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INTRODUCTION

Focusing and imaging correspond to two basic requirements in utilizing light: ma-
nipulating and observing. Optical focusing and imaging are of great importance in
biomedicine, remote sensing, astronomy, industrial production, to name a few. The
advantage of using light can be summarized in three aspects, as follows.

First, optical resolution is only limited by diffraction, and can reach sub-micrometer
scale [1]. It enables optical focusing to have a precise spatial selectivity, which
allows for stimulation or manipulation of micro structures and micro processes.
For example, photolithography [2, 3] is an indispensable tool for integrated circuit
fabrication, and optical focusing is also widely used for the control of cellular or sub-
cellular biological systems, such as in photodynamic therapy [4], photoreleasing [5],
optogenetics [6, 7], and optical cell trapping and shearing [8, 9]. Optical imaging
with its fine resolution opens a door to the microworld through direct visualization.
Optical microscopy [10, 11] has long been a reliable tool in diagnosis. Recent
development in super-resolution microscopy [12–16] has pushed the resolution
limit down to tens of nanometers, even several nanometers. Although electron [17]
and scanning probe microscopy [18, 19] inherently possess a finer resolution (sub-
nanometer), optical microscopy is still the only way to observe living processes at
micro scale without harsh preparation procedures.

Second, due to the physical interaction between light and matter, it is possible to
use optical focusing and imaging to investigate material compositions through spec-
troscopy, polarization, photoluminescence, and photoacoustics [20]. For instance,
Raman spectroscopy [21–24] is extensively used to observe vibrational, rotational,
and other low-frequency modes in a molecular system.

Third, optical focusing and imaging have the ability to perform at high temporal
resolution. It enables us to control and observe temporal evolution of physical
events, which led to the advent of ultrafast optics [25]. Tremendous efforts have
been made in the development of ultrafast spectroscopy [26, 27], laser-controlled
chemistry, and so on, among which one exciting achievement is that the world’s
fastest 2-D camera up to date can capture events at up to 100 billion frames per
second [28].
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Conventionally, optical focusing and imaging are realized by lenses in a transparent
medium, like air or glass, which are based on the ballistic propagation of light.
However, when light propagates through most scattering media, refractive index
inhomogeneities cause diffuse scattering that increases with depth. This poses a
major challenge to all the aforementioned optical methods. Moreover, glare caused
by backscattering will largely impair the visibility of imaging, and time-varying
scattering by dynamic media will also pose a challenge to the system response
time. All of these factors fundamentally limit the feasibility of optical focusing and
imaging in scattering media, such as biological tissues and fog. In this chapter, we
provide an overview of the physics behind optical scattering, discuss the challenges
brought in, and introduce different methods used to overcome scattering.

1.1 Physics of Scattering
Light interacts with matter in many different ways including absorption, elastic
scattering, inelastic scattering, quasi-elastic scattering, nonlinear process. Here we
limit our discussion to elastic scattering, which causes light to diffusively propagate
in scattering media. We will first start with single particle scattering model, and
then expand our discussion to a group of particles. Finally, based on the model, we
will discuss the properties of real scattering media and conclude with some general
"rules of thumb" that are useful when considering the interaction of light with tissue.

Scattering of a single particle

Figure 1.1: Rayleigh scattering and Mie scattering [29]

A simple model to start with is the scattering of a single small particle, which can
be described as Rayleigh scattering or Mie scattering [30–32], as shown in Fig. 1.1.
For particles much smaller than the wavelength of the incident light, their scattering
of light can be explained by Rayleigh scattering. It is an approximation derived from
the interaction between light and a dipole. The scattered intensity distribution I (r; �)
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(expressed in polar coordinates) for unpolarized incident light can be expressed as
[30, 32]

Is (r; �) = 8�4nsu
4(

ns
2 � nsu

2

ns
2 + 2nsu

2 )
a6

r2�4 (1 + cos2 �)I0, (1.1.1)

where I0 is the incident light intensity, � is its wavelength, ns and nsu are the
respective refractive indices of the scatterer and its surrounding medium, and a is
the radius of the scatterer.

Mie scattering is applied when the particle size is on the order of the wavelength.
It can be derived by solving Maxwell’s equations for the case of a spherical scatter,
composed of homogeneous and isotropic material, that is irradiated by a monochro-
matic plane wave [33]. The angular intensity distribution of scattered light for two
perpendicular polarizations can be describe as,
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where an and bn are coefficients defined by the boundary conditions, and �n(cos �)
and �n(cos �) are the Mie angular functions. The functions can be described as
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where P1
n are associated Legendre polynomials of the first kind. In both cases, we

can conclude that incident beam is deflected from its original propagation. A narrow
incident beamwill be scattered into a cone of beams with different directions. Aside
from forward scattering, there is backscattering as well.

