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Abstract

Optical data transmission through scattering media is challenging, which has attracted
much interest in many fields, such as marine ecology and biomedical science. The existing
methods suffer from huge computational cost and limited application ranges, which
cannot be effectively applied to complex environment, especially in strongly and
randomly scattering media. In this thesis, high-fidelity and high-robustness optical analog-
signal transmission through scattering media is proposed and systematically studied, e.g.,
turbid water and biological tissue.

The first challenging task is how to realize high-fidelity and high-efficiency optical
analog-signal transmission in static and turbid water. | have proposed a new method to
optically transmit analog signals in free space through static and turbid water. Each pixel
of original signal is sequentially encoded into random amplitude-only patterns as
information carrier. A single-pixel detector is utilized to collect light intensities at the
receiving end. Experimental results demonstrate that the proposed method shows high
robustness against different propagation distances through turbid water and resists the
effect of various turbulence factors. The proposed method is easy to operate and is cost-
effective, which could open up a novel insight into optical signal transmission in free
space through turbid water.

The second challenging task is to deal with the obstacles in the optical path, e.g., walls,
rocks, suspended particles and organic matters or planktonic organisms in water. A non-
line-of-sight (NLOS) optical transmission system is built to realize high-fidelity optical
analog-signal transmission through turbid water around a corner. Optical experimental

results demonstrate the feasibility of the proposed method when there is an obstacle



behind turbid water. In addition, the proposed method possesses a wide detection range at
the receiving end, which is of great significance in practical applications.

The third challenging task is how to achieve high-accuracy optical analog-signal
transmission in free-space through non-static scattering media, e.g., dynamic and turbid
water. | have proposed an effective method by using a series of dynamic scaling factors
to temporally 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. 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 fourth challenging task is how to realize accurate optical information transmission
and achieve large penetration depth through thick biological tissues. The proposed method
utilizes zero-frequency modulation to generate a series of 2D random amplitude-only
patterns. The proposed method realizes accurate optical information transmission through
thick biological tissues, and can overcome the challenges, e.g., penetration through small-
thickness tissues and low quality of the retrieved signals.

My study in this thesis opens up a new research perspective for theoretical
understanding and experimental verifications of high-fidelity free space optical analog-
signal transmission through complex scattering media including static and dynamic
environment. My research work will benefit the development of optical wireless data

transmission in various research fields, e.g., marine ecology and biomedical science.
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Chapter 1 Introduction

1.1 Background

Optics plays a vital role in our daily life, and has accompanied us for a long time. Light-
based systems or devices have experienced a great evolution from copper mirrors, simple
lenses, and prism to microscopy and photography systems [1-14]. The aforementioned
systems are mostly applied in free space or transparent media, such as glass or air. In many
cases, there are no opaque materials in the optical systems, and light propagates along a
straight line.

However, as optical systems are implemented in the broader areas, scattering problems
exist in many disciplines, e.g., radar, sonar, acoustics, electromagnetics, medical science,
optics and so on [15-29]. The presence of scattering media breaks the assumption of free
space or transparent media assumption. Here, water medium is taken as an example. When
optical information is transmitted in water environments, it is challenging to obtain
accurate information. Since the light is scattered or absorbed by the water particles in the
transmission path between the transmitter and the receiver, and it no longer follows the
straight-line propagation in certain levels. The particles existing in water conditions are a
type of scattering media preventing the optical system from transmitting the information
correctly. This scattering problem exists in many research areas, e.g., marine ecology,
remote sensing, and biomedical science.

In this Chapter, the interaction between light and scattering media including absorption
and scattering is discussed. The statistical properties of the scattered light, i.e., speckle

patterns, are described. After that, transmission matrix theory is introduced to model the


http://cn.bing.com/dict/clientsearch?mkt=zh-CN&setLang=zh&form=BDVEHC&ClientVer=BDDTV3.5.0.4311&q=%E5%A3%B0%E6%B3%A2%E5%AD%A6

relationship between the input and output light in scattering environments. Finally, the

physics of light absorption is also explained.

1.1.1 Light Scattering

The interactions between light and matter holds a great significance in science and
technology. The scattering and absorption of light, by bound electrons in atoms, molecules,
and solids, as well as by free electrons, form the direct basis [30-35]. In terms of scattering,
there are various kinds of scattering including elastic scattering, inelastic scattering, quasi-
elastic scattering, nonlinear process and so on. Here, our discussion is limited to elastic
scattering. Elastic scattering can lead to light diffusion, when light waves propagate in
scattering media. A single particle scattering model is first given, and then a collection of
particles is introduced. Finally, the properties of scattering media based on the model are

discussed.

T Non-selective scattering
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Figure 1.1 The angular distribution of the scattered light for the different types of scattering
including Rayleigh scattering, Mie scattering and non-selective scattering [36]. R represents the
radius of particle size.
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Single particle scattering

Rayleigh scattering or Mie scattering can simply model the scattering of a single small
particle [36-39], as shown in Fig. 1.1. Rayleigh scattering can be applied when particles
are much smaller than the wavelength of the incident light, which is derived from the
phenomenon when light interacts with a dipole. For the particle size is on the order of the
wavelength, the scattering can be explained by Mie scattering. It is an approximation
derived by tackling the challenge in Maxwell’s equation of the monochromatic plane wave
irradiated homogeneous and isotropic spherical scatter. To characterize the single particle

scattering, the scattering anisotropy, g, is used to model the physics of single particles [39].
g ='|.;p(0)27rsin(t9)d0 x €0s6 =(cosd), (1.1)

where p(#) denotes density distribution of the scattering field, & denotes the photon
scattering angle and < > denotes an ensemble average. The range of anisotropy parameter
is [-1, 1]. Here, backward scattering is represented by -1, and forward scattering is
represented by 1. Biotissues undergo Rayleigh scattering and Mie scattering due to the
heterogeneous structures. For most biotissues, anisotropy factor g is approximately 0.9,
which means that forward scattering dominates over backward scattering. In addition to
scattering anisotropy, another important parameter for single particle scattering is
scattering cross section os, which represents the capability of particle’s scattering. It is
deemed as the effective scattering area that a photon impinges. os is the product of
scattering efficiency Qs and geometric cross-sectional area As, which can be described by
oy =QA. (1.2)
A collection of particles scattering
Scattering media in real applications are always a collection of scatterers that are

distributed in a random way within a finite three-dimensional space. It is necessary to



apply a statistical model to explain the interaction between light and scattering media. It
Is based on an assumption that only scattering exists in this process. Scattering coefficient
| and the scattering mean free path (MFP) Is with units of mm™ are employed to describe

the scattering effect, which can be described by

ts = 0osNg, (1.3)
R (14)
Hs

where Ns denotes the total number of scatters per units of mm~3. The intensity of ballistic
light can be derived based on Is when light propagates through the sample, which can be

described by

1(1)= |0e_i =167, (1.5)

where lo denotes the incident light intensity, | denotes optical path length. It is found that

ballistic light intensity experiences exponential decay in the process of scattering. To

further quantify how much of the light still follows the straight line, the parameters of
reduced scattering coefficient , (mm™) and transport mean free path I, (mm) are used

to describe the scattering media.

s =(1-9)psm, (1.6)
L= L7
Hs

The multiple scattering process is described in Egs. (1.6) and (1.7). The particle model
Is an approximation for a real scattering medium. Ballistic photons also exist which is

useful and applied in many applications e.g., imaging in biological field.



Speckle

When monochromatic light is shone onto scattering media, light experiences the diffusion
inside scattering media and the output is uncorrelated in the spatial domain as shown in
Fig. 1.2. The scattered light field is termed speckle field [40—44]. According to the
principle of Huygens, the complex field is the phasor summation of the output plane of

the scattering medium as described by
N N i0
E(x,y):Zap(x,y)=2‘ap(x,y)‘e P (1.8)
p=1 p=1
where E(x,y) denotes the output electric field at an arbitrary point, a, (x,y)denotes each
beamlet of output wavefront at an arbitrary point on the output surface, and ‘ap (x, y)‘ and

0, denote amplitude and phase information of a,(x,y), respectively. It is known that ap

IS generated by incident light with limited energy. Only five beamlets are shown in Fig.
1.2, and are used as an example to show the phasor summation process. N is large in the
diffusive propagation of light in the scattering medium. According to central limit theory,

E(x,y) follows complex normal distribution if p is enough large. The corresponding

imaginary part (I) and real part (R) of E(x,y) can be derived based on transformation as

follows,
A=\R?+12, (1.9)
I
0, =arctan (Ej (1.10)
R=Acos6,, (1.11)

| = Asing,,. (1.12)



The probability density function (PDF) of R and | follows a Gaussian distribution

described by
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1 R? +12
Y(R,I):zﬂo_zexp[— +2 ] (1.13)

where ¢ denotes the standard deviation. Based on Eq. (1.13), the PDF is a circular

Gaussian density function and E(x,y) in Eq. (1.8) can also be regarded as a complex

circular Gaussian random variable.

Scattering medium

R Speckle

Incident light

Figure 1.2 lllustration of light’s diffusive propagation and output wavefront through a scattering
medium. The incident light beam propagates through a scattering medium and a speckle is
generated.

Transmission matrix

It is assumed that the interaction of light and scattering medium is regarded as a linear
lossless process. Therefore, a scattering medium is a linear system that transforms the
input light field to the output light field. According to the speckle theory, the input and
output wavefronts can be discretized as elementwise arrays of optical modes. Supposed
that array Ex and array Ey respectively represent the input and output wavefront and have
m and n elements, every element of Ex and Ey is complex value of the corresponding
optical mode. The transform can be represented by a transmission matrix Ty, which

describes how phase and amplitude of the input field are modified by the medium to be



presented on the output plane. The mathematical equation is given in Eq. (1.14), and an

elementwise expression based on Eq. (1.14) is given in Eq. (1.15) to make the process

easy to understand [45-50].
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Figure 1.3 A schematic of shaping the transmission matrix in scattering media. The process for
performing wavefront shaping in complex medium by using a spatial light modulator (SLM) and

free-space optics to tailor the incoming beamlet.

A schematic of shaping the transmission matrix is shown in Fig. 1.3. Transmission

matrix theory is widely used in the analysis of wavefront shaping (WFS) [51-56] and

phase conjugation [57-61].



1.1.2 Light Absorption

Absorption of light takes place when matter captures electromagnetic radiation,
converting the energy of photons to internal energy. The absorption of a bulky
macroscopic material can be characterized by a coefficient termed absorption coefficient
4y. According to the Beer-Lambert-Bouguer law, light intensity along the propagation
direction can be described by

(1) =1pe 7, (1.16)
where lo denotes the incident light intensity and | denotes the propagation distance in
scattering media. It can be found that there is an exponential decay towards the light
intensity with the propagation inside scattering media. The absorption coefficient has a
connection with wavelength. In typical applications of biology, major components of
biological tissue induce absorption effect, e.g., water and hemoglobin. The optical window
of 650-950 nm has relatively low absorption from biological tissue, and therefore enables
light to penetrate tissue with less loss. For water in the sea, blue—green window (400-520
nm) has a low water absorption coefficient. Therefore, in most biomedical and underwater
applications, these optical windows are opted to acquire more scattered signal light. In a
word, the absorption level can be varied with different ranges of wavelengths in biological

tissue and water.

1.2 Literature Review

Seeing through turbid water or fog, looking around corners, and focusing deep into
biological tissue [62—72] have been treated as challenging tasks in optics. Disordered
optical scattering which scrambles the light distribution of optical field from different

optical directions is the main reason. Random scattering media can significantly increase



system complexity that impedes useful information to be transmitted. Therefore, it is
desirable to develop feasible solutions to realize high-fidelity information transmission
when light travels through complex scattering media. Optical information transmission in
free space through complex scattering media has attracted much attention, and is of great
significance in applications, e.g., marine ecology and biomedical science.

