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NUMERICAL RECONSTRUTION OF DIGITAL HOLOGRAM

ABSTRACT

This report explains the principle and the application of the digital holography. The
advance in charged coupled devices (CCD) has make hologram reconstruction more
practicable and saved time. The Fresnel-Kirchhoff integral serves as a basis in
Fresnel hologram reconstruction. To numerical reconstruct the Fresnel hologram, the
Fresnel-Kirchhoff integral is digitized through Discrete Fresnel Transformation. The
hologram is recorded on the CCD and the reconstruction is done through simulation
with MATLABR2006a by computed the Discrete Fresnel Transform. The resulted
complex amplitude carries the information about the intensity and the phase of the
hologram. The region of interest in the reconstructed Fresnel hologram image will be
degraded by the impact of the speckles noise and the DC term. Therefore the image
may not be suitable for analyse. A filtering technique is required to remove the
speckles and the DC term. An ideal high-pass filter and median filter is introduced to
filter out the unwanted attribute. The idea high-pass filter is used to eliminate the low
frequency components (i.e. DC term). While the median filter is used to remove the
speckles noise. Since the interference phase of the wavefield can be computed from
the digital hologram, it allows one to study and measure the deformations of an
opaque body object. This method is known as the digital holography interferometry
(DHI). In the application part in Chapter 4, the digital holography interferometry is
used to measure the deformation of the cantilever due to load added. The DHI is then

used to measure the linear thermal coefficient of aluminium.
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CHAPTER 1

INTRODUCTION

1.1 Background

Hologram has been around for a long time since it first invented by Dennis Gabor
(1948). The holograms play an important role in the security field. These holograms
are used as an anti-counterfeiting system in identification of documents including
credit card and driving licenses. Salvador et al. (2009) studied the use of holograms
in mapping the living tissue in three-dimensional. Ozaktas and Onural (2008)
discovered that hologram can be used in entertainment such as science fiction film,

TV and computer gaming.

According to Gabor (1948), photography is a process where an image is
focused on a film, whereas holography is a process where an image is captured on a
film. Figure 1.1 shows the recording setup for the hologram. A coherent light source
(laser) is split into two paths by a beam splitter. One path is travelled to an object and
reflects as an object wave. Another path is directed as a reference wave to the
holographic film. The object wave and reference wave meet and interfere at the
photographic film. The interference pattern capture by the film is known as a

hologram.
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Figure 1.1: Hologram recording (Kries, T. 2005)

Figure 1.2 illustrates the hologram reconstruction process. The same
reference wave used in recording is shined onto the photographic film. The
reconstruct image is a parallax three-dimensional image. In other word, the image
will change its appearance from different viewing angle, just like looking at a real

three-dimensional object.
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Figure 1.2: Hologram reconstruction (Kries, T. 2005)



Development in image sensor such as CCD and computer data storage

capacities have significantly speed up the process of making hologram by applying

new method in digital holography. Both conventional holography and digital

holography works with the same principle, however the difference between them is

during the recoding and reconstructing the image. The difference is shown in Table

1.1.

Table 1.1:
Holography

Differences between Conventional

Holography and Digital

Conventional Holography

Digital Holography

Photographic films is used to record
interference pattern .The image
reconstruction is performed optically

CCD replaces the photographic film. The
image reconstruction is done with a

computer.

Require a wet chemical process.

Eliminate the need of a wet chemical,
processing and mechanical focusing.
Thus faster and flexible holographic

processing.

Photographic film is the only currently
available recording medium. i.e. Silver
halides provide high-quality holographic
reconstruction because of their high
sensitivity, but still require a wet

chemical process.

Hologram is first capture by CCD and
then numerical reconstructed by a

computer.

Digital holography has an advantage over the conventional method in term of

processing speed and flexibility. The digital holography does not need a wet

chemical process. Therefore in this project, the reconstruction of hologram is done

digitally.




1.2 Aim and objectives

The aim and objective of this project is to study and understand the principle of
digital holography. The digitization of Fresnel-Kirchhoff integral is done by Discrete
Fresnel transformation. The hologram will be numerical reconstructed and simulated
in MATLABR2006a. In the application part, the digital hologram is applied to
measure the deformation of a cantilever and the linear thermal coefficient of
aluminium. The principle of digital filtering will be studied and then apply it to

remove the DC term and speckles noise in reconstructed hologram.

1.3 Outline of thesis

In Chapter 2, the fundamental including holography and spatial filtering will be

discussed.

In Chapter 3, the digitization of Fresnel-Kirchhoff integral is done with

Fresnel approximation.

In Chapter 4, the reconstruct hologram and the filtered hologram will be
shown. In the application part, the result of cantilever deformation and the

aluminium linear thermal coefficient will be discussed.

In Chapter 5, a summary and improvement for the digital holography will be

discussed.



CHAPTER 2

LITERATURE REVIEW

2.1 History of holography

According to Hencht (2002), the original setup by Gabor is used to record and
reconstruct the amplitude and phase of wavefield. His work initially generated some
attention, but further development is limited as the existing light source is not truly
"coherent” (monochromatic).The only available recording medium at that time is a
photographic film according to Kris (2005). The process of hologram reconstructing
is time consuming and cumbersome, as it requires a wet chemical process. A decade
later, there is a resurgence of interest in Gabor work as laser was discovered by
Theodore Maiman at Hughes Research Labs according to Hench(2002) .Holography
now become a subject of widespread research and holds tremendous promise.

Figure 2.1 shows the Gabor experiment setup. The reference wave and object
wave are placed along the axis normal to the photographic film. This setup is used to
record the in-line hologram, where the virtual image and bright reconstruction wave

located right in front of the true image.
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Figure 2.1: Gabor In- line hologram set up (Kries, T. 2005)

Emment and Upatnieks (1962) improved Gabor in-line hologram setup by
introduce the off axis hologram. The virtual image and its bright reconstruction wave

are separated from the real image.

Schnars and Jiiptner (2002) discovered a way to record the hologram by
using a Charge Coupled Device or CCD. This new method allows full digital
recording process. The hologram reconstruction process is fast and flexible with
CCD because it eliminates the chemical process. CCD cameras is not only
convenient but also are an ideal thin recording medium that is very sensitive to a
broad of spectrum ranging from infrared to ultraviolet and has high responsivity
(about a hundred of photons can be detected in one pixel) .The study of deformation
of an opaque object with CCD is known as Digital Holographic Interferometry (DHI).
The phase in the interference pattern is measured directly from the digital holograms.