Based on the single particle model, we can derive more parameters to characterize
the scattering of light by a single particle. One important parameter is the scattering
anisotropy g [32],

g =< cos(�) > , (1.1.6)

where � is the scattering angle. g describes the angular spread of light scattered
off a particle. The values of g can range from -1 to 1, where a lower negative
value indicates more backward scattering, while a higher positive value indicates
more forward scattering. Another important parameter for a single scatterer is its
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scattering cross section �s [mm2]. �s indicates the particle’s scattering capability.
It can be thought of as the effective area that guarantees scattering when a photon
impinges. �s is related to its geometric cross-sectional area A [mm2] by the
proportionality constant called the scattering efficiency Qs [dimensionless], which
is described as �s = Qs A. Note that Qs takes on a statistical nature and is not
necessarily equal to the physical cross section area of the scatterer.

Scattering of a collection of particles
Based on the scattering model of a single scatterer, we expand our discussion to the
scattering of a collection of homogeneous scatterers that are randomly distributed
within a finite three-dimensional space. This is a simplifiedmodel of a real scattering
medium. The scattering characteristics of the sample per unit length are described
by the scattering coefficient �s [mm�1] and the scattering mean free path (MFP) ls

[mm]:

�s = �sN , (1.1.7)

ls =
1
�s

, (1.1.8)

where N is the number of scatterers per unit volume [mm�3]. The scattering MFP is
the average distance between scattering events. From ls, we can derive the intensity
of ballistic light after light travels a thickness of l through the sample [32],

Ib(l) = I0e�
l
ls = I0e��s l . (1.1.9)

Eq. 1.1.9 only quantifies how many photons are scattered. It doesn’t consider how
much the photons have deviated from their original trajectory. For example, if g � 1
and a photon encounters many scattering events, the trajectory of the photon will
still not deviate from its ballistic trajectory too much. In other words, the photon
retains some "memory" of its original orientation. To eliminate this "memory", the
anisotropy of the scatterers is incorporated to characterize the scattering sample by
their reduced scattering coefficient �s

0 [mm�1] or transport mean free path (TMFP)
ls
0 [mm], which are defined as,

�s
0 = (1 � g)�s, (1.1.10)

ls
0 =

1
�s
0
. (1.1.11)

From the equations, we can tell �s
0 is a lumped property incorporating �s and

g. By multiplying �s by a factor of (1 � g), we convert the photon movement
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with many small steps 1/�s that involve only partial deflection to a random walk
of step size 1/�s

0. We can think of the TMFP as the mean distance after which
a photon’s direction becomes randomized. By the definition of MFP and TMFP,
people divide light propagation in scattering media into four different regimes [32,
34, 35]. Within one MFP through a scattering media, ballistic photons are still
dominant. This regime is called ballistic regime. In the region from the MFP to the
TMFP, photons are scattered a few times but are just slightly deflected from their
paths. This regime is called the quasi-ballistic regime. Between one and ten TMFPs,
incident photons have been scattered many times but still retain some "memory" of
their original directionality. This regime is called quasi-diffusive regime. Finally,
beyond ten TMFPs, the directions of the scattered photons are barely related to its
original directions. This regime is called diffusive regime. If you want to directly
visualize the difference of scattering in different regimes, please refer to a schematic
depiction from Vasilis Ntziachristos’s paper [34].

The particle model described above is an inaccurate approximation for a real scatter-
ing medium. Consider the case of biological tissue for example. Its micro-structure
is more complicated than smaller particles of the same identity suspended in a
uniform environment. Biological tissues can have micro structures ranging from
0.01 µm for membranes to 10 µm for whole cells [32, 36]. The refractive indices
of scatterers can also vary from 1.34-1.62 for different tissue components [32, 36].
Therefore, it is really difficult to solve the scattering of a real scattering medium
through all the micro processes and then find a solution to counter its influence.
However, the model we use is accurate enough when considering the scattering
process at the macro scale, such as in estimating the portion of ballistic transmission
and randomness of transmitted wavefront. We may have a chance to draw some
useful conclusions from the macro-phenomena of scattering and then come to some
useful tools by either resolving or utilizing scattering. This leads to the discussions
in the following sections.