WES in the disordered environments has been widely studied to control the wavefront
of input light in complex scattering media. A. P. Mosk and I. M. Vellekoop proposed and
demonstrated the WFS in 2007 via iteration algorithm [46]. They have provided an
insightful perspective for controlling light through complex scattering media in optical
focusing and transmission. Based on the transmission matrix, the corresponding
wavefront can be measured according to the scattering medium to generate specific
patterns through or inside the scattering medium. In the WFS, optical phase or complex
field of light from different scattering paths is first calculated, and then the output field is
actively manipulated by shaping an input wavefront. It has become an efficient and
systematic method to actively control optical wavefronts and further manipulate light
through complex scattering media. Thanks to the development of electronic devices,
optical wavefront shaping can be realized by using spatial light modulator (SLM) or
digital micromirror devices (DMD). The SLM can be used to impose spatially-varying
modulation on the incident wave, where the modulation can realize amplitude, phase, and
polarization modulation. A DMD can realize phase modulation, binary phase modulation,
or binary amplitude modulation, respectively. In general, iterative optimization [73-81],
transmission matrix measurement [82-93], or phase conjugation [94-103] are powerful

to obtain correct wavefronts.
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Iterative optimization requires measurement of the focusing light intensity on the target
modes by using a feedback signal. A large number of feedback signals can be employed
including photoacoustic wave [105,106], second-harmonic generation [107], fluorescent
light from a probe particle [108-110], or light intensity in the corresponding modes
measured by a photodetector [45]. Due to the requirement of a relatively long time of
convergence by finding solutions through trial and error, iterative methods have some

inherent limitations in practice.

Computer

Feedback

Figure 1.4 A diagram of WFS in scattering media [104]. CW Laser: continuous-wave (CW) laser;
SM: Scattering medium; BD: Bucket detector.

Transmission matrix measurement [82-93] can be considered as a supplement of
iteration optimization. Transmission matrix can be obtained via calculating the output
wavefronts based on a prior knowledge of input wavefronts. It requires more time for
transmission matrix measurement than iterative optimization. Furthermore, only part of
the modes of the incident field and the output field can be accessed in practice. The part
of modes that is not accessible is regarded as a loss. Therefore, transmission matrix

measurement requires a direct access to the output plane in most situations.
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Phase conjugation gives a description of light propagation in a linear and lossless
medium based on time reverse of the electrical field [94-104]. In the input plane, a
randomly selected point of light source propagates through scattering media, and scattered
light can be obtained in the output plane. According to the principle of phase conjugation,
wavefront at the output field can be reflected off with a conjugate phase, and scattered
light will retrace its propagation and focus back on the target mode as if time is reversed.
However, it is challenging to locate the desired focus spot inside a scattering medium. To
address these issues, a promising avenue is guide-star WFS [56] which could be small
fluorescent particles or second-harmonic particles embedded in the scattering media. The

general principle of guide-star WFS is shown in Fig. 1.5.

SM

SLM
Light

Figure 1.5 Principle of guide-star WFS [54].

The guide-star, which is typically located at the desired focus spot inside a scattering
medium, interacts with the scattered photons and encodes its location in the scattered light.
The measurement system detects the exiting scattered light and identifies the components
that originate from the location of guide-star. The system then determines a wavefront
modulation map to be presented on a SLM to tailor the wavefront of the incident. Guide-
star WFS is an attractive technique for deep penetration light focusing and efficient

delivery of light energy beyond the diffusion limit. Due to the limitation of system latency
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and guide-star mechanism of current WFS methods, progress in science and technology
is showing a great potential to gradually solve these limitations.

The WFS techniques have been continuously developed and improved [111-113].
Phase measurement and spatial light modulation are essential parts in these WFS schemes
to achieve correct wavefront. For phase measurement, three kinds of methods are
developed to solve the problem. Various forms of interferometry are utilized in the phase
measurement process for extracting phase information of the scattered light. Holographic
method is another powerful and mature method which can extract phase information
directly [111,112]. In addition to these two methods, different kinds of phase retrieval
techniques are feasible to acquire corresponding phase information indirectly. A SLM is
used to display a pattern based on the knowledge of phase information. The SLM controls
light propagation through complex scattering media in parallel and then a desired optical
pattern is obtained through scattering media according to interference of all modulated
optical paths. It is worth noticing that various WFS techniques always take advantage of
phase connection among different optical channels to generate the desired output pattern
due to interference. It is indicated that the main principle of optical WFS is priori
knowledge of the phase relationship between the input and output wavefront. The
perspective of mathematic, transmission matrix connects the optical fields on the input
plane and the output plane as discussed in Section 1.1. There are millions of entries in a
transmission matrix and it is challenging to measure real and imaginary parts of all the
entries since only intensity information can be obtained by the detectors. The phase is
required and obtained by using interferometric techniques e.g., phase-shifting or off-axis

holography.
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The WFS methods are based on an assumption that knowledge of the phase is a
necessity for optical control through scattering media. The dependence on phase
information makes the system vulnerable as the phase is sensitive to external perturbations.
H. W. Ruan and C. H. Yang challenged this assumption by proposing a novel method
called optical-channel-based intensity streaming (OCIS) [113]. The method employs an
intensity-only approach for controlling light through a scattering medium. Instead of
actively tuning the interference between the optical paths via WFS, OCIS can manipulate
light and transmit optical information through scattering media with linear intensity
operation. They demonstrated that OCIS could generate distinct energy null points which
are distinct from WFS. It is demonstrated that the intensity-only scheme is feasible for

information transmission through disordered scattering media.

1.3 Motivations and Objectives

As mentioned above, there are many challenges in optical information transmission
through complex scattering media. These challenges are briefly described as follows:

(1) Itis a desirable task to overcome the challenges that exist in optical signal transmission
through turbid water. WFS has been developed to analyze the propagation of
electromagnetic waves through scattering media. However, WFS needs a feedback control
by iterative algorithms when dealing with scattering. Transmission matrix has also been
established to describe scattering media. In transmission matrix measurement, random
scattering media are considered as a matrix to complete transformation on light waves.
However, measurement of the scattering matrix in real applications could be complicated
and time-consuming, since it requires a priori calibration process. Another potential
approach to dealing with the effect of scattering is adaptive optics (AO) which relies on

calibrated distortions of light beam. Digital signal processing (DSP) is also feasible to
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tackle the scattering effect. To obtain effective results, AO and DSP require high cost, and
rely on the complexity of optical system. Therefore, it is highly desirable to design new
optical systems to transmit analog signals in free space and simultaneously achieve high
fidelity and high robustness through static scattering media.

(2) It is challenging to realize high-fidelity optical analog-signal transmission in free-
space through turbid water, when there are obstacles in the optical path, e.g., walls, rocks,
large-suspended particles and organic matters or planktonic organisms in the water.
Traditional line-of-sight scheme is not suitable, since a strict alignment between the
transmitter and the receiver is requested. WFS has been developed to mitigate the
attenuation problem by controlling the wavefront. However, WFS needs a 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.

(3) Itis akey scientific problem that many scattering media are dynamic, and many studies
are conducted based on an assumption that scattering media are static. Complex and
dynamic water environment could hinder applications of optical wireless communication.
There is a severe power loss of optical waves in highly dynamic and turbid water
environment, and the power loss is mainly due to absorption, scattering and turbulence.
The turbulence also imposes a limit on the propagating wave due to the fluctuation in the
refractive index of water in the presence of air bubbles, temperature, and salinity, and
could induce beam wandering and wavefront distortion. The water turbidity variation in
the sea is also an important factor to affect the received light intensity. The variation of
water turbidity in turbulent water conditions is considered as dynamic environment. The

existing methods are not easy to implement with high cost. Therefore, it is desirable to
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develop new approaches to retrieving accurate signals, when optical wave propagates
through highly dynamic and turbid water.

(4) 1tis challenging to realize high-fidelity optical information transmission through thick
biological tissues with low light intensity owing to complex structures and strong
scattering characteristics of biological tissues. Conventional methods are focused on high-
resolution biomedical imaging using invisible light. It is difficult to realize deep-
penetration optical information transmission with low light intensity using visible light.
This issue is still open for research. In many medical applications, it is feasible to transmit
data using optical light source, and it is highly desirable that delivering accurate

information through thick tissues can be fully explored by using optical light source with

e

low illumination power.
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Figure 1.6 My key research work.
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The main objective of this thesis is to develop advanced methods which can realize
high-fidelity optical information transmission in static and complex scattering medium,
e.g., turbid water and turbid water with obstacles in propagation path. In addition, an
effective method using a series of dynamic scaling factors to correct light intensities is
proposed to realize high-fidelity and high-robustness free-space optical data transmission
through highly dynamic and turbid water. Furthermore, it is promising to verify the
feasibility and efficiency of optical information transmission through biological tissues.

The key research work of this thesis is shown in Fig. 1.6.

1.4 Outline of Thesis

This Ph.D. thesis consists of six chapters, and Chapters 2, 3, 4 and 5 are based on my
published papers. The rest of this thesis is organized as follows:

In Chapter 2, a new approach based on zero-frequency modulation and single-pixel
detection is presented. A series of 2D random amplitude-only patterns are generated by
using zero-frequency modulation method and are used as optical information carriers. In
addition, a noise suppression strategy, i.e., differential operation, is developed to obtain
high-quality signal reconstruction. The proposed method can achieve high-accuracy
analog-signal transmission in various turbid water environments.

In Chapter 3, more complex water environments are introduced, i.e.., obstacles between
the transmitter and the receiver. It is experimentally demonstrated that the proposed
method can achieve high fidelity and high robustness for free-space optical information
transmission through turbid water. In addition, the proposed method possesses a wide
detection range at the receiving end.

In Chapter 4, an effective method is developed to realize high-fidelity optical information

transmission in dynamic and complex water conditions. A series of dynamic scaling
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factors are calculated to correct light intensities recorded by a single-pixel bucket detector.
A fixed reference pattern is utilized before each illumination pattern to obtain the series
of dynamic scaling factors during optical data transmission in free space. Different kinds
of analog signals can be retrieved with high fidelity based on the proposed method in
different dynamic and turbid water environment.

In Chapter 5, optical wireless information transmission is studied based on the proposed
method in free space through different thickness of biological tissues. The proposed
method can achieve high-fidelity data transmission through thick biological tissue with

low power consumption. Different visible light wavelengths are also tested and verified.

In Chapter 6, the research findings are summarized, and the main contributions of this
thesis are described. Then, future work is discussed, and potential research directions are

described.
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Chapter 2 Optical Analog-signal Transmission and
Retrieval Through Turbid Water with Single-
Pixel Detector

2.1 Introduction

As information carrier, optical wave has attracted much attention in recent years [114,115].
The high-bandwidth optical wave offers an opportunity for data transmission. Different
from optical fiber communication, optical communication in free space has its own
advantages and application background [116-118]. However, light wave propagating in
free space usually encounters scattering media, e.g., turbid water or opaque materials in
which scattering and absorption are unavoidable [119-123]. As a result, spatial
information of the incident light is scrambled, and partially or completely ballistic photons
are lost. In general, optical system through scattering media yields speckle due to the
interference inside the scrambled light beams [119-121], which makes it difficult to
deliver accurate information of signal in the field of data transmission. Hence, there is
strong interest in the investigation of high-robustness and high-fidelity optical signal
transmission in free space through scattering media [122,123]. Several approaches have
been proposed in the literature to analyze the propagation of electromagnetic waves, e.g.,
WES [122] and transmission matrix measurement [123]. However, WFS needs a feedback
control by iterative algorithms when dealing with the scattering modifications. In
transmission matrix measurement, random scattering media are considered as a matrix to
complete transformation on light waves. However, measurement of the scattering matrix
in real applications could be complicated and time-consuming, since it requires a priori
calibration process. Another potential approach to dealing with the effect of scattering is

adaptive optics (AO) which relies on calibrated distortions of light beam [124]. Digital
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signal processing (DSP) is also feasible to tackle the scattering effect [125]. To obtain
effective results, AO and DSP require high cost and rely on the complexity of system.
Therefore, it is highly desirable to design new optical systems to easily transmit the signal
in free space and simultaneously achieve high fidelity and high robustness through
scattering media.

As one kind of scattering media, turbid water is still a great obstacle for transmitting
analog signal in free space, since the property of scattering in turbid water is complicated.
In the environment with turbid water, various turbulence and attenuation factors affect the
transmission efficiency and accuracy between the transmitter and the receiver. The
approaches for transmitting information through turbid water using optical waves could
be restricted by low robustness, low transmission quality, and complicated devices [126—
131]. How to overcome the challenges that exist in optical analog-signal transmission
through turbid water remains an open question.