Since then, the development of digital holographic techniques and applications
continue to gain pace. They are commonly used in microscopic imaging for

microstructures.



2.2 Types of holography

According to Kreis (2005), there are several types of hologram including integral

hologram, animated holograms and embossed holograms.

Integral hologram is a type of transmission hologram which is made from a
series of photographs of an object. The photographs are made from a live person,
outdoor screen and X-ray picture. Integral holograms come in various shapes. They
can have curve, flat and cylindrical surface. Integral holograms commonly founded
in advertising and art field are obvious.

Animated hologram is similar to integral hologram but the image is made
from time-lapse photos. The subject appears to move as the viewpoint changes.
Embossed hologram is a low cost and popular method used widely in security
application. This is an effective method against counterfeit, as they are too difficult

to copy. These hologram are commonly found in every credit cards and passports

2.3 Foundation of holography

As previously discussed in chapter 1, the process of recording hologram is shown in
Figure 2.2.

The object wave O(x,y) and reference wave R(x,y) can be describes

mathematically according to Schnars and Jiiptner (2002):

0(x,y) = 0(x,y) exp(igo(x, ) (2.1)



and

R(x,y) = 1(x,y) exp(ipr (x, )

(2.2)
where o(x,y), r(x,y) is the real amplitude and ¢, ¢y is the phase of
the wave.

intensity 1(x,y)

The reference wave and object wave meets and interfered at the surface of
the photographic film. The interference pattern can be calculated by determine its

I(x,y) = |0(x,y) and R(x, y)|?
I(x,y) = (0(x,y)R(x,¥))(O(x, y)R(x,y))
I(x,y) = 0(x,y)* + R(x,y)* + 0*(x,y)R(x,¥) + 0(x,y)R(x,y)

Object wave:

(2.3)
0(x,y) = o(x,y) exp(ipo (x,y))
Film
A
Object '..' \
5 - 7/"- s I(x,y)
2 & |
/ &
-,4} *""{

Reference wave

R(x,y) = r(x,y) exp(ipr(x,¥))

Figure 2.2: Hologram recoding (Kries, T. 2005)



9

The hologram function h(x,y) captured on the film is proportional to
(X, y):
h(x,y) = ho + Btl(x,y)

h(x,y) = hy + Bt(0(x,y)* + R(x,¥)* + 0*(x,y)R(x,¥) + 0(x, y)R(x,¥)*)

h(x,y) = ho + Bt(0® +712) + BT 0" (x,yIR(x, ) + 0 (x, yIR(x,¥)")
(2.4)
where:
[ = constant
T = exposure time

h, = amplitude transmision

In digital holography the term hg is neglected as the CCD is used in
recording medium.To reconstruct the hologram, a reference wave R(x,y) is

illuminated on the photographic film. Thus Equation (2.4):

R(x, )h(x,y) = R(x,y)[ho + r(0? +1%)] + fr 0" (x, y)r? + Br0(x, )
(2.5)

The first term to the right is the bright undiffracted wave or DC term as
shown in Figure 2.3. The second term is the reconstructed object wave, forming the
virtual image. The term Bzr? influence the brightness of the virtual image. The last
term is the reconstructed real image. For In-line hologram, the DC term and virtual
image is located within the real image whereas in off axis hologram the DC term and

virtual image is separated from the real image.



10

Real image
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(Kreis, T.2005) )
Virtual image

Figure 2.3: Reconstruction Hologram (Kries, T. 2005)

2.4 Digital holography

Advancement in CCD technology and computer technology has reduced the amount
of time require to reconstructed the hologram. Figure 2.4 shows a digital holography
setup of off-axis hologram. This setup is often used in the laboratory because the
reconstructed image has no geometrical distortion. An object is placed at a distance d
from the CCD. A reference wave and the object wave interfere at the CCD surface.

The resulting interference pattern (hologram) is recorded and stored in a computer.

To reconstruct the hologram, an optical reference wave is shined into the
CCD surface. The reconstructed virtual image appears at the position where the

object is and the real image is formed at the other side of the CCD with distance d.
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> CCD > \
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D q - d d
(a) Recoding (b) Reconstruction

Figure 2.4: Setup for Digital Holography (a) Recording (b) Reconstruction
(Schnars, U., & Jiiptner, W. P. O. (2002))

2.5 Application of digital holography

According to Hencht (2002), the digital holography is used in the interforemetry field
to study the deformation of opaque body resulting from strain and thermal variation.
This method is called the digital holography interferometry. According to Schnars
and Jiiptner (2002), the double exposure technique is commonly used in DHI. The
first hologram is captured from an undeformed object and makes to expose with a
second hologram captured from a deformed object. As a result the two holograms
overlapped and formed a fringe pattern. The deformation of the object can be
measured by counting the number of fringes.

Figure 2.5 shows the real time technique setup, where the object is left at its
original position throughout the recording. The phase difference between the
undeformed and deformed state can be observed as they evolve in real time. This

method applied to both opaque and transparent objects.
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Reference wave
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Figure 2.5: Real-time technique recording setup (Kries, T. 2005)

Equation 2.6 is valid only for double exposure and real time technique. The

complex amplitude of the object wave in undeformed state is given as:

0,(x,) = o(x, y)explip(x,y)] (2.6)

where o(x,y) is the real amplitude and @(x,y) is the phase of the object

wave.

The complex amplitude of the object wave in the deformed state is given as:

0,(x,y) = o(x,y)exp[i(¢ + Ap(x,¥))]

where A@(x,y) is the interference phase between the undeformed and

deformed state of the object.
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The intensity I(x, y) for the interference pattern is calculated by squaring the

sum of 0, (x,y) and 0,(x, y):
1(x,y) =101 + 05|* = (01 + 0,)(0; + 0,)*
= 012+022 + 0102* + 01*02

= o?[exp(ip(x,y) — ip(x,¥)) + exp(ip(x,y) — (i(p(x,¥) + do(x,¥)))
+ exp(ip(x,y) — (W (x,y) + 4o(x,¥)))
+ exp(i(p(x,y) + dp(x,y) — ip(x,¥))

+ exp(i(p(x,y) + A (x,y) — (i(9(x,y) + 4p(x, ) )]

I1(x,y) = 0*[2 + exp(4¢(x,y)) + exp(=Aq@(x, y))]
I(x,y) = 202[1 + cos(4¢(x,¥))) (2.8)

Equation 2.8 shows the relationship between the intensity I(x,y) of the
interference pattern and the interference phase A@(x,y). The information about the

object deformation is contains within the intensity I(x, y).

