmission
in various environments, e.g., biological tissues, and around a corner [32,40—42].
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