In this Chapter, a new and robust method that takes advantage of a series of random
amplitude-only patterns is proposed to build up a high-fidelity transmission channel in
free space through turbid water and transmit analog signals by utilizing visible and
coherent light source. In the proposed approach, analog signal is considered as
independent pixel values, and each pixel value is encoded into a random amplitude-only
pattern which is a two-dimensional matrix. Then, these patterns are sequentially
embedded into SLM and are illuminated to propagate through turbid water. At the
receiving end, a single-pixel detector is utilized to detect the light intensity. By employing
the proposed method, the receiver can obtain high-fidelity signal information. Different
water conditions are studied, and experimental results in each case are quantitatively

evaluated. The main contributions of this Chapter are described as follows: (1) It realizes
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optical signal transmission in free space through turbid water utilizing a series of random
amplitude-only patterns as information carrier. (2) The proposed approach is easy to
operate, and is robust against highly scattering and absorption effect in turbid water, which
can realize high-fidelity transmission in free space through turbid water and can be applied
to the field of underwater communication. Moreover, priori knowledge about turbid water
is not needed for signal retrieval. (3) At the receiving end, light intensity is detected by a
single-pixel (bucket) detector [132-136], which makes the proposed method
advantageous for analog-signal transmission. The corresponding publication is as follows:
Zilan Pan, Yin Xiao, Yonggui Cao, Lina Zhou, and Wen Chen, “Optical analog-signal
transmission and retrieval through turbid water,” Applied Optics, 60 (34), 10704—10713,

2021.

2.2 Methodology

A detailed description of our approach is given, and a schematic optical experimental

setup is shown in Fig. 2.1.

Water tank . i
Single-pixel

detector

Patterns

Computer

Figure 2.1 A schematic experimental setup for the proposed method to optically
transmit analog signal in free space through turbid water. d, axial distance in water
tank.

In the proposed method, a series of computer-generated random amplitude-only

patterns are sequentially embedded into the SLM and then are illuminated to propagate in
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free space. The 2D patterns displayed by the SLM are fully covered by the laser beam.
The propagating wave is scattered and absorbed through turbid water. At the receiving

end, light intensity is collected by a single-pixel detector as shown in Fig. 2.1.

The procedure for encoding analog signals into random amplitude-only patterns is
called zero-frequency modulation and described as follows:

(1) Generate a random amplitude-only pattern g with real values by computer;

(2) Apply fast Fourier Transform (FFT) to g and obtain its spectrum G;

(3) In the Fourier spectrum G, zero frequency is substituted by one pixel value of the
analog signal and a new spectrum G is generated,;

(4) Inverse fast Fourier transform (IFFT) is applied to G’ to obtain an updated
amplitude-only pattern P;

(5) Repeat the above steps until each point of original analog signal is processed.

2.2.1 Mathematical Tools for Analyzing Zero-Frequency Modulation

Fourier analysis is a powerful analytical tool in digital signal processing and has a wide
range of applications in engineering and physics, such as image processing, RADAR, and
so on. J. Fourier proposed the theory of Fourier analysis in 1807 and pointed out that any
continuous-time signal can be decomposed into a finite sequence of complex-valued
function of frequency. The two-dimensional (2D) Fourier transform and inverse Fourier

transform are described by
G(f,, fy):fwﬁ;g(x’ y)exp[—j 27 (fox+ fyy)]dxdy, (2.1)
9(xy)=[" [ 6(f,. fyJexp| j-27( fx+ f,y) |dfdfy, (2.2)

where j=+-1, (x,y) denotes the coordinate in spatial domain, (fxfy) denotes the

coordinate in frequency domain, g(x,y) denotes 2D image, G(fy,fy) denotes Fourier


https://en.wikipedia.org/wiki/Complex_number

22

spectrum of g(x,y). Later, Fourier analysis can be applied to discrete signals and digital

images. The discrete 2D Fourier transform and inverse Fourier transform can be described

by
M/2-1 N/2-1
= > > g(xy exp[ i 27z[—x+ﬂﬂ, (2.3)
x=—M/2 y=—N/2 N
1 Mﬁl N/ZZl vy
g(xy)= G(u,v exp{J 27;(—+ H (2.4)
MN u=—M/2v=—N/2 M N

where (u,v) denotes the discrete form of (fy,fy), ﬁ denotes the scaling factor to preserve

accuracy when retrieving information. The discrete 2-D Fourier transform indicates that
an M>N digital image in the spatial domain can be expressed as a sum of Fourier
coefficients, G(u,v), and a finite sequence of complex-valued function of frequency as

shown in Fig. 2.2.

Fourier
transform

Inverse Fourier
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Figure 2.2 The Fourier transform and inverse Fourier transform for 2D image. The
red area in the Fourier spectrum figure is the zero-frequency area.

According to the theory of Fourier transform, it is found that the value of zero-

frequency in G(u,v) is equal to the sum of elements in g(x,y), which can be described by

M/2-1 N/2-1
= > > 9 xyexp{ j-2r (%Jr%ﬂ

x=—M/2y=—N/2
M/2-1 N/2-1 ' (2.5)

= 2> X2 9(xy)

x=—M/2 y=—N/2
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It is the principle of zero-frequency modulation. Based on Eq. (2.5), Eq. (2.3) can be

further described by

M/2-1 N/2-1 ux vy
x ex j 27| —+—=
-2, et p{’ ”[M Nﬂ

x=—M/2 y=—N/2

=G(O,O)+G(u,v)w:0,\/¢O (2.6)
M/2-1 N/2-1 M/2-1 N/2-1

=2 X oakxy)+ XX gy eXp{ j-2n(%+%ﬂ
x=—M/2 y=—N/2 Xx=—M/2 y=—N/2 u=0,v=0

When zero-frequency value is substituted by each pixel value of the transmitted data,

a new Fourier spectrum, G’(u,v), can be obtained. The process can be described by

M/2-1 N/2-1 M/2-1 N/2-1 vy
= > D akxy)+ D ngyexp[12n(m+ﬁﬂ

x=—M/2 y=—N/2 x=-M/2y=-N/2 u=0,v=0
M/2 -1 Nj2-1
+ > > g(xy exp{ i Zﬂ(—x+ﬂj:| (2.7)
x=—M/2 y=-N/2 Mo N u=0,v=0

=G (0,0)+G(u,v) - G(0,0)
According to Eqg. (2.4), P(x,y) can be obtained after inverse Fourier transform for
G’(u,v) and described by

F’(><’Y)=,\/|—1,\1<3'(0.0)+ a(x, y)—ﬁG(0,0)

~ G (0,00-G(0,0)
- MN +9(xy)

(2.8)

When the pixel value of the transmitted data is lower than G(0,0), there are negative
values in the updated Fourier spectrum matrix, also called illumination pattern (P), which
are not suitable to be embedded into the SLM. To overcome this challenge, the
illumination pattern P is further transformed into two independent patterns, i.e., t+P and
t-P where t denotes a positive constant to eliminate negative values. The positive constant
value of m depends on the maximum and minimum values of P as described in Egs. (2.11)

and (2.12),
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_G(0,00-G(0.,0)

max| P(x,y)] N +max| g(x,y)], (2.9)
min[ P(x,y)|= GI(O’O')\A_'\IG(O’O) +min[g(xy)], (2.10)
t>max| P(x,y)], (2.11)

and t>abs{min[P(x,y):|}. (2.12)

It is observed that when optical wave propagates through turbid water, the illumination
pattern P which is considered as an information carrier has ultra-high robustness against
scattering and absorption [134-136]. Another feature is that we can flexibly adjust the
pattern size according to practical conditions. In other words, each pixel of original signal
can be projected onto one random amplitude-only pattern with any size, e.g., 512>612 or
256>256 pixels. However, the size of the patterns may affect quality of the retrieved signal.
In practice, compressed sensing can also be applied to reduce the number of 2D patterns
to be generated.

A flow chart to illustrate the proposed method is shown in Fig. 2.3. In Fig. 2.3, a 2D
image is used as original signal, and each pixel of this 2D image is converted into one
amplitude-only pattern according to the proposed principle. In optical experiments,
random amplitude-only patterns generated correspondingly to each pixel of original signal
are sequentially embedded into the SLM.

When optical wave propagates through turbid water, the light intensity I(I) decays due
to the scattering and absorption effect. According to Beer-Lambert law [137], the light

intensity attenuates exponentially which can be described by

I =1,exp(—ul), (2.13)
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where lg denotes the incident light intensity, 1(l) denotes the transmitted light intensity, |
denotes the path length, and (1) is also called Beer's coefficient, In turbid water condition,
the turbidity of water can affect light propagation, and can lead to partial or complete
attenuation of light intensity. In addition, salinity in-homogeneity also leads to irregular
change in the refractive index of water, and eventually influences data transmission. The
different turbulence factors are tested and verified from the perspective of optical
experiments in Section 2.3 which gives a detailed description of experimental process and

experimental results.

2.2.2 Single-Pixel Detection

After wave propagation through turbid water, a single-pixel detector is used to collect the

light intensity. The recording and retrieval process is described by [134-136]

Bl:&ﬂ[t+P(X, y)]e_z”j(xg+y’7)dxdy‘§ -
~0=0, 2.14)

:5H[t +P(x, y)]dxdy

B2=5 H[t P(x, y)]efz;r j(x§+yﬂ)dxdy‘§_o o (2.15)

=5U[t — P(x,y)]dxdy
B=B1-B2=25[[ P(x, y)dxdy. (2.16)
where j=+~-1, (x,y) denotes the coordinate in spatial domain, (&,m) denotes the

coordinate in frequency domain, t+P(x,y) and t-P(x,y) denote 2D random patterns with
512>512 pixels, t denotes a matrix with a positive constant, B1 and B2 denote the recorded
intensity values, B denotes the retrieved value, and ¢ denotes a scaling factor. The detailed
process is shown in Fig. 2.3. When the first pixel of original signal is transmitted, the first
and second measurements by using single-pixel detector are respectively denoted by B11

and B12, where B11 denotes the intensity obtained from the pattern t+P1, and B12 denotes
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the intensity obtained from the pattern t-P1. Then, differential operation is applied and the
value Bl is equal to B11-B12, and is proportional to the first pixel value of original signal
as described in Eq. (2.16). Therefore, after all pixel values of the signal are transmitted,
intensity values collected by single-pixel detector can be directly used for signal retrieval.
Differential operation can be suppressed noise including environmental noise and thermal
noise produced by electrical equipment. In conclusion, the proposed method has high-

robustness against noise.
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Figure 2.3 A schematic procedure for the proposed optical transmission in free space through
turbid water: a 2D image is used as a typical signal here, and a single-pixel (bucket) detector
collects light intensity in the detection stage.

According to the flow chart in Fig. 2.3, high-fidelity signal transmission through
complex environment can be realized. This realizes high-fidelity optical transmission in
free space through turbid water by taking random amplitude-only patterns as information
carrier. In addition, the designed experimental setup has the advantage of cost-effective,

and is easy to implement.
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2.3 Experimental Results and Discussion

A number of optical experiments are conducted to evaluate performance of the proposed
method. The proposed method is verified in different water conditions, i.e., clean water,
water mixed with milk, water with salt (salinity in-homogeneity), and water with milk and
salt. In addition, real seawater samples are also tested in our optical experiments. In Fig.
2.1, a laser beam (He-Ne laser, 17.0 mW) with wavelength of 633.0 nm is utilized, and
the laser is collimated to be a plane wave. It is worth noting that the proposed approach
can be applied by using other wavelengths in practice. The collimated light illuminates
the SLM (Holoeye, LC-R720) with pixel size of 20.0 pm. In this study, a modulation rate
of 1.25 Hz is used to conduct a proof-of-principle experiment and verify the proposed
method. Different kinds of analog signals, including 1D signals and 2D images, are tested.

Temperature in the laboratory for the whole optical experiments is set as 24°C.