According to Schnars and Jiiptner (2002), the cosine term is an even function
(cos 30° = cos — 30°). Therefore it is not possible to count the number of fringes in
the reconstructed hologram. In practical cases, the speckles noise brightness will
affect the resolution of the reconstruct image. Hence, a method such as the phase-
shifting method is required to reconstruct the interference phase. However in digital
holography, the reconstruction of the interference phase can be done without

generating the phase-shifting method.
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2.6 Digital image processing

Digital image processing is a process to improve the nature of the image so that its
information can be analysed. Kelly et al. (2009) introduced a method to remove the
speckle noise by applying numerical methods such as a median filter. To remove the
DC term, Cuche et al. (2000) introduced a numerical spatial filter. The captured
hologram image is first converted from spatial domain to frequency domain using
Fourier transform. A suitable filter such as an ideal high-pass filter is applied and

then converted back to spatial domain by inverse Fourier Transform.

2.7 Spatial frequency

2.7.1  Fourier transform

According to Mcandrew (2004), the Fourier Transform method is commonly used in
image processing. It allows one to carry out impractical tasks at high efficiency. The
Fourier Transform can isolate out a particular image frequencies, so that the low-pass

and high-pass filtering can be performed at a high precision.

2.7.2 Two-dimensional DFT

According to Mcandrew (2004), an image is considered to be a two-dimensional
function f(x,y). The DFT takes in the input matrix f(x, y) and converted to another

matrix F(u, v). The matrix F(u, v) is the Fourier transform of f(x,y) :

(2.9)
Flu,v) =F(f(xy))

The matrix f(x,y) is the inverse Fourier transform of the F (u, v) :

(2.10)
fy) =F 1 (Fwv))
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According to Bracewell (2000), the definition of 2-Dimensional Discrete
Fourier Transform (2DDFT) for a MXN matrix is given as:

M—-1N-1 (2.11)
F(u,v) = Z Z f(x,y)exp (—2ni(%+)1]v—v))

x=0 y=0
And its inverse Fourier transform is given as:

M-1N-1 oy (2.12)
flx,y) = Z Z F(u,v) exp (Zni(ﬁ + W))

x=0 y=0

where f(x,y) is the image spatial domain and the exponential term is the basis
function corresponding to each point F(u,v) in the Fourier space. The equation can
be understood as the value of each point (u, v) is obtained by multiplying the image

spatial domain with the corresponding base function and summing the result.

Let (u,v) = (0,0) in Equation 2.11:

F(0,0) = M_“Hf(x, y) exp(0) = M_“Hf(x, )

(2.13)

The value F (0,0) in Equation (2.13) is called the DC term. In order word, this term
is equal to the sum of all terms in the original matrix. For display purposes, the DC

term is shifted from top left to the center of the matrix as shown in Figure 2.7.

|
A B D C
w
C D B 4
An FFT After shifting

Figure 2.6: Shifting the DC term (Mcandrew, A.2004)



2.7.3 Fast Fourier Transform

16

Lyon (2009) suggested that to compute a DFT effectively, a fast Fourier transform

FFT is required. The FFT works by dividing the vector length into two halves,

computing the FFT of each half, and then place the results together. The FFT

algorithm work best if the vector length is a power of 2.

Table 2.1 shows the numbers of multiplication require by each method. For

example a vector length of 27, the direct method takes 22™ multiplication while FFT

n
only takes n2". Thus FFT saved time by an order of % . The table also shows the

advantage of FFT algorithm increase as the vector length increases.

Table 2.1: Comparison of time require between FFT and Direct method

(Mcandrew, A.2004)

2" Direct arithmetic FFT Increase in speed
4 16 8 2.0
8 84 24 2.67
16 256 64 4.0
32 1024 160 6.4
64 4096 384 10.67
128 16384 896 18.3
256 65536 2048 32.0
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2.8 Ideal high-pass filter

Cuche et al. (2000) suggested that the DC term can be removed by an ideal high-pass
filter. Suppose an image of a cameraman f(x,y) shown in Figure 2.7 (a) is Fourier
transform into a output image (u, v) . The DC term (low frequency components) in

image F(u,v) is shifted to the center as shown in Figure 2.7 (b)

Figure 2.7: Image of (a) A cameraman (b) DC term shifted to the centre of Fourier
transform image (Mcandrew, A.2004)

The DC term at the center of the Fourier transform image F (u, v) is removed
with an ideal high-pass filter. This filter allows only the high frequency components
to pass by blocking the low frequency components (DC terms). The ideal high-pass
filter can be visualized as a circular mask position at the center of Fourier transform
image. Figure 2.8 (a) shows the circular mask H(x,y) at the center of the
matrix F (u, v). The matrix values will be zeroes if it located within the radius of the
mask. Hence, the DC term is eliminated. The values (high frequency components)
located outside the mask will be allowed to pass.

H(x,y) = { 0if F(w,v) located within the radius of the mask
YY)Z1 1 if F(u,v) located away from the mask

(2.14)
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The size of the circular mask H (x, y) decides the information available to the
final image. If the radius of the mask is large enough, more of image information is

removed.

Figure 2.8: (a) Mask place at center of Fourier transform mage (b) Resulted image
(Mcandrew, A.2004)

2.9 Spatial domain

According to McAndrew (2004), an image can be defined as a two dimensional
function f(x,y), where x and y are spatial coordinates. The amplitude of f at any

pair of coordinates (X, y) is called the intensity of the image at that point.

The image that is captured by CCD is generally contaminated by noises. The
information within the image can be degraded by the impact of noise. Therefore an

image enchantment technique is needed before the image is analysed.