1.2 Macro-Phenomena of Scattering
Speckle
When a single optical mode is shone onto a scattering medium, light propagates
diffusively within the scattering medium, as shown in Fig.1.2(a). The concept of
optical mode will be discussed in the end of this section. For now, we can just
take it as a beam that is perfectly monochromatic and as narrow as possible. After
traveling beyond the diffusive regime, the output will be a spatially uncorrelated
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Figure 1.2: Schematic depiction of light’s diffusive propagation and output wave-
front through a scattering medium. (a) A perfectly monochromatic beam propagates
through a scattering medium. (b) At an arbitrary point on the output wavefront, the
electric field can be deemed as a summation of different beamlets.

wavefront. Initially, we limit attention to a single polarization state, since the same
analysis will apply for the other polarization. At an arbitrary point A(x,y) on the
output surface z = zoutput , the output optical field is a summation of beamlets that
encounter different scattering events, as shown in Fig. 1.2(b). Moreover, from the
previous section we know that the scattering of each beamlet can be considered a
random process. Thus, we can consider the output electric field of every beamlet
at point A as a random variable ak (x; y) and the output electric field at point A,
E(x; y) can be described as summation of ak (x; y) in the complex plane as shown
in Fig. 1.2(b),

E(x; y) =

NX
k=1

ak (x; y) =

NX
k=1
jak (x; y) jei�k , (1.2.1)

where jak (x; y) j and �k are the amplitude and phase of ak , respectively. If we
decompose E(x; y) into the real and imaginary parts, we have

E(x; y) = Re(E(x; y)) + i Im(E(x; y)), (1.2.2)

Re(E(x; y)) =

NX
k=1
jak (x; y) j cos �k , (1.2.3)

Im(E(x; y)) =

NX
k=1
jak (x; y) j sin �k . (1.2.4)

We know that ak (x; y) is generated by the incident beam with limited energy, so
jak (x; y) j should possess limited mean value and variance. Note that we have only
shown four ak (x; y)s that sum up at point A in Fig. 1.2(b). In fact, N is very large,
considering the fact of diffusive propagation of light in the medium. Therefore,
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we can apply the central limit theorem to Eqs.1.2.3 and 1.2.4, which simply means
Re(E(x; y; z)) and Im(E(x; y)) follow a Gaussian distribution. By evaluating their
first-order statistical properties, we can find out that the real and imaginary parts
of the output field have zeros means, identical variances, and are uncorrelated.
Supposing Re(E(x; y)) follows a Gaussian distribution with zero mean and variance
�2, the joint probability function of Re(E(x; y)) and Im(E(x; y)) is

p(Re(E(x; y)); Im(E(x; y))) =
1

2��2 exp
 
�

[Re(E(x; y))]2 + [Im(E(x; y))]2

2�2

!
.

(1.2.5)
Such a density function is commonly known as a circular Gaussian density function.
Therefore, E(x; y) can be referred to as a circular complexGaussian randomvariable.

For the output wavefront, it is more straightforward to talk about its amplitude
jE(x; y) j, intensity I (x; y), and phase �(x; y). We can apply the transformation of
these random variables with reference to Re(E(x; y)) and Im(E(x; y)) as follows:

jE(x; y) j =
q

[Re(E(x; y)]2 + [Im(E(x; y)]2, (1.2.6)

I (x; y) = [Re(E(x; y)]2 + [Im(E(x; y)]2, (1.2.7)

� = Arg(Re(E(x; y)) + i Im(E(x; y))). (1.2.8)

Then the probability density functions of jE(x; y) j, I (x; y) and �(x; y) are

p(jE(x; y) j) =

8>>><>>>
:
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�
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, (1.2.9)

p(I (x; y)) =

8>><>>
:

1
2�2 exp

�
�I (x;y)

2�2

�
,if jI (x; y) j � 0

0 ,otherwise
, (1.2.10)

and p(�(x; y)) =

8>><>>
:

1
2� ,if � � � �(x; y) < �

0 ,otherwise
. (1.2.11)

From the equations, we can conclude that the intensity of the output wavefront
follows a negative exponential distribution, the amplitude follows a Rayleigh distri-
bution, and the phase possesses a uniformdistribution [37]. The phase and amplitude
are independent. The statistics have been confirmed in experiment. Fig. 1.3(a) is
an intensity pattern of a scattered wavefront we captured by a CCD sensor with an
objective lens. We can tell the two-dimensional intensity distribution is a speckle
pattern. A two-dimensional histogram of the amplitude and phase of speckle pat-
tern is shown in Fig. 1.3(b), which matches the probability distribution of phase














