2.3.1 Clean Water

The proposed method is first used to transmit analog signals through clean water, and
different wave propagation distances in the water tank, i.e., d in Fig. 2.1, are studied. With
the increase of wave propagation distances through clean water, intensity of optical wave
attenuates gradually. In this case, three typical propagation distances (i.e., 110 mm, 160
mm and 310 mm) through clean water are tested to verify the proposed approach. For each
propagation distance d, three irregular analog signals are utilized and tested for optical
transmission in free space.

Three different signals are respectively encoded into a series of random amplitude-only
patterns according to the principle introduced in Section 2.2, and the patterns carrying

signal information are first illuminated to propagate through clean water with axial
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distance d of 110 mm. After the light intensity behind the water tank is collected by single-
pixel detector, the results retrieved at the receiving end are shown in Figs. 2.4(a)-2.4(c).
As can be seen in Figs. 2.4(a)-2.4(c), three signals experimentally retrieved at the
receiving end almost overlap with original signals, indicating that high-fidelity optical

signal transmission through clean water is realized.
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Figure 2.4 (a)—(c) Comparisons between three different kinds of original analog signals and
the signals experimentally obtained at the receiving end, when the propagation distance d
in Fig. 2.1is 110 mm.

When the propagation distance d in water tank increases to 160 mm, the generated
amplitude-only patterns corresponding to the three different analog signals are still used
and tested. In this case, the signals retrieved at the receiving end are shown in Figs. 2.5(a)—
2.5(c). As can be seen in Figs. 2.5(a)-2.5(c), high-fidelity signal transmission is still
realized when the longer propagation distance d is used. Although the longer distance
decays the light intensity to be collected by single-pixel detector, the results shown in Figs.
2.5(a)—2.5(c) demonstrate that the proposed method is robust against propagation distance

d in Fig. 2.1, which is meaningful and significant in practical applications.
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To test robustness of the proposed method through clean water, a propagation distance
d of 310 mm is also tested in optical experiment. In this case, original signals to be tested
are the same as those used in Figs. 2.4 and 2.5, which can be useful for a comparison about
performance of the proposed method when different wave propagation distances are used.
After random amplitude-only patterns embedded into the SLM are illuminated to
propagate through clean water, the experimentally retrieved signals are shown in Figs.

2.6(a)-2.6(c).
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Figure 2.5 (a)—(c) Comparisons between three different kinds of original analog signals and
the signals experimentally obtained at the receiving end, when the propagation distance d
in Fig. 2.1 is 160 mm.

As can be seen in Figs. 2.6(a)-2.6(c), the signals experimentally obtained at the
receiving end are highly close to original signals, indicating that the proposed method can
realize high-fidelity and high-robustness optical signal transmission when different
propagation distances through water medium are used. It is worth noting that other wave
propagation distances can also be tested in our experiments, and for the sake of brevity

the results are not presented here.
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Figure 2.6 (a)—(c) Comparisons between three different kinds of original analog signals and
the signals experimentally obtained at the receiving end, when the propagation distance d
in Fig. 2.1 is 310 mm.

It is found that the propagation distance d in our experiments does not affect
performance of the proposed approach. Although the long propagation distance can
attenuate light intensity dramatically, the data collected by single-pixel detector can still
be used for high-fidelity signal retrieval as long as the light intensity can be effectively
detected and the laser power is properly controlled. However, light intensity is attenuated
when a long transmission distance is used, which is also explained in Eqg. (2.13). It was
found that attenuation coefficient through clean water is close to 0.071 m™ [138]. For
instance, in this study, the transmitted power before turbid water is 3.5 mW, and the lower
limit of received power is 600.0 nW. According to the attenuation coefficient and Beer-
Lambert law in Eq. (2.13), the estimated propagation distance through turbid water could
be less than 122.0 m in practice.

To quantitatively evaluate performance of the proposed method, signal-to-noise ratio

(SNR) and mean squared error (MSE) are respectively calculated by
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Z Sgri

SNR =10x log;g| ———— |, (2.17)

Z(Sori - Sre )2

1 2
MSE = ﬁZ(SOri =S, ) , (2.18)

where Sori denotes original signal, Sre denotes the retrieved signal, and N denotes the total
number of pixels in original signal. The calculated MSE and SNR values in different cases
are shown in Table 2.1, signal a denotes the signals in Figs. 2.4(a), 2.5(a) and 2.6(a); signal
b denotes the signals in Figs. 2.4(b), 2.5(b) and 2.6(b); signal ¢ denotes the signals in Figs.
2.4(c), 2.5(c) and 2.6(c). The low MSE values and high SNR values further illustrate that
the proposed method can realize high-fidelity optical signal transmission in free space
through clean water when different propagation distances are used. In addition, as can be
seen in Table 2.1, with different propagation distances, the MSE and SNR values always
keep steady, which means the proposed method is robust against wave propagation
distance through clean water.

Table 2.1 Quantitative comparisons using clean water with different wave
propagation distances.

Signal Distance d MSE SNR (dB)
110 mm 2.94x10% 31.82
Signal a 160 mm 2.31x10* 32.87
310 mm 3.49x10* 31.07
110 mm 8.60=108 34.59
Signal b 160 mm 1.68x10 31.71
310 mm 1.24x10% 33.01
_ 110 mm 3.17x10* 31.65
Signal ¢ 160 mm 3.35x10" 31.42
310 mm 1.95x10 33.77

From the experimental results in Figs. 2.4-2.6 and Table 2.1, it can be summarized that

the propagation distance through water medium does not affect the quality of signal
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transmission in free space, since amplitude-only patterns are generated as information
carrier and single-pixel detector is used to record light intensity. This kind of information
carrier is a powerful tool, and single-pixel detector has the feature of stability and

sensitiveness to light intensity.

2.3.2 Water Mixed with Milk

Since clean water shows relatively low capability in absorption and scattering when the
light wave propagates, the effect of turbid water on transmission efficiency and accuracy
is further studied. In the experiments, clean water of 850 mL is mixed with different
volumes of milk (i.e., 80 mL, 90 mL, and 100 mL). To quantify the turbidity level, milk
in water is used in our optical experiments. Attenuation coefficient based on Beer-Lambert
law can also be calculated [137,139-141]. Then, complex environment with different
turbidities is constructed. It is well recognized that the milk can effectively increase the
turbidity of water, and makes wave propagation in murky water difficult. Owing to this
reason, milk is considered as a suitable candidate for altering the turbidity of water. In this
case, light wave propagating through turbid water encounters strong scattering and
absorption which usually destroy information carrier drastically. In conventional methods,
it is impossible or difficult to effectively transmit the desired signal to the receiver in free
space through such a complicated environment. In our method, information carrier, i.e.,
the generated random amplitude-only patterns, can still serve as a robust tool to transmit
information. Although the murky water makes it impossible to accurately control
amplitude-only patterns through complicated environment, the data collected by single-
pixel detector are still effective for retrieving the signal with high fidelity. Performance of

the proposed method is also verified from the perspective of optical experiments.
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Figure 2.7 (a)—(c) Comparisons between three different kinds of original analog signals and
the signals experimentally obtained at the receiving end when milk of 80 mL and clean
water of 850 mL are placed in the water tank.

In Fig. 2.1, the propagation distance d through murky water is fixed as 160 mm in order
to make a comparison due to different turbidities in the water tank. The single-pixel
detector is placed 30 mm away from water tank and 240 mm away from the SLM. The
only variable in this case is the turbidity which is controlled by different volumes of milk,
i.e.,, 80 mL, 90 mL and 100 mL. Here, another three different irregular analog signals are
employed for optical transmission, and in each case these signals are tested independently.
Optical experimental results obtained at the receiving end are shown in Figs. 2.7-2.9.

As shown in Figs. 2.7(a)-2.7(c), these signals can be experimentally retrieved with
high fidelity, when turbid water is constructed by using clean water of 850 mL and milk
of 80 mL. The experimental results shown in Figs. 2.7(a)-2.7(c) illustrate that our
approach has the feature of high robustness against scattering. In addition, there is a
dramatic attenuation in light intensity when milk is added into water owing to the
absorption effect in murky water. It has been mentioned in Section 2.3.1 that as long as

single-pixel detector can detect the light intensity effectively and the laser power is
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properly controlled, the data recorded can be employed to retrieve the signals with high
fidelity. The experimental results in Figs. 2.7(a)-2.7(c) further verify this finding, since
the light intensity detected after murky water is an order of magnitude lower than that
detected when clean water is used. The dramatic reduction in light intensity through murky
water does not affect high-fidelity signal transmission, which makes the proposed method

be of value in practical applications.
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Figure 2.8 (a)—(c) Comparisons between three different kinds of original analog signals and
the signals experimentally obtained at the receiving end when milk of 90 mL and clean
water of 850 mL are placed in the water tank.

To further investigate performance of the proposed method, clean water of 850 mL
mixed with more milk, i.e., 90 mL and 100 mL, is also studied. Obviously, these two cases
increase the turbidity of murky water. When the optical wave propagates through turbid
medium, by taking advantage of the characteristic of single-pixel detector which is able
to detect weak light intensity, signal retrieval with high fidelity is still realized. The
experimental results corresponding to these two cases are respectively shown in Figs. 2.8

and 2.9. The proposed method still performs well in these two complicated environments,



35

which further illustrates that the proposed scheme is a powerful tool in the field of optical

transmission in free space.
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Figure 2.9 (a)—(c) Comparisons between three different kinds of original analog signals and
the signals experimentally obtained at the receiving end when milk of 100 mL and clean
water of 850 mL are placed in the water tank.

Table 2.2 Quantitative comparisons about the effect of the turbidity of turbid water.

Signal Turbidity MSE SNR (dB)

850 mL clean water + 80 mL milk 2.29%x10* 31.36
Signal a 850 mL clean water + 90 mL milk 4.03x10* 28.90
850 mL clean water + 100 mL milk ~ 3.34x10* 29.72
850 mL clean water + 80 mL milk 1.40x10* 32.12
Signal b 850 mL clean water + 90 mL milk 3.17x10* 28.58
850 mL clean water + 100 mL milk ~ 3.29x10* 28.42
850 mL clean water + 80 mL milk 2.70x10% 32.44
Signal ¢ 850 mL clean water + 90 mL milk ~ 1.91x10“ 23.95
850 mL clean water + 100 mL milk 3.53x10* 31.28

Performance of the proposed method is quantitatively evaluated by SNR and MSE, and
the calculated SNR and MSE values are shown in Table 2.2. In Table 2.2, signal a denotes
the signals in Figs. 2.7(a), 2.8(a) and 2.9(a); signal b denotes the signals in Figs. 2.7(b),
2.8(b) and 2.9(b); signal ¢ denotes the signals in Figs. 2.7(c), 2.8(c) and 2.9(c). As can be

seen in Table 2.2, in more complex environment compared to clean water, the SNR and
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MSE values almost maintain in the same level. These results mean that high-fidelity and
high-robustness optical transmission can be realized even if the turbid medium exists in

wave propagation path.

2.3.3 Water with Salt

Salinity in-homogeneity leads to irregular changes in the refractive index of water, and
significantly affects signal transmission quality. Therefore, it is necessary to further study
the impact of salt on the proposed method. In Fig. 2.1, the wave propagation distance d
through water is fixed as 160 mm. The single-pixel detector is placed 50 mm away from
water tank and 260 mm away from the SLM. In our experiment, clean water of 850 mL is
respectively mixed with three different weights of salt, i.e., 60 g, 90 g and 120 g.

Original signal Experimental signal Original signal Experimental signal

[N

1

o
e

0.8

o
o

0.6

0.4

o
~

0.2

o
N

Normalized intensity values
Normalized intensity values

0

o

1 8 15 22 29 36 43 50 57

=3
=
[

8 15 22 29 36 43 50 57 64
The signal The signal
(a) (b)
Original signal Experimental signal
0.8
0.6
0.4

0.2

Normalized intensity values

8 15 22 29 36 43 50 57 64

The signal

(c)

Figure 2.10 (a)-(c) Comparisons between original signal and the experimentally retrieved
signals when three different weights of salt (i.e., 60 g, 90 g and 120 g) are respectively used
with clean water of 850 mL. SNR values of the retrieved signals in (a)—(c) are 28.91 dB,
27.86 dB, and 30.81 dB, respectively. MSE values of the retrieved signals in (a)—(c) are
4.02x10%, 5.13x10*, and 5.10x10*, respectively.