The median filter is commonly used in removing the speckle noise. Unlike a
mean filter, a median filter will do a better job at keeping useful detail in the image.
The median filter first arranges the surrounding neighbour pixel in the window from
lowest to highest value and picking the middle one. If there is no single middle value,

the average of the two values at the middle will be taken. Figure 2.10 shows an
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example of median filtering of a single 3x3 window. The pixel value is first arranged
from lowest to highest value. The middle value (60) is picked and then replaced the

center (255) value in the window.

iy | 52
63| 200 |58 |— 50 52 57 B8 |60( 61 63 65 265 — b0
61| 60 |57

Figure 2.9: 3x3 median filter Image (Mcandrew, A.2004)
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CHAPTER 3

METHODOLOGY

3.1 Fresnel approximation

As previously discussed in chapter 2, the hologram is captured with a CCD, the
reconstructed real image form behind the CCD with distance d. According to Schnars
and Jiiptner (2002), the CCD surface can be treated as a hologram plane h(x, y) and
the real image as image plane I'(§,n) as shown in Figure (3.1). A reference wave

R(x,y) illuminated the hologram plane in + Z direction.

y I yd
: X
R(x,y) _
Reference P
wave —> 7#“’#73 E
Z=d
Z=0
d
Hologram plane Image plane
neey) rem)

Figure 3.1: Coordinate System for Hologram plane and Image plane
(Schnars, U., & Jiiptner, W. P. O .2002)
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The relationship between the image plane and the hologram plane is
described by the Fresnel Kirchhoff integral:

rEmn) = %fjooo /= h(x,y)Rx,Y) w (% + %cos 0)dxdy (3.1)

where p is the distance between a point in hologram plane and a point in

image plane is given as:

(3.2)

p=vd2+x—92+(y—n)?

The 6 is the angle between the distance p and the distance d separating the

two planes. A plane reference wave R(x, y) is used in the hologram reconstruction:
R=r+i0=r (3.3)

Hence, only the real amplitude is left. Equation (3.1) is a fundamental for
Fresnel hologram reconstruction. In conventional holography only the intensity is
visible. Fresnel hologram offers both the intensity and the phase because the

reconstructed complex amplitude I'(§,n) is a complex functions.

3.2 Reconstruction by Fresnel transform

Since the values in x, y and &, n are very small compared to the distance (d)

separating the two planes, Equation (3.2) can be replaced by Taylor series:

(3.4)

p=+d%+ (x—52+ (y—m)?

Let u? be:

u? = (¢ -0+ 1 —y)?
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Substitute into u? into Equation (3.2):

uz
p=d 1+ﬁ

The distance p can be expanded in a Taylor series:
u_

u Y 2(3-1) alz
(1)

2
— 1/2 — ]

2\d?

~ 1(E-0*+@ - 1[{E-0%+ 07—
p_dl1+i< e >_§< a2 ) +‘

Only the first two terms are considered:

o -0 -y’ (3.5)
prAt T

The Equation (3.5) is substituted into Equation (3.1), with cos 8 ~ 1:

exp <—i271T (d + & ;dx)z + ;dy)2)>

=22 (m—y)?
d += e+

rew=5] | h&Rey) dxdy

(3.6)

Since the distance d separating the hologram plane and the image plane is
larger than x, y and &, values, the dominator part in Equation (3.6) is replaced with
d:



23

_ 2 _ 2
CEn) = — f f h(xy)R(xy)exp(—ITd( (52;‘) ("Zdy) ))dxdy

. o] %) 2 ) 2 2

2 + 2 _ 2
+ nry =any q ny)) dxdy

Rearranging terms:

2T
r@Emn) = exp ( 7d> exp <—1— &+ n2)>
foo foo h(x, y)R(x, y)exp <—1— (x* + yz)) exp <1 x+ ny)> dxdy

3.7)

Equation (3.7) is called the Fresnel approximation or Fresnel transformation.

The equation above allows numerical reconstruction of the image plane. The

intensity of the wavefield is calculated by squaring:

3.8
1Em = M@ P (38)
The phase of the wavefield is calculated by:
Im|I'(E, (3.9)
6(¢,m) = arctan mIL(¢,n)l

Re|I'(¢,n)|
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3.3 Virtual image reconstruction

The reconstruction of the virtual image can be done by adding the imaging properties

of a lens into the numerical reconstruction process as shown in Figure 3.2.

MNumerical

lens ==
- - =
Sirtual image Image p]dnt.—:
= d et d

Figure 3.2: Reconstruction of Virtual Image
(Schnars, U.,& Jiiptner, W. P. O .2002)

The imaging properties L(x,y) of the numerical lens with a focal length

a . .
f= S Isgivenas:

(3.10)

L(x,y) = exp (l (x? + y2)>

Af

The magnification is assumed to be 1 and Equation (3.10) is substituted into
Equation (3.7):

P = sz exp (~i5-d) exp (—1—@2 +n2)>

f f h(x,y>L<x,y)R(x,y)exp(—1—<x +y2))exp< (zx+ny))dxdy
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2
) = oo (- 2o (25640

f‘x’ J.OO h(x, y)R(x,y)exp <+1— (x? + y2)> exp <1 (& + ny)) dxdy

(3.11)

Equation (3.11) is the complex amplitude of the virtual image. By comparing
Equation (3.11) with Equation (3.7), the sign of the term i,/\“—d (x% + y?) changes from

negative to positive. The reconstructed virtual image has the same complex
amplitude as the real image. However the virtual image will appears inverted to the

real image.

34 Discrete Fresnel Transform

According to Yaroslavkii and Merzlyakov (1980), only discrete calculation can be
carried out in a computer. Hence, it is required to digitize the Fresnel transformation

in Equation (3.7). The following substitution is introduced.

v="7 and =7

(3.12)

By substitute Equation (3.12) into Equation (3.7):

F'(v,p) = ﬁexp (—iZTnd) exp <—1— ((vAd)? + (u)\d)z)>

f f h(x, y)R(x,y)exp <—1 (x? + y2)> exp <1 (vAdx + u)\dy)) dxdy



26
i
I'(v,p) = ﬁexp(—im\d(vz +u?))

f‘x’ J.OO h(x, y)R(x, y)exp <_i)\£d x% + y2)> exp(i2m(vx + py))dxdy

(3.13)

The term exp (—i%ﬁd) is neglected, because it only effects the overall phase

and it has no effect on the intensity and interference phase of the digital holography
interferometry. According to Bracewell (2000), the Equation (3.13) is compared
with the definition of two-dimensional Fourier transform):

°re . 3.14
F(v,u) =j j f(x’y)e—lZTL'(vx+uy)dxdy ( )

fx,y) = f f F(u, v)eﬂ"(uxWY) dvdu (3.15)

The inverse of transform for F(u, v) is given as:
Flv,w) =F~'f(x,y)

It is found that f(x,y) = h(x,y)R(x,y)exp (—i%(x2 + y2)> , and the

inverse Fourier transform of  f(x,y) is:

F'(v,p) = ﬁexp(—inhd(vz + ) xF1 Ih(x, y)R(x,y)exp (—i % (x? + y2)>l

(3.16)
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To allow digitization, the integral part (/) in Equation (3.13) must be
converted into the finite sum( ¥). According to Kreis (2005), the CCD is made up of
rectangular arrays of light sensitive pixel organized in N columns and N rows. The
hologram function h(x, y) is sampled into the rectangular arrays as shown in Figure
3.3 (a).

Ay
h(k.I) N
-
Ay t
N
(@)
I'(m,n) Av N
Au t
N
(b)

Figure 3.3: (a) Hologram plane sampled on NxN rectangular raster (b) Image plane

sampled on NxN rectangular raster
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The distance between the center to center of the pixels is Ax and Ay in the

hologram plane. The discrete coordinate for hologram plane h(x, y) becomes:

x = kAx k=1,...,N
y =LAy l=1,....,N

A similar step is repeated for the image plane I'(v, w) by sampled on the
rectangular array. The distance between the center to center pixels is given as

Am and An.The discrete coordinate for image plane becomes:

v = mAv m=1,...,N

U =nlu n=1,....,.N

With these discrete coordinate, Equation (3.13) becomes:

z

-1N-1

I'(m,n) = %exp(—hﬂd(sz + Ap?)) z h(k, DR(k,1)
0 1=0

=
Il

exp (—i % (k2Ax? + lZAy2)> exp(i2m(kAxmAv + 1AynAy))dxdy
(3.17)
where:

m=01..N—-1
n=01...N—-1
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According to Schnars and Jiiptner (2002), the theory of Fourier transform

among Ax,Av and Ay, Au . The following relations exist:

1 1

Av = NAx An = NAy

(3.18)

A differentiation is done on Equation (3.12) and substituted into Equation
(3.18):

Ad Ad
A

T NAx H= NAy

(3.19)

The values in Equation (3.18) is substituted into Equations (3.17) and
simplified:

N-1N-1

i - m? n?
Cm,m) = 35 ~in Gz + zye > h(k,DRGD

k=0 1=

+_

km lm)
N N

exp <—i % (k?Ax? + lZAy2)> exp(i2m (
(3.20)

Equation (3.20) is known as the Discrete Fresnel transform. The recorded
intensity pattern h(k,l) is determined by reading the hologram's image, using
MATLABR2006a. R(k,1) is the artificially generated reference wave intensity

matrix in the computer. The complex amplitude I'(mm, n)is calculated by multiplying
h(k, DR(k,1) with exp (—i%(kZsz + leyz)) and applied an inverse discrete

Fourier transform to the product. The calculation is done effectively using Fast

Fourier Transform (FFT).
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Figure 3.4 (a) shows a sample of digital hologram. The object is placed at d =
1.054 m from a CCD with arrays of 1024 x 1024 and distance between pixel
Ax = Ay = 6.8 um. The laser light wavelength used is 632.8 nm. Figure 3.4 (b)
shows the intensity of a real image of a cube. The bright square at the centre of the
reconstructed hologram is caused by the DC term in Equation (2.5). Since the
recording setup is for off-axis hologram, the virtual image and DC term is separated
from the real image. The virtual image is out of focus in this reconstruction

hologram.

Figure 3.4: Digital Hologram b) reconstructed real image and DC term
(Schnars, U., & Jiiptner, W. P. O. (2002))

35 Suppression of DC term

According to Kreis (2005), the digital holography encountered a similar problem as
in the optical holography: the DC term, also known as the zero order. The hologram

reconstruction wavefront is given in Equation (2.5) as:

R(x, y)h(x,y) = R(x,y)[ho + fr(0*® + )] + fr 0" (x, y)r? + Br0(x, )

The first term to the right is the DC term, the second term is the reconstructed
virtual image and the third term is the reconstructed real image. To suppress the DC

term, a Fourier transform is done on the hologram h(x, y) and then multiply with a
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numerically mask. This filtering method is mentioned in Chapter 2, where a circular

matrix mask H (x, y) with radius D is defined:

0if (x,y) located within the radius D of the mask
1if (x,y) located away from the mask

H(x.y)={

The equation of circle is given as:

(3.21)
D? = (x—h)*+ (y — k)?

where (h, k) is the origin for the center of the mask and D is the radius of the
circle. Since the mask origin is located at the center of the Fourier transform image
Equation (3.18) becomes:

D = sqrt(x* + y?) (3.22)

The Fourier transform hologram is multiplied with the mask. The resulted
image is converted back to the hologram spatial domain. The reconstructed hologram

will be free of DC term.

3.6 Off —axis digital holography setup

Yong et al. (1998), have shown an experiment to record the off-axis Fresnel
Hologram. The CCD used in the recording is a Sony CCD camera module XC-75
system, which is a monochrome video camera module using a CCD solid state image

sensor. The specifications of the Sony CCD camera are given in Table 3.1.



32

Table 3.1: Specifications for the Sony CCD Module XC-75 (Yong et al. ,1998)

Effective picture element 768x494 (horizontal /vertical)
Sensing area ¥ inch size

Cell size 8.4x9.8um (horizontal /vertical)
Chip size 7.95x6.45um (horizontal /vertical)

3.6.1 Recording procedure

Figure 3.5 shows the recording setup for the off-axis holograms. The light source
used is a 20-mW He-Ne laser light with wavelength of 632.8 nm. The laser light is
divided into a reference wave and an object wave. The reference wave is brought to
focus and collimating it with a lens to become a plane wave. The object wave and
reference wave interfered on the CCD sensors. The resulting interference pattern
(hologram) is saved in TIFF file image. The recording object is a white and diffuse
pyramid-shaped object with a dimension of 2.0cm x 1.0cm X 1.0cm. The object is

placed at about 1m away from the CCD.
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Reference wave

Mirror %

 »

> CCD
\ Object wave

v

v
—

Pyramid

shaped object —

Display Numerical

processing

Figure 3.5: Recording setup for the off-axis hologram (Yong et al. ,1998)

The crucial step in this experiment is to determine the ratio intensity between
the reference wave and the object wave that illuminated on the CCD sensors. Hence,
a photosensitive diode is used to measure the intensity ratio with the help of the
display monitor. This allowed the observer to view the interference pattern and the
intensity of the reference wave and the object wave.