Typical experimental results are shown in Fig. 2.10. As can be seen in Fig. 2.10, the

signals are still retrieved with high fidelity. The MSE and SNR values of these retrieved
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signals are calculated and shown in Fig. 2.10. In this case, the low MSE values and high
SNR values also illustrate that the proposed method is feasible and effective. It can be
seen in Figs. 2.10(a)-2.10(c) that salinity in-homogeneity does not affect high-fidelity
signal transmission. Many kinds of signals have been tested in this study, and
experimental results always illustrate that the retrieved signals overlap with original
signals. With the increase of the salt, the MSE values and SNR values of the retrieved

signals still keep steady.

2.3.4 Water with Milk and Salt

More complicated turbid-water environments are further studied, i.e., clean water with
salt and milk. In this kind of turbid environment, the scattering medium becomes more
complex and turbid, and it is found that our method can still resist the disorder of scattering
media. In Fig. 2.1, light wave propagates through turbid medium with axial distance d of
160 mm. The single-pixel detector in Fig. 2.1 is placed 50 mm away from water tank and
260 mm away from the SLM. Typical experimental results are shown in Figs. 2.11(a)—
2.11(c). To experimentally demonstrate feasibility of the proposed approach, three
different kinds of irregular analog signals are used and tested through turbid medium, in
which clean water of 850 mL is mixed with salt of 120 g and milk of 70 mL. It can be
seen from Figs. 2.11(a)-2.11(c) that the signals retrieved at the receiving end almost
overlap with original signals. Therefore, the proposed method can still realize high-fidelity
optical transmission in free space even if the turbid medium becomes more complex. The
calculated MSE and SNR values given in Fig. 2.1 further demonstrate that the proposed
method can realize high-robustness and high-fidelity optical transmission through turbid

water.
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Figure 2.11 (a)—(c) Comparisons between three different kinds of original analog signals and the
signals experimentally obtained at the receiving end when salt of 120 g, milk of 70 mL and clean
water of 850 mL are placed in the water tank. SNR values of the retrieved signals in (a)—(c) are
32.91 dB, 26.23 dB, and 30.65 dB, respectively. MSE values of the retrieved signals in (a)—(c) are
1.17x10%, 1.13x10*, and 3.85%10", respectively.

2.3.5 Seawater Samples

Real seawater samples which are obtained from the Star Venue in Hong Kong are also
tested by using the proposed method, and several 2D images are utilized as original signals.
The optical experimental setup in Fig. 2.1 is applied. The size of signal (2D image) is
64>64 pixels, and that of the generated random pattern is 512>612 pixels. The
experimental results retrieved at the receiving end are shown in Figs. 2.12 and 2.13.

(30.60dB/0.9569) (23.43dB/0.9562) (27.81dB/0.9553)

(b)

@ ©
Figure 2.12 (a)—(c) 2D images obtained at the receiving end in optical
experiments, and (d)-(f) original images. The PSNR and SSIM values
are given inside the brackets.
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Figure 2.13 (a) A typical comparison between pixel values along the 30th row of the
retrieved image in Fig. 2.12(b) and those in original image, and (b) a typically statistical
result about scaling factor distribution (magnitude of the coefficients: 2.0<10'?) for the
retrieved image in Fig. 2.12(b).

Peak signal-to-noise ratio (PSNR) and structural similarity index measure (SSIM) [142]
are used to quantitatively evaluate quality of the retrieved images, as given in Figs.
2.12(a)-2.12(c). It is also observed that there is always a steady scaling factor between
original analog signal and the experimentally retrieved signal. As can be seen in Fig.
2.13(Db), the scaling factor distribution is within a small range. The study demonstrates that
the proposed method can resist scattering, absorption effect and environmental noise, and
can realize high-robustness and high-fidelity optical signal transmission in free space

through turbid water.

2.4 Summary

In this Chapter, a high-fidelity and high-robustness optical signal transmission channel

has been proposed in free space through turbid water. It is demonstrated that a versatile
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approach is developed to encode analog signals into random amplitude-only patterns in
order to realize high-robustness and high-fidelity optical transmission in free space
through turbid water. A number of experimental results have demonstrated that for
different kinds of analog signals, the proposed method is able to realize high-fidelity
information transmission through turbid water. Compared with conventional methods, the
proposed method is easier to implement, and a prior knowledge about turbid water is not
required. In terms of the higher data rate, other devices may be applied to replace the SLM
used, e.g., digital micromirror device or LED-array. This work is meaningful to offer an
insight into optical analog-signal transmission in free space through turbid water, and the

proposed method could be of value in many applications.
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Chapter 3 Non-Line-of-Sight Optical Information
Transmission through Turbid Water

3.1 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 [143-146]), wireless data transmission is
expected to be continuously developed. There are many wireless data transmission
technologies, e.g., radio-frequency [147], acoustic [148] and optical wireless [149-154].
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 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
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between the transmitter and the receiver is requested. Therefore, non-line-of-sight (NLOS)
optical wireless communication [155-158] has been developed, and can relieve the strict
pointing and tracking requirements in the line-of-sight link. In addition, it is also important
to address the diffusing loss resulting from obstacles. WFS has been developed to mitigate
the attenuation problem by controlling the wavefront [159-162]. However, WFS needs a
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 Chapter, a new method is proposed to establish a high-fidelity and high-
robustness laser-based NLOS transmission channel through turbid water. 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 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 [163-167]
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
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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. The corresponding publication is as follows:

Zilan Pan, Yin Xiao, Lina Zhou, Yonggui Cao, Mo Yang, and Wen Chen, ‘“Non-line-of-
sight optical information transmission through turbid water,” Optics Express, 29 (24),

39498-39510, 2021.

3.2 Principle

Figure 3.1 shows a schematic experimental setup for laser-based NLOS free-space optical
information transmission through turbid water around a corner. He-Ne laser with
wavelength of 633.0 nm is used, and an amplitude-only 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, FFT is applied to the 2D matrix to obtain its
corresponding spectrum G. Zero frequency of spectrum G is replaced by one pixel value
of original signal, and a new Fourier spectrum G’ is correspondingly generated. Next,
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 t is further used to divide the generated random amplitude-only pattern

(P) into two patterns (t+P) and (t-P) which are sequentially embedded into the SLM in
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optical experiments. A flow chart is further shown in Fig. 3.2 to illustrate the proposed

optical data encoding method.

,\ 1
@:ﬁ" Laser oL _

Figure 3.1 Experimental setup for the proposed NLOS free-space optical information transmission
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.

As can be seen in Fig. 3.1, 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 Rayleigh scattering [168]. 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 us and wa, respectively. The total attenuation
coefficient x(A) can be represented as the sum of scattering and absorption coefficients
described by

M= g + fy, (3.1)

According to Beer-Lambert law [169], the light intensity can be calculated by

I =1exp(—ul), (3.2)
where lo denotes the incident light intensity, I(I) denotes the transmitted light intensity, |

denotes the path length, and u(1) is also called Beer's coefficient.
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Behind turbid water, the diffused optical wave further propagates around a corner, as
seen in Fig. 3.1. Part of the diffused optical wave is blocked by a protective screen as
shown in Fig. 3.1, 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

Bl:&”[tJrP(X, y)]e2’”-()(5”"7)dxdy‘g -
—H=, (3-3)

:§jj[t +P(x, y)]dxdy

B2=5[[t-P(x, y)]ez”"(x’f*y”)dxdy‘g -
=070, (3.4)

:5H[t — P(x,y)]dxdy
B=B1-B2=25[[P(x, y)dxdy. (3.5)

where j=+~1, (x,y) denotes the coordinate in spatial domain, (&,7) denotes the

coordinate in frequency domain, t+P(x,y) and t-P(x,y) denote 2D random patterns
(512>512 pixels), B1 and B2 denote the recorded intensity values, B denotes the retrieved
signal, and & denotes a scaling factor. In the proposed method, scaling factors exist
between the retrieved data and original data, as shown in Egs. (3.3) and (3.4). 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 as described in Eq. (3.5).
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Generate a 2D matrix with
random real values; w=1

FFT

A

Obtain its Fourier
spectrum G

v

Replace its zero-frequency
with a pixel value of
original signal to generate a
new Fourier spectrum G’

IFFT

A\ 4

The finally updated
amplitude-only pattern

Figure 3.2 Flow chart for the generation of a series of 2D random
amplitude-only patterns: w denotes each pixel (1, 2, 3,...); W, the total
number of pixels in original signal.

3.3 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. 3.1, 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 pm. 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. 3.1 is made from PMMA, and has a dimension of 60 mm (L) <110
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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-UVOD3R) and a power meter (Newport, 1936-R) are used to

record light intensity at the receiving end. Temperature in the laboratory is set as 24°C for

optical experiments.

3.3.1 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. 3.1, 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
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intensity after propagating through the turbid water. In Eq. (3.2), Beer's coefficient c(1)
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(1) can

be calculated using Eq. (3.2) and is employed to represent the turbidity level [170,171].
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Figure 3.3 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.

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

z S(?ri

SNR =10xlog,y| —————— |, (3.6)
2
Z(Sori - Sre)
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.
3.3. The typically retrieved signals are shown in Figs. 3.4(a)-3.4(f), when different

concentrations of skimmed milk are added to the water tank. It can be seen in Fig. 3.3 that
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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.
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Figure 3.4 (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. 3.3 is used and typically presented here.

The signals retrieved at the receiving end are shown in Figs. 3.4(e) and 3.4(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.
3.3 and nearly overlap with original signals as shown in Figs. 3.4(a)-3.4(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
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signals. It is also illustrated in Figs. 3.3 and 3.4 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. 3.3, 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. 3.3 and 3.4
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.

3.3.2 Separation Distances Around the Corner

WT

Figure 3.5 A schematic optical experimental setup for wave propagation around a corner behind
turbid water: SD: separation distance. WT: Water tank; SW: Scattering wall; PS: Protective screen
to block the beam; BD: Single-pixel (bucket) detector.



o1

[
=

[72] [%2]

<5} A <5}

=08 & =08

o [ .

> >

- 0.6 = 0.6

N N

= 04 H = 04 N

Eoo| 4 o original signal En| 0 original signal

S retrieved signal S retrieved signal

Z Z o

1 8 15 22 29 36 43 50 57 64 1 8 15 22 29 36 43 50 57 64
The signal The signal
(@) (b)
1 1

§ Aegn g

=08 3 =08

g g

= 06 = 0.6

N X

=04 4 §oAn = 04 \ z

< - o ) N y < . - .

Eo2| o original signal : En| original signal

S retrieved signal o retrieved signal

Z Z 0

1 8 15 22 29 36 43 50 57 64 1 8 15 22 29 36 43 50 57 64
The signal The signal
(c) (d)

Figure 3.6 (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.,, SD=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 3.55x103, 1.50%<1073, 3.01<10* and 2.04<10*, respectively.

In addition to water turbidity, the separation distance SD around the corner (i.e., between
scattering wall and protective screen) in Fig. 3.5 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. 3.5, 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 SD has an impact on the optical power detected at the receiving end, and a
relationship between the separation distance SD and optical power detected at the

receiving end is studied here. In this case, the loss is calculated by [172,173]

PL~10xlog, (gj, 3.7)

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

3.6(a)-3.6(d) and 3.7.
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Figure 3.7 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 SD of 3, 5, 10,
15, 20, 25, 30, 35, 40 and 45 mm.

It can be seen in Figs. 3.6 and 3.7 that when the separation distance SD 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 SD is lower than 3 mm, MSE values

are larger than 3.55x10° and SNR values are smaller than 21.04 dB. Therefore, it can be
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seen in Figs. 3.6 and 3.7 that when the separation distance SD is not smaller than 5 mm,

the retrieved signals are always of high fidelity.

3.3.3 The Detection Range of 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.

Figure 3.8 A schematic setup for testing the detection range of single-pixel
detector: normal direction denotes zero degree as indicated by the dotted line.
O denotes different positions of single-pixel detector. Clockwise direction
denotes positive degree, and counterclockwise direction denotes negative
degree.