After getting the optimum intensity ratio, the hologram is captured by using
F64PRO software. For Fast Fourier transform (FFT) algorithm, it is advantageous if
the number of pixels in each row and in each column is a power of 2. Therefore the
hologram is digitized to a grayscale with pixel array of 512x512 and stored as TIFF

file image in the computer memory storage.
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3.6.2  Digital Holographic Interferometry setup

Yong et.al (1998) shows an example of the digital holographic interferometry
application. The DHI setup is shown in Figure 3.6. The pyramid shaped object is
replaced with a cantilever with one of its end is fixed to a rigid body and a load is
placed at the free end. The dimension of the cantilever is 2.5cm x 1.5¢cm. The
cantilever is placed at a distance about 1m from the CCD. The load is added on the
cantilever free end toward the direction into the CCD. The process of recoding in
digital holographic interferometry is mentioned in pervious chapter, where two
holograms are recorded instead of single hologram. The undeformed state of the
cantilever is recorded is record as first hologram. The cantilever is then bent to a few
microns and a second hologram is taken. Both of these holograms are stored
separately in TIFF image file.

Mirror Reference wave

v

Load >
.\ Object wave
d=1m

Cantilever with —

v
—

one end fixed

to a rigid body /
Display
Numerical

 ——— .
& = S processing

Figure 3.6: Setup for cantilever digital recording (Yong et al. ,1998)
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3.7 Milestone for Final Year Project Il

From week 1 to week 6, the cording for digital hologram reconstruction will be
written in MATLABR2006a. At the same time, the final report including Chapter 1
and Chapter 2 will be written. The MATLABR2006a code is tested from week 3 to
week 6 to ensure it works correctly. The application of digital holography
interferometry will be done from week 7 to week 12. At the same time, the final

report including Chapter 3, 4 and 5 will be written.

Table 3.2: Milestone for FYP2

Week iz 13-14

MATLAB
R2006a
Coding

Testing the l I

code

M

Application

Thesis Chapter 1,2 Chapter 3,45

writing
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Reconstruction of real and virtual image

As previously mentioned in Chapter 3, to reconstruct the image in digital
holography, the CCD captured hologram is numerical reconstructed with Discrete
Fresnel Transform (Equation (3.20)). Figure 4.1 shows the reconstruction algorithm
for the real image.

Read the captured hologram in

grayscale and store it as a matrix

v

Calculated the equation, and store it

as a matrix.

o 2a2 g2 z)
- A A
exp( le(k x* + 1°Ay*)

v
Multiply the hologram matrix with

the equation matrix. The end result
store in X matrix
v
Apply 2DFFT on the X Matrix and

save it in U matrix.

v

Generate hologram

Figure 4.1: Reconstruct real image algorithmic
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The U matrix values consist of complex number i.e. the real and imaginary
part. To compute the intensity, the matrix U is multiplied with its conjugate. A log
function is required to enhance the small values (high frequency components)
relatively to large values (low frequency components).Without the log function, only
the strongest low frequency components i.e. DC term are visible. The resulted matrix
values is not in the grayscale format, so a rescaling is needed. The final result is
saved in TIFF image file. Figure 4.2 shows the flowchart of algorithm to generate the

real image.

Generate hologram

A 4

Intensity:
I=U.*conj(V)

A 4

Normalize | and convert into
grayscale format.

| = uint8(I)

A\ 4
Display image in grayscale
Imshow (1)

A 4

Save as TIFF image

Imwrite (1, intensity.tif”)

Figure 4.2: Algorithm to produce the real image
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Figure 4.3 shows the real image by computing the 2-dimension Discrete
Fourier Transform on the hologram.

Pyramid shaped

object

DC term

Figure 4.3: Reconstructed real image

The reconstructed image contains the real image of the pyramid shaped object
and the DC term. This image was obtained for a recording distance d = 1.054m
according to Equation (3.12). Figure 4.4 shows the virtual image obtained by setting

d = —1.054m into the numerical calculation.

DC term

Inverted pyramid

shaped object

Figure 4.4: Reconstructed virtual image
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Figure 4.3 and Figure 4.4 do not represent the entire of the reconstructed
hologram but only the region of interest that contains DC term and pyramid-shaped
object. Since the negative term is used in Equation (3.11).The virtual image will

appear inverted to real image.

Figure 4.5 shows the reconstructed phase for the real image. The phase image
yields no details of the pyramid shaped object structure. Only the shape of the DC

term is visible.

DC term

Figure 4.5: Reconstructed phase image

4.2 Filtering

As previously mentioned, the DC term in reconstructed real image shown in Figure
4.3 is removed by an numerical mask. Figure 4.6 shows the algorithms filtering

flowchart for removing the DC term.



Read the hologram

v

Convert from spatial domain to
frequency domain with FFT2 and
shift the zero components to the
centre with FFTSHIFT

A 4

Define a circular mask

A 4

Position the mask at the center of

the Fourier transforms image

\ 4

Return to spatial domain with
IFFT2 and IFFTSHIFT

A 4

Remove speckles noise with 3x3
Median filter

\ 4

Save the final filtered image as
TIFF

Figure 4.6: Ideal high-pass filter algorithm to remove the DC term in the

reconstructed real image

40
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Figure 4.7 represents the magnitude of the image obtained by 2 dimensional
Fourier transform the captured hologram. The bright spot located at center of the

image is the DC term of the hologram.

DC term

o ;
N ~0‘-' I LG
SN N

Figure 4.7: Top view of the Fourier transform image

The DC term is removed by multiplying the Fourier transform image with a
circular mask. Figure 4.8 (a) shows the reconstructed fitter real image without the
DC term. However the image of pyramid shaped object is degraded by the speckles
noise. To improve the image, a 3x3 median filter is used to remove the speckles.
Figure 4.8 (b) shows the speckle noise removed. The resolution of the filtered real
image is poor because the number of cell array in the CCD is only 512 x 512 and the

cell size is only Ax = 8.4um,Ay = 9.8um.

Figure 4.8: Reconstructed real image (a) DC term removed (b) speckles noise
removed.
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4.3 Digital holography interferometry

As mentioned in Chapter 2, the digital holography offers a new way to study the
deformation of the opaque body. Two holograms before and after the displacement
are captured by the CCD. Each hologram is separately reconstructed by using the
2-dimensional Discrete Fourier Transform (Equation (3.20). The phase I'; (¢, 7) and
I',(&,7n) is then determined:

ImIi(¢,n)

¢1(§,m) = arctan Rel, (&,1) (4.1)

ImI;(&,m)

¢2(&,n) = arctan Rely (5, 1) 4.2)

The resulting matrix in ¥,(&,n) and ¥, (&, n) contains value range from

-1 to m. The interference phase Ay (&,n) is calculated by subtraction:

_ P1(&,m — @205, m) if 1 2 ¢z 43
AeGm = { P1&m — @2(§,m) + 21 ifp1 < @2 (43)

The matrix A@(&,n) contains information about the opaque object

deformation in the form of dark and bright fringes of the phase change.

Figure 4.9 shows the phase reconstruction algorithm. The complex amplitude
for each hologram is reconstructed separately and then subtracted them according to
Equation (4.3). The speckles noise in reconstructed image is removed with a 3x3

median filter.



Calculated the undeformed
hologram complex

amplitude,T"; (¢,1)

43

Calculated the deformed
hologram complex amplitude,

1—‘2 (fl T])

Phase reconstruction

¢,(&,n) = arctan Rel,(&,1)

ImIi(¢,n)

Phase reconstruction

ImI;(§,m)

@,(&,n) = arctan Rely(&,1)

A 4

Subtraction with
Equation (4.3)

\ 4

Filter
3x3 Median

l

Display image in
grayscale

Imshow (1)

Figure 4.9: Reconstruct phase image algorithm
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4.4 Application of digital holography interferometry

441 Cantilever deformation

An application of digital holography interferometry is shown by Yong et al. (1998),
to measure the deformation or displacement of cantilever due to different loads.

Figure 4.10 shows a cantilever where one of its ends is attached to a rigid block.

[.oad

Deformation
toward + Z
direction

Plane Wave

%
Y f/l %
%
%

P

Figure 4.10: Deformation of cantilever
(Yong et al., 1998)

The cantilever at its undeformed state is shined with a plane wave (laser light)
travelling in — Z direction. The scattered light is recorded as the first hologram. A
load is then added on the free end of the cantilever in + Z direction. The load will
cause the cantilever to bend slightly toward + Z direction. This deformed cantilever

is shined with a plane wave and the scattered light is recorded as a second hologram.

Figure 4.11 shows the path difference travel by a plane wave before and after
the deformation of the cantilever.
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Cantilever before deformation

/

I /

i
Incident : Reflected
1

wave wave

()

Figure 4.11: Path different travel by two plane wave (Yong et al. , 1998)

Since the deformation of the cantilever is very small. Each point in cantilever
is treated to moves only in Z direction. The position of the cantilever at its
underformed state is Z = 0. After the deformation, each point of the cantilever is
moved by AZ .The total distance travelled by a plane wave from its source to the
undeformed cantilever and back to the CCD is given as L. The total distance
travelled by a second plane wave from its source to the deformed cantilever and back
to the CCD is given as L — 2AZ.

According to Henct (2002), the phase difference A@(x) between the two

waves is given as:
21
Ap(x) = 7(?61 —X32) (4.4)

where
x,= Total distance travelled by first wave from the source to the point of observation.
x, = Total distance travelled by second wave from the source to the point of

observation.
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By substitute x; = L and x, = L — 2AZ into Equation (4.4):

ATAZ
1 (4.5)

Ap(x) =

The relation between N bright fringes and phase differences according to
Hench (2002) is given as:

A —> N__4nAZ
¢(x) =2nN = — (4.6)

Thus the cantilever displacement can be calculated by counting the number of

bright fringes.

47 == @4.7)

4.4.2 Result and Discussion

Since the intensity cosine term in Equation (2.8) is an even function. The number of
bright fringes is not visible in the reconstructed intensity image. However the
reconstructed phase image clearly shows the number of bright fringes increase
corresponded to the added load.

Three types of loads (light, medium, heavy) are used in the experiment.
Figure 4.12 shows the number bright fringes changes from left to right as the loads
increased from light to heavy.
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Light Medium Heavy

Figure 4.12: The number of bright fringes from left to right (N = 2,6 and 13)

4.5 Linear thermal expansion coefficient measurement

Yong et al. (1998) used the digital holographic interferometry to measure the linear
thermal expansion coefficient of aluminum. The linear thermal expansion coefficient

a, describes the relative change in length of a material per degree temperature change:

Af
&= AT (4.8)
where
a = linear thermal expansion coefficient, °C™*

A¢ = change of material length , m
¢ = material length, m

AT = change in temperature, °C

In the recording setup, the load is replaced by thermal expansion of an
aluminum which pushed the cantilever from behind. Since the thermal expansion
cause a very small deformation or displacement in the cantilever. The change in
material length is equal to the change in cantilever displacement, A¥ = AZ. Hence,

Equation (4.7) can be substituted into Equation (4.8) :
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NA

= 20T (4.9)

The linear thermal expansion coefficient of the aluminum can be measured by

counting the number of bright fringes.

451 Experiment Setup

Figure 4.13 illustrates the experimental setup to measure the linear thermal

expansion of the material.

Mirror

/ Reference wave

Heating

system

[ T
= |

CCD
\ Object wave
. d~=1m
Display
Numerical
processing

Figure 4.13: Setup for thermal linear expansion measurement (Yong et al. ,1998)
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The setup is separated into two parts. Firstly is the optical part, where digital
holographic interferometry process takes place. Secondly is the heating part that is
used to heat up the aluminum rod. Figure 4.14 illustrates the heating mechanism
which consists of a Pyrex glass tube surrounded by nickel wire, which performs as a
heating wire. Two ends of the heating wire are then connected to a Variac to control

the heating rate of the aluminum rod.

Pyrex glass wound

with heating wire

Glass wool

Rigid body

Aluminium Rod

Clamp

® O

Variac K-type Thermocouple

Figure 4.14: Heating system (Yong et al. ,1999)
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The aluminum is painted in black so that the heat will distribute evenly and
effectively. Three small holes were drilled at the middle and two end of the rod.
These holes are connected to a K-type thermocouple to monitor the temperature at

these positions.

45.2 Procedure

The aluminum rod is placed in the Pyrex glass tub with one of its end fixed to a rigid
body. This is to make sure the aluminium expanded only in one direction. The free
end of the rod is connected to an Invar push rod. The Invar rod was used as a push
rod because of its low coefficient of linear thermal expansion (a = 2x107°°C1).
The heating mechanism including the Invar push rod and Pyrex glass tube is covered
with layers of glass wool to ensure a better thermal stability during the heating and

cooling process.