In Fig. 3.8, 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 (&. Here, the detection angle (d range

of single-pixel detector is further studied. In optical experiments, 850 mL clean water is
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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.
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Figure 3.9 (a—d) Comparisons between analog signals retrieved at the receiving end in
optical experiments and the original signal when different detection angles &{0< 15< 35<
45< of single-pixel detector at the receiving end are respectively used.

It can be seen in Figs. 3.9 and 3.10 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 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 environment. The proposed method can realize a multi-point connection, and

can mitigate the workload of multiple carriers on each sensor.
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Figure 3.10 SNR values of the retrieved signals and power loss obtained when different

detection angles &of -45< -35< -25< -15< 0< 15< 25< 35<and 45 “are respectively used.

3.3.4 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 SD around the
corner is 25 mm, and the detection angle of single-pixel detector is set as 0<

(40.53 dB/0.9929) (37.13 dB/0.9893) (41.90 dB/0.9920)

(©

Figure 3.11 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.
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To quantitatively evaluate quality of the retrieved images at the receiving end, two
evaluation parameters, i.e., PSNR [174-176] and SSIM [174], 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.
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Figure 3.12 (a) A comparison between pixel values along the 55th row of the retrieved
image in Fig. 3.11(c) and those along the 55th row of original image, and (b) a scaling factor
distribution (magnitude of the coefficients: 2x1012) corresponding to that in Fig. 3.11(c).

In optical experiments, the typically retrieved images are shown in Figs. 3.11(a)-
3.11(c). It can be seen in Figs. 3.11(a)-3.11(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. 3.11(a)-3.11(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. 3.11(c)
are shown in Fig. 3.12(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. 3.12(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.
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3.4 Summary

In Chapter 3, 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.



58

Chapter 4 Optical Data Transmission through Highly
Dynamic and Turbid Water Using Dynamic
Scaling Factors and Single-Pixel Detector

4.1 Introduction

Free-space optical communication is promising for versatile, secure and high-bandwidth
data transmission in various applications, e.g., underwater [177-180]. 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 [181-185]. 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 [186-190]. 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 [191-194], and could induce beam
wandering and wavefront distortion. Until now, much research was focused on the
enhancement of data rate and working distance [195-197] in free-space optical
communication. However, real situations related to free-space optical data transmission
in water environment, e.g., strong turbulence and dynamic water, are always 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

environment, attenuation coefficient is significantly high due to particles, air bubbles and
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turbulence. Therefore, it is desirable to develop new approaches to retrieving accurate
signals, when optical wave propagates through highly dynamic and turbid water.

In this Chapter, 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. 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 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 [198-200] 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. The corresponding publication is as
follows:

Zilan Pan, Y. Xiao, Y. Cao, L. Zhou, and W. Chen, “Optical data transmission through
highly dynamic and turbid water using dynamic scaling factors and single-pixel detector,”

Opt. Express 30(24), 43480-43490 (2022).
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4.2 Methodology

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. 4.1.

Stirrer
|

wr__ "
SLM o4 “\J

Figure 4.1 A schematic experimental setup to verify the proposed method.

The optical data encoding process is as follows:

(1) generate a 2D random matrix (512>612 pixels) with real and positive values;

(2) apply 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 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. 4.1. Since it is impossible

to use the SLM to directly display the generated pattern that contains negative values, a
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positive 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. 4.1, the propagating wave is distorted by highly dynamic and turbid water, i.e.,
via scattering, absorption and turbulence. Attenuation coefficient u(4) consists of
absorption and scattering which are related to wavelength of the laser, respectively
denoted by ca(4) and c¢s(4). 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 [201-205] affect the light
intensities recorded at the receiving end, and according to Beer-Lambert law [206—209]
the process can be described by

I =lgexp(—ul), 4.2)

H= H + g, (4.2)

where lo denotes incident light intensity, 1(I) denotes output light intensity, and I 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. 4.1. The recording process is described by

Bir =k; () [ R(x, y)e I Daay| .o o +noise, (4.3)
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B, =k (ti+1)”[m FP(x, y)]e_z”j(x&yﬂ)dXdy‘ £-0,7=0 * NOIsE, (4.4)
Bir =K1 (ti2) [[ RO, y)eizﬁj(Xﬁy’])dXdy‘ £=0,=0 *+ NOISE, (4.5)
B, =ki+1(ti+3)_U[m P y)]efzfrj(xﬁyn)dxdy‘ £-0,7=0 + NOISe, (4.6)

where j=+/~1, (x,y) denotes coordinate in spatial domain, (&) denotes coordinate in
frequency domain, Bi; and Bi, denote the recorded intensity values corresponding to the
ith pixel of the transmitted signal, B;, and B, denote the recorded intensity values
corresponding to the reference pattern, and k(t) 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., ti+1-ti or ti+a-ti+2) is short, adjacent scaling factors can be assumed
to be the same, i.e., ki(ti)=ki(ti+1) and Ki+1(ti+2)=Ki+1(ti+3).

Therefore, each pixel value Bi of a signal obtained at the receiving end is retrieved by

B —Bin_Biz
| Bir Eir
ki () j j [m+P(x, y)]dxdy +noise km(tm)jj [m—P(x, y)]dxdy +noise
- K; (t; )” R(x, y)dxdy + noise - ki+1(ti+2)” R(x, y)dxdy + noise
~ ” R y)didy s {”[m +P(x,y)]dxdy — ”[m —-P(x,y) ]dxdy} . @)
2

) .” R(X, y)dxdy + noise .” P(x, y)dxdy

o« [[P(x, y)dxdy
Based on Eq. (4.7), the noise part is eliminated, and noise magnitude is far smaller than
that of signal which is also verified by our experimental results. Therefore, the noise can

be fully suppressed, and the retrieved intensity value is proportional to original signal



63

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.

4.3 Experimental Results and Discussion

A schematic experimental setup is shown in Fig. 4.1 to verify the developed free-space
optical data transmission through highly dynamic and turbid water. In Fig. 4.1, 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 405.0
nm. 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 pm. 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 10.0 cm (L) % 25.0 cm (W) % 30.0 cm (H) is used to
conduct a proof-of-principle experiment and verify the proposed method. The longer
transmission distances can also be used in the proposed scheme, and the estimated
propagation distance through dynamic and turbid water could be approximately 120.0 m
in the proposed scheme according to 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.

4.3.1 The Turbidity

To verify the proposed method, different volumes of milk are mixed with clean water to

be placed in the water tank in Fig. 4.1. Dissolving milk in clean water creates particle
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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 coefficient p(A) is calculated based on Eq. (4.1), and is
used to describe turbidity level [206,207] 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. 4.2 and 4.3.
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Figure 4.2 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.

To quantitatively evaluate quality of the signals retrieved at the receiving end, PSNR
[208,209] is calculated. Fig. 4.2 shows PSNR values of the retrieved signals, when
turbidity of water in the tank, i.e., attenuation coefficients, is 3.24x102, 3.60%<10?,
3.68x107?, 3.74x1072, 3.84x1072, 3.91x10?, 3.97x1072, 4.11x<10?, 4.12x102, 4.13x10?,
4.14x102 and 4.16>1072, respectively. It can be seen in Fig. 4.2 that PSNR decreases with

the increase of water turbidity level. When the turbidity is not larger than 3.97x107?, the
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retrieved signals are of high fidelity as shown in Figs. 4.3(a)-4.3(c). It is illustrated that
the proposed method is feasible and effective. When attenuation coefficients are larger
than 3.97x102, PSNR values of the retrieved analog signals decrease dramatically as
shown in Fig. 4.3(d). Due to the accumulation feature, scattering becomes stronger as milk
concentration increases. It is also demonstrated in Figs. 4.2 and 4.3 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.
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Figure 4.3 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) 3.24x10?, (b) 3.74x107, (c) 3.97>x10?2 and (d) 4.13x1072,

4.3.2 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. 4.1, and different turbulence
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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.
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Figure 4.4 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.
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Figure 4.5 A relationship between speed of the stirrer and average scintillation

index obtained when clean water and turbid water are respectively used.
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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. 4.1. The stirrer is used in optical experiments,
and path loss and scintillation index are also calculated. The path loss is calculated by

[210,211]

PL=10xlog, (%] (4.8)

r
where PL denotes the loss (unit: dB), Pt denotes optical power just before water tank, and
Py denotes optical power collected by the single-pixel bucket detector. The optical power
Pt 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. 4.4. In addition, scintillation index is

used and defined by [212,213]
|2
ol = u -1, (4.9)

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. 4.5.

It can be seen in Fig. 4.4 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 1000.0 rpm. It can be seen in Fig. 4.5 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 [214].

The typically retrieved analog signals are shown in Figs. 4.6(a)-4.6(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
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signals declines as shown in Fig. 4.7. When speed of the stirrer is not higher than 900.0

rmp, the retrieved signals are always of high quality as shown in Figs. 4.6(a)—4.6(f) and
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Figure 4.6 (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) 12000

rpm. (a), (c), (e) and (g) in clean water; (b), (d), (f) and (h) in turbid water.

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
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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.
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Figure 4.7 A relationship between speed of the stirrer and quality of the
retrieved signals.

4.3.3 The 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. 4.1. 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
[215]. Therefore, light with the longer wavelength can propagate longer in turbid water.

Fig. 4.8 shows PSNR values of the retrieved signals, when different speeds of the stirrer
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and a laser beam with three different wavelengths are used. It can be seen in Fig. 4.8 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 nm), when there is highly dynamic and turbid

water in the wave propagation path.
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Figure 4.8 PSNR values of the retrieved signals obtained when different speeds

of the stirrer and a laser beam with three different wavelengths are respectively
used. The irregular analog signal in Fig. 4.3 is tested.

4.4 Summary

In Chapter 4, a new approach has been 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 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
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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. The proposed method is also feasible to realize
high-fidelity data transmission in other environment, such as biological tissues, around

corner and smoke [136, 216-218].
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Chapter 5 Accurate Optical Information Transmission
Through Thick Tissues Using Zero-Frequency
Modulation and Single-Pixel Detection

5.1 Introduction

With ever-increasing concerns on life quality, there is much fast-growing interest in
developing new technologies for medical devices and applications. In recent years,
wireless communication offers a reliable and portable means for medical devices
[219,220]. Technological developments over the past decades have made possible not
only to monitor health conditions but also to diagnose and react to numerous onsets. Novel
health-related technologies allow to enhance the quality of life and save lives in critical
health conditions. Nowadays, medical devices and various sensors play a significant role
in medical information communication [221-224]. The communications can be conducted
by using radio frequency (RF) and acoustic waves. RF technology provides an attractive
solution by powering wireless devices with continuous and stable energy over the air.
However, when body sensors using the same RF spectrum operate in close vicinity, safety
threats exist [225,226] and interference could become a challenge. Since data integrity
also plays a vital role in medical information communication, any undesired interference
may lead to information impotence. Moreover, there is also a concern of vital RF signals
being accessed by unintended parties. Ultrasonic communication produces a wireless
connection between remote communication nodes using elastic waves. Ultrasonic waves
can also be generated to propagate through biological tissues, and ultrasound techniques
have been widely used to diagnose the onsets. However, penetration depth of ultrasonic

communication is limited [226,227]. A major disadvantage of ultrasound methods is their
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incompetence to propagate in free space. The RF and ultrasounds dissipate energy while
propagating through the tissues, indicating that an increased amount of energy could be
absorbed and dispersed by biological tissues [228,229]. Optical wireless transmission
(OWT) has emerged as a promising means in recent years, and optical light source has
some remarkable advantages. For instance, the OWT is secure, private and safe. In many
medical applications, it is feasible to transmit data using optical light source, and it is
highly desirable that delivering accurate information through thick tissues can be fully
explored by using optical light source with low illumination power.

In this Chapter, a new method based on zero-frequency modulation is proposed to
realize accurate optical information transmission through thick tissues at low light
intensities. This is the first investigation of encoding data information into 2D random
amplitude-only patterns to realize accurate optical information transmission through thick
tissues. In the proposed zero-frequency modulation-based encoding scheme, information
to be transmitted is considered as a series of independent pixel values, and each pixel
value is encoded into one 2D random amplitude-only pattern. Subsequently, the generated
2D random amplitude-only patterns are sequentially embedded into SLM to be modulated.
Then, the modulated light projects onto the tissue and propagates through biological
tissues, i.e., chicken breast tissues used in this study. The optical beams are scattered and
absorbed through chicken breast tissues, and a single-pixel detector [230-238] is used to
record light intensity without using a lens. A differential detection approach is further
developed to suppress noise and enhance quality of the detected signals (e.g., PSNR).
Accurate information is retrieved by using the collected light intensity without any

complex post-processing algorithms. The proposed method is experimentally verified by
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using different thicknesses of chicken breast tissues and a laser beam with different
wavelengths. The corresponding publications are as follows:

(1) Zilan Pan, Yin Xiao, Yonggui Cao, Lina Zhou, and Wen Chen, “Accurate optical
information transmission through thick tissues using zero-frequency modulation and
single-pixel detection,” Optics and Lasers in Engineering, 158, 107133(7pp), 2022.

(2) Zilan Pan, Yin Xiao, Lina Zhou, and Wen Chen, “Optical transmission through thick
biological tissue using optical modulation,” International Conference on Optical and
Photonic Engineering (icOPEN 2022), Proceedings of SPIE, 24-27 November 2022,

Nanjing, China.

5.2 Samples and Methods

5.2.1 Experimental Preparation

A schematic optical setup is shown in Fig. 5.1. The laser diode current is controlled by
using a laser driver (Thorlabs, LDC205C) in a range of 0-500 mA using a laser diode
mount (Thorlabs, LDM56/M). The laser is stabilized at room temperature with a controller
(Thorlabs, TED200C). In optical experiments, laser diodes with three different
wavelengths are individually used, i.e., 658.0 nm (Thorlabs L658P040), 520.0 nm
(Thorlabs L520P50) and 405.0 nm (Thorlabs DL5146-101S). The laser beam is expanded
and collimated by a converging lens with a focal length of 100.0 mm. The collimated laser
beam is reflected by a mirror, and then illuminates the surface of an amplitude-only spatial
light modulator (Holoeye, LC-R720) with pixel size of 20.0 pm. 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

surface of SLM is 45< Then, the modulated optical wave propagates through biological
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tissues. At the receiving end, a single-pixel detector (Newport, 918D-UV-OD3R) with a
power meter (Newport, 1936-R) is used to record light intensity. In this study, laboratory

temperature is set as 20°C for a series of optical experiments.

The sample used in this study is frozen and raw chicken breast tissues, since chicken
breast has good muscle orientation whose characteristic is similar to human tissues. In our
optical experiments, the samples are purchased from a local supermarket, and the skin and
fat of chicken breast are removed. The chicken breast is cut to be placed into a transparent
container. The container is filled with a small amount of microscope oil to avoid water
evaporation in optical experiments. Optical properties of chicken breast tissues might be
slightly variable due to biological variations and other conditions, e.g., the freezing and
thawing period that can cause cell rupture. All optical experiments are performed within
3 days after phantom preparation. Optical powers illuminated onto the samples are

monitored and measured and are in accordance with the safety requirement.

Sample

Figure 5.1 A schematic experimental setup for the proposed zero-frequency modulation-based
optical information transmission through thick biological tissues: LDC: Laser driver controller;
TC: Temperature controller; LDM: Laser diode mount; Chicken breast tissue is used as a sample
in this study, and single-pixel detector is placed close to the sample.

5.2.2 Principle

A series of 2D random amplitude-only patterns are first generated to encode original

information to be transmitted. Then, a laser diode generates spatially coherent
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monochromatic beam to illuminate the SLM which sequentially displays the series of
generated 2D random amplitude-only patterns as schematically shown in Fig. 5.1.

The proposed approach to generating 2D random amplitude-only patterns for encoding
original information is described as follows: A 2D random matrix with real and
nonnegative values is first generated. Then, FFT is applied to the 2D random matrix to
obtain its corresponding Fourier spectrum. Zero frequency of the generated Fourier
spectrum is replaced by one pixel value of original information, and a new Fourier
spectrum is correspondingly generated. Subsequently, IFFT is applied to the new Fourier
spectrum to obtain an updated 2D random amplitude-only pattern (P). The above steps are
repeated until each pixel value of original information is encoded into one 2D random
amplitude-only pattern. It is worth noting that size of the generated 2D random amplitude-
only pattern (P) can be flexibly designed in the proposed zero-frequency modulation
method, e.g., 256>256 or 512>512 pixels. The process of the proposed zero-frequency
modulation-based encoding scheme is further shown in Fig. 5.2. In the optical experiments,
negative values existing in the generated 2D random patterns (P) cannot be displayed by
the SLM, and each generated 2D random pattern (P) is further transformed into two

separate patterns, i.e., patterns (t+P) and (t-P) where t denotes a positive constant.

!

Original data Random matrix

Zero-frequency modulation

IFFT

Fourier spectrum The updated

Figure 5.2 A flow chart to schematically illustrate the proposed zero-frequency
modulation-based encoding method for accurate optical information transmission
through thick biological tissues. In the proposed method, a 2D random amplitude-
only pattern is generated for each pixel value of original information.
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The interaction between the light and biological tissues is an important topic, and
optical wave propagation through thick biological tissues is a complex process. When
optical lightwave propagates through thick biological tissues, it generally undergoes
reflection and refraction at the interface of inner tissues. The biotissues, e.g., chicken
breast tissues, could be considered as high anisotropy media with strong absorption and
scattering. Therefore, optical light source attenuates dramatically by the absorption and
scattering, and the total light attenuation coefficient x can be described by

M= g + g, (5.1)
where us denotes scattering coefficient and ua denotes absorption coefficient. In the
biotissues, hemoglobin, melanin, bilirubin and betacarotene are the main absorbers [239],
and optical wave propagation through the biotissues can be described by Beer-Lambert
law [240] as follows:

I =lgexp(—ul), (5.2)
where lo denotes the incident light intensity just before the sample, | denotes the
transmitted light intensity just after the sample, and | denotes optical path length. A
schematic is shown in Fig. 5.3 to describe the transmittance rate, and the transmittance T

is described by

T=—. (5.3)

Incident - Transmitted light

I

Figure 5.3 A schematic of the transmittance.
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Optical scattering is caused by the mismatch of refractive indices through biological
tissues. Scattering coefficients and anisotropy factor can approximate the scattered light
in the biotissues [241]. The light can be scattered in various directions through the
biotissues, and anisotropy factor g is defined by

g =(cos @), (5.4)
where 6 denotes photon scattering angle and < > denotes an ensemble average. The range
of anisotropy parameter is [-1, 1]. Here, backward scattering is represented by -1, and
forward scattering is represented by 1. Biotissues undergo Rayleigh scattering and Mie
scattering due to the heterogeneous structures. For most biotissues, anisotropy factor g is
approximately 0.9 [242], which means that forward scattering dominates over backward
scattering.

After optical waves propagate through thick tissues, optical light intensity is recorded
by using a single-pixel detector [230-238] at the receiving end as shown in Fig. 5.1.

Single-pixel detection process is described by

Bl:&ﬂ[t+P(X, y)]e_z”j(xg+y’7)dxdy‘§ -
070 (5.5)

:5H[t +P(x, y)]dxdy

B2=5[[[t-P(x y)]e’z”j(x‘f”’”dxdy‘
£=07=0, (5.6)

=5{[[t—P(x,y)]dxdy
where j=+/~1,(x,y) denotes a coordinate in spatial domain, (¢,77)denotes a coordinate in
frequency domain, t+P(x,y) and t-P(x,y) denote 2D random patterns with 256>256 pixels
embedded into the SLM, s denotes a scaling factor related to free-space wave propagation

environment, and B1 and B2 denote the recorded intensity values which are related to one

pixel value of original information. Each pixel value of information is finally transformed
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into two 2D amplitude-only patterns (t+P(x,y)) and (t-P(x,y)), and a differential operation
between two neighboring intensity measurements is carried out to retrieve accurate

information. The differential operation process is described by

B=B1-B2=25[[P(x, y)dxdy. (5.7)

5.3 Experimental Results and Discussion

The capabilities of light to penetrate the biotissues, interact with the biotissues and
transmit through the biotissues are critical in practical applications. Therefore, the light
penetration depth through biotissues is first studied at low light levels in the designed
optical wireless transmission. Subsequently, optical light source with different
wavelengths is investigated, and absorption and scattering through biotissues are studied
to determine the transmitted light intensity. Here, a series of optical experiments are
conducted, and experimental results are presented and discussed to verify feasibility and

effectiveness of the proposed method.

5.3.1 Light Penetration Depth through Chicken Breast Tissues

The penetration depth through biological tissues is important, and efficiency and fidelity
of the designed optical wireless transmission setup are studied. A laser diode with
wavelength of 658.0 nm is used as light source shown in Fig. 5.1, and a chicken breast
sample with different thicknesses is prepared and placed in the optical path to investigate
feasibility and effectiveness of the proposed method. Low light intensities are used for
sample illumination. Experimental results are shown in Figs. 5.4 and 5.5. To quantitatively

evaluate experimental results, PSNR is calculated and defined by

MAX 2.
PSNR =10log, | —2 |, (5.8)
MSE
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MSE :%Z(Sori —Ste )2' (5-9)

where MAXori denotes the maximum value of original information, Seri denotes original
information, Sre denotes the retrieved information, and N denotes the total number of

pixels in original information.
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Figure 5.4 A relationship between sample thickness (i.e., chicken breast tissues)

and quality of the experimentally retrieved analog signals using the proposed
zero-frequency modulation method.

Table 5.1 Transmittance rate for optical information transmission through
biotissues with different thicknesses using the proposed zero-frequency
modulation method. The light power detection area is 1.0 cm?,

THGKIESS g pomer  lightpower | TTAnSMitance
lo (MW) (mw)
4.0 0.08 454103 5.68
8.0 0.08 4.02x10°3 5.03
12.0 0.08 1.58x107 1.98
16.0 0.08 1.28x10° 1.60
20.0 0.08 1.01x10® 1.26
24.0 0.08 0.76x103 0.95
30.0 0.08 0.64x103 0.80

34.0 0.08 0.52x107 0.65
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Figure 5.5 Comparisons between original signal and the experimentally retrieved signals
when different sample thicknesses of (a) 4.0 mm, (b) 8.0 mm, (c) 12.0 mm, (d) 16.0 mm,
(e) 20.0 mm, (f) 24.0 mm, (g) 30.0 mm, and (h) 34.0 mm are respectively applied in optical
experiments using the proposed zero-frequency modulation method at low light
illumination levels. Here, the signal 2 in Fig. 5.4 is tested and typically presented.

Experimental results are shown in Fig. 5.4, when chicken breast tissues with different
thicknesses are used as sample. Three typically irregular analog signals are tested in this
case. The typically retrieved analog signals are shown in Fig. 5.5. It can be seen in Fig.

5.4 that PSNR values decrease with the increased sample thickness. When the thickness
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of biotissues is not larger than 16.0 mm, the retrieved signals are always of high quality
as shown in Fig. 5.4 and Figs. 5.5(a)-5.5(d).

The accurate information transmission through biological tissues is realized by using
the proposed method. Here, a low laser power of only 0.08 mW/cm? has been used to
illuminate the sample, and the transmittance rate is calculated and given in Table 5.1.
Compared with conventional methods [243], the proposed method realizes accurate
optical information transmission through biological tissues with a thickness of 16.0 mm,
when a low laser power of only 0.08 mW/cm? is used. It is demonstrated that the proposed
method is effective and robust for accurate optical information transmission through thick

tissues using a low illumination power.

5.3.2 Laser Beam with Different Wavelengths

In visible light spectrum, average absorption coefficients and reduced scattering
coefficients through biological tissues could be different. We further investigate the
proposed method using a laser beam with different wavelengths for optical information
transmission through thick tissues, and experimental results are shown in Figs. 5.6 and
5.7. In this case, a low laser power of only 0.08 mW/cm? has been used just before the
sample.

It can be seen in Fig. 5.6 that accurate optical information transmission through
chicken breast tissues is realized by using red and green laser beams in the proposed
method, but quality of the retrieved signal is low when a blue laser is used as the
illumination light source. It has also been demonstrated [228,242] that two absorption
peaks could exist when light source with the wavelengths of 430.0 nm and 540.0 nm is

used, and a reduced scattering coefficient peak exists at the wavelength of 450.0 nm. The
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peaks in the measured absorption spectra are generated due to the absorbers like
hemoglobin, melanin, myoglobin, bilirubin and carotene in chicken breast tissues. In
addition, scattering through chicken breast tissues originates from cell and cellular

organelles, e.g., membranes, nuclei and mitochondria [244].
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Figure 5.6 Comparisons between original signal and the experimentally retrieved signals
when a laser beam with different wavelengths of (a) 658.0 nm, (b) 520.0 nm and (c) 405.0
nm is respectively applied in optical experiments using the proposed zero-frequency
modulation method. The thickness of biological tissue is 4.0 mm in this case.

Breast chicken tissue with different thicknesses is used to further investigate
performance of the proposed method using red, green and blue lasers, and quality of the
retrieved signals is quantitatively evaluated and shown in Fig. 5.7. High transmission
accuracy is always achieved at the wavelength of 658.0 nm when the thickness of chicken
breast tissues is not larger than 16.0 mm, and the blue laser with wavelength of 405.0 nm
is not suitable to be applied as illumination light source for accurate optical information
transmission through biological tissues using the proposed method. It can be seen in Figs.
5.6 and 5.7 that when light source with the longer wavelength is used in the proposed

method, there are less absorption and scattering through chicken breast tissues.
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Figure 5.7 Effect of light source with different wavelengths (i.e., red, green
and blue) on quality of the retrieved signals when a sample with different
thicknesses (i.e., 4.0 mm, 8.0 mm, 12.0 mm, 16.0 mm, 20.0 mm and 24.0 mm)
is applied in optical experiments using the proposed zero-frequency
modulation method.

5.3.3 Scattering Effect

The attenuation of light depends on scattering and absorption when traversing chicken
breast tissues, and we further uncouple the effect of scattering and absorption in order to
explain the findings in Section 5.3.2 using the proposed zero-frequency modulation

method. Here, a ratio (r) between scattering and absorption is described by

r=—ts (5.10)
Mg + [y

To quantitatively evaluate the proposed method, three cascaded diffusers (Thorlabs,
DG10-1500-MD) are used to emulate only the scattering (i.e., r=1) as shown in Fig. 5.8,
and each diffuser has a diameter of 25.4 mm and a thickness of 2.0 mm. It has been well
recognized that through the biotissues, Mie scattering dominates over Rayleigh scattering
[245-248]. In our optical experiments, a laser beam with different wavelengths is applied,

and free space without and with scattering media is studied. Experimental results are
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shown in Figs. 5.9(a)-5.9(f), and quality of the experimentally retrieved signals is

quantitatively evaluated and given in Table 5.2.

SLM

Figure 5.8 A schematic experimental setup
scattering using three cascaded diffusers.
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Figure 5.9 The effect of scattering on quality of the experimentally retrieved signals when
a laser beam with wavelengths of 658.0 nm, 520.0 nm and 405.0 nm is respectively applied
in optical experiments using the proposed zero-frequency modulation method. (a), (c), (e)
Comparison between original analog signal and the experimentally retrieved analog signals
when free space environment without scattering media is used; (b), (d), (f) comparison
between original analog signal and the experimentally retrieved analog signals when a

O

M

scattering medium with three cascaded diffusers is used in free space.
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Table 5.2 Optical information transmission accuracy in free space without and with
scattering media using the proposed zero-frequency modulation method with a laser
beam of different wavelengths corresponding to those in Figs. 5.9(a)-5.9(f).

Wavelength PSNR (dB)
(nm) Without scattering ~ With scattering
405.0 34.63 31.46
520.0 38.63 35.32
658.0 38.08 37.51

It can be seen in Table 5.2 and Fig. 5.9 that high-fidelity analog signal is always
obtained at the receiving end using the proposed method. It is demonstrated that the
proposed method has high robustness against scattering, and the low quality of the
retrieved signals, i.e., the finding described in Section 5.3.2, is mainly due to absorption
through chicken breast tissues rather than scattering when the blue laser with wavelength

of 405.0 nm is used as illumination light source.

5.4 Summary

In Chapter 5, a new method using zero-frequency modulation-based optical data encoding
scheme has been proposed to realize accurate optical information transmission through
thick tissues at low light intensities. Optical experiments have been conducted to verify
the proposed method using different thicknesses of chicken breast tissues and the laser
beam with different wavelengths. Experimental results demonstrate that the proposed
method can realize accurate optical information transmission through thick biological
tissues, and is able to overcome the existing challenges (i.e., small penetration depth and
low transmission accuracy). It is illustrated that the proposed method can realize accurate
optical information (i.e., analog signals rather than only binary signals) transmission
through biological tissues with a thickness of 16.0 mm, when a low laser power of only

0.08 mW/cm? is used to illuminate the biological sample at wavelength of 658.0 nm. The
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proposed method can apply to biomedical field for medical diagnosis. There is limitation
for application due to the large size of the optical devices, such as SLM. In the near future,
it can be integrated by applying with metamaterials or other devices to achieve deep
information transmission. The proposed method provides a promising means for accurate

optical information transmission through deep biological tissues.
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Chapter 6 Conclusions and Future Work

6.1 Research Findings

This Ph.D. thesis devotes to tackling the challenges existing in optical information
transmission in free space through complex scattering media including static and dynamic
disordered media.

It is found that the ubiquitous difficulties encountered in this topic are usually complex
and unknown environments. The scattering induced by inhomogeneous media impedes
effective delivery of information, resulting in energy degradation and information loss.
Conventional methods for information transmission and retrieval in scattering media are
demonstrated to be effective in relatively weak conditions, and are unable to cope with
the increased complexity and inhomogeneity of the scattering media. In addition, it is
challenging for these methods to achieve high-fidelity and high-robustness information
transmission in highly dynamic and complex environment. Furthermore, the existing
methods suffer from huge computational load, low accuracy, complicated experimental
setup, and high sensitivity to noise. This Ph.D. thesis proposes zero-frequency
modulation-based optical information transmission through complex scattering media.
Each pixel of original analog-signal is sequentially encoded into random amplitude-only
patterns as an information carrier, and the proposed method can realize a kind of pixel-to-
plane optical analog-signal transmission with high fidelity and high efficiency.
Furthermore, by exploiting single-pixel detector at the receiver to record the total light
intensity and utilizing a differential operation to recover optical analog signal, it has an
unsurpassed advantage that the proposed method has high robustness to the changes of

complex environment (e.g., changeable distances and various water conditions). The
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proposed method is easy to implement and shows a virtue of avoiding wearisome pre-
processing algorithms, enabling direct retrieval of optical information with unprecedented
flexibility. In addition, the proposed method can realize a wide range of detection free-
space optical information transmission when there are obstacles. The proposed method
provides a new avenue to analog-signal transmission through turbid water, and has high
robustness against noise which could contribute to evolutionary developments of optical
data transmission in harsh environments.

Since dynamic scattering medium poses a severe threat to free-space optical
information transmission, a new method using a series of dynamic scaling factors has been
proposed to correct light intensities. A fixed reference pattern is utilized to obtain the
series of dynamic scaling factors during optical data transmission in free space. The light
intensity is recorded by a single-pixel detector. The complicated pre-processing algorithm
is not required in the data retrieval process. In this study, 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. The proposed
method is easy to operate and is cost-effective. 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 free-space optical data
transmission in various environment.

Owing to the complicated structures and strong scattering characteristics of biological
tissues, it is expected to develop an effective method to realize high-fidelity information
transmission through thick biological tissues with low light intensity. The main principle

in the developed optical information transmission system is by transmitting information
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using a 2D random amplitude-only patterns and consider it as information carriers. Optical
experiments have been conducted to verify the proposed method using different
thicknesses of chicken breast tissues and the laser beam with different wavelengths. It is
experimentally demonstrated that the proposed method can realize accurate optical
information transmission through thick biological tissues, and is able to overcome the
existing challenges (i.e., small penetration depth and low transmission accuracy). It is
illustrated that the proposed method can realize accurate optical information (i.e., analog
signals rather than only binary signals) transmission through thick biological tissues with
low laser power using visible light. Hence, the proposed method provides a new avenue
to develop optical wireless transmission with deep penetration in biology.

In these research findings, zero-frequency modulation and single-pixel detection for
optical analog-signal transmission through complex scattering media can be effectively
implemented, and its applications in static or dynamic and complex environment (e.g.,
turbid and dynamic water, thick biological tissues) can shed some light on optical wireless
information transmission. It is hoped that it will inspire more researchers to develop ideas

to solve key scientific problems in this research area.

6.2 Contributions of the Thesis

The main contributions of my Ph.D. thesis are summarized as follows:

(1). In static and turbid water, a new and robust method to encode analog signals into
random amplitude-only patterns is proposed to realize high-robustness and high-fidelity
optical data transmission. A number of experimental results have demonstrated that for
different kinds of analog signals, the proposed method is able to realize high-fidelity
optical information transmission through turbid water. Compared with conventional

methods [159-162], the proposed method is easier to implement, and prior knowledge
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about turbid water is not required. In addition, a NLOS free-space optical data
transmission system through complex media is built to realize high-fidelity optical data
transmission through turbid water when there are obstacles between the transmitter and
receiver. Compared with conventional NLOS free-space optical data transmission
methods [156], the proposed approach can effectively transmit analog signals with high

fidelity, high robustness, and a wide detection range.

(2). In dynamic and turbid water, a new approach using a series of generated 2D random
amplitude-only patterns, i.e., illumination pattern, is proposed, and a fixed reference
pattern is used before each illumination pattern to correct the series of recorded light
intensities. 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.

(3). A new method using zero-frequency modulation-based optical data encoding scheme
has been proposed to realize accurate optical information transmission through thick
tissues at low light intensities. Optical experiments have been conducted to verify the
proposed method using different thicknesses of chicken breast tissues and the laser beam
with different wavelengths. Compared with conventional methods [243], the proposed
method realizes accurate optical information transmission through biological tissues with
a thickness of 16.0 mm, when a low laser power of only 0.08 mW/cm? is used. The
proposed method provides a promising means for accurate optical information

transmission through deep biological tissues.
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6.3 Future Work

This Ph.D. thesis utilizes zero frequency modulation and single-pixel detection to realize
high-fidelity and high-robustness optical information transmission through complex
scattering media including static and turbid water, dynamic and turbid water and
biological tissue. However, transmission rate in the proposed optical wireless transmission
system is limited by optical devices, i.e., SLM. High transmission rate is necessary to
achieve, such as underwater wireless optical transmission and biomedical field.

Possible potentialities and recommendations are given as follows:

(1). In Chapter 4, dynamic scaling factors are corrected to realize optical information
transmission through highly dynamic and turbid water. The proposed method works
effectively in turbid media with dynamic scattering. With an exponential increase of data
in a digital era and the need for fast transmission, it is necessary to minimize storage space
and the transmission cost. It is imperative to design a high-efficiency and low-cost image
compression and transmission system.

For instance, a compression and transmission model based on QR code and discrete
wavelet transform (DWT) can be designed as shown in Fig. 6.1. Data compression before
optical transmission is an attractive alternative as minimal hardware resources are
performed. At the transmitter, original information (e.g., image) can be encoded into a QR
code which is compressed using DWT. Then the compressed wavelet spectrum
coefficients are obtained and can serve as the transmitted data through complex scattering
media in free space. A series of random amplitude-only patterns which are generated by

encoding the transmitted data in the wavelet spectrum coefficients based on zero-
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frequency  modulation  are  sequentially  projected onto the  SLM.

Figure 6.1 A schematic experimental setup for the proposed joint optical information compression
and transmission system.

(2). In Chapter 5, zero-frequency modulation is used to realize accurate optical
information transmission through thick tissues at low light intensities. The proposed
method works effectively in biological tissue (i.e., chicken breast tissue). For zero-
frequency modulation-based optical information transmission in tissue, the enhancement
is possible with a usage of extremely fast light modulators that have been developed. For
instance, multiplexing algorithm, e.g., Orthogonal Frequency Division Multiplexing
(OFDM), is alternative to achieve high transmission rate and enhance information

capacity.
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