The aluminum rod is gradually heated up to about 40.0°C. The temperature is
observed with a thermocouple. To ensure a thermal equilibrium between the
aluminum rod and the heating enclosure, the experiment is kept in the same
condition for an hour. The aluminum is then slowly cooled down. A hologram is
captured with the CCD when the temperature is between 34.9°C to 34.0°C with an
interval of 0.1°C each. The captured holograms are stored in the computer as TIFF

image file. The experiment is repeated to collect several sets of data.
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45.3 Result and Discussion

Figure 4.15 shows the numbers of bright fringes changes with an interval 0.1°C .

Figure 4.16 and Figure 4.17 shows the repeated result for the experiment.

Number of bright fringes, N

AT = 0.1°C

N=15
AT = 0.2°C N =20
AT = 0.3°C N=25
AT = 0.4°C N =3.0
AT = 0.5°
0.5°C N =35
AT = 0.6°C N =40
AT = 0.7°C N=5.0
AT = 0.8°C g N =55
_-%f
N =6.0
AT = 0.9°C

Figure 4.15: Number of bright fringes increase with temperature in experiment 1
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Number of bright fringes, N

AT = 0.1°C N =1.0
AT = 0.2°C N =2.0
AT = 0.3°C N = 3.0
AT = 0.4°C N = 3.0
AT = 0.5°C N'=40

N =45
AT = 0.6°C

N =5.0
AT = 0.7°C

N =60
AT = 0.8°C

N=70
AT = 0.9°C

Figure 4.16: Number of bright fringes increase with temperature for experiment 2



53

Number of bright fringes, N

AT = 0.1°C
N =1.0
AT = 0.2°C
N =15
AT = 0.3°C
N =20
AT = 0.4°C N =25
AT = 0.5°C
N =3.0
AT = 0.6°C
N =35
AT = 0.7°C =
H N =40
AT = 0.8°C
N = 45
AT = 0.9°C
N = 6.0

Figure 4.17: Number of bright fringes increase with temperature for experiment 3



The results of the experiment show that the numbers of bright fringes
increases with temperature. This is because higher temperature will force the
cantilever to deform or displace more in +Z direction. Figure 4.18 shows a graph

plotted to determine the linear thermal coefficient of the aluminum a,uminium-

Experiment 1

Nbright versus AT
y=6.1x + 0.6167
8
6 /’/‘/,/0
z4
2 __ﬁ/
0
0 0.2 0.4 0.6 0.8 1
AT (°C)
Experiment 2
Nbright versus AT
y=7x+0.4444
8
6
z 4
2
o LI
0 0.2 0.4 0.6 0.8 1
AT (°C)
Experiment 3
Nbright versus AT y-59167x+0.2083
8
6
z 4
. |
0 0.2 0.4 0.6 0.8 1
AT (°C)

Figure 4.18: Graph to determine the aluminum thermal coefficient
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The length of the aluminum rod is # = 1.64 x 1072 m and the wavelength

of the laser lightis A = 632 nm

Table 4.1: Comparison of experiment value and theoretical value

Experiment _ N
%= 2eaT

(x1076°C™1)

1 19.15 + 2.36

2 21.97 £1.00

3 18.57 £ 1.63

Average 19.89 + 1.66
Theoretical value for 23.8

aluminum (x107°C~1))

Percentage error (%) 16.42

Table 4.1 shows the thermal coefficient of the aluminum of each repeated set.
The average value is calculated as o = (19.89 + 1.66)x107°°C™! and the
theoretical value is given as o« = 23.8x10%°C™1. The percentage error is calculated
to be 16.42%.

There are several factors contribute to the error. Firstly, the insulation for the
heating system is not good enough to prevent small heat leakage from escaping to the
environment. Therefore the heating and cooling rate is not consistent in each
repeated set. Secondly, the CCD used in the experiment consists of pixel array 512 x
512 and cell size of 8.4um x 9.8um.; therefore the resolution of the reconstructed
phase image is poor. Thirdly, the dark current created by thermally generated
electrons affected the CCD performance by adding extra noise into the recording
hologram. Lastly, the number of bright fringes (N) calculated have an uncertainty of
+ 0.5. When these values are used to determine the thermal coefficient it will create

large percentage error.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

51 Summary

In digital holography, the digitization of Fresnel-Kirchhoff integral is done by using
discrete Fresnel transform. The reconstructed real image and virtual image is
simulated in MATLABR2006a. The reconstructed hologram image consists of a DC
term and a pyramid shaped object. To enhance the image performance, an ideal high-
pass filter is applied on the hologram before numerical reconstructed. A median
filter is then applied to the reconstructed hologram to filter out the speckles noise.

The final result image consist only a pyramid shape object.

In the application part, the digital holography interferometry is used to
measure the cantilever deformation due to different loads. The DHI is then used to
measure the linear thermal expansion coefficient of aluminum. Both cantilever
deformation and liner thermal expansion coefficient of aluminum is measured by

counting the number of bright fringes.
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5.2 Improvement

The resolution of the filtered image is poor as the CCD with cell array of (512 x 512)
and cell size (8.4um x 9.8um ) is used. To get a better hologram quality; the CCD
can be replaced with a higher resolution CCD, (e.g. cell array 1024x1024, cell size
4.4mm x 4.4mm). The dark current occur in the CCD can be reduced by cooling

down the CCD with a cooling system i.e. large fan.

In digital filtering, the speckles noise can be removed without generating a
median filter. Dainty and Welford (1970) proposed a technique by summing up
multiple intensity image together. The captured hologram is first converted to
frequency domain by using 2-dimensional Fourier transform. The hologram is then
spatially filtered and the resulted intensities are added together. This method allows
different parts of the filtered Fourier image to contribute to the hologram
reconstruction. The advantages of this method not only it removed the speckle noise

but also increased the sharpness of the reconstructed hologram.

Cuche et.al (2000) suggested that a band-pass filter can be used to remove the
speckles noise and the DC term. The band-pass filter is made up of high-pass filter
and a low-pass filter. The high-pass filter allows high frequency components to pass
while the low-pass filter allows low frequency components to pass. Therefore, a
band-pass filer only allows frequency region between the low frequency and the high
frequency to pass. In digital filtering, the band-pass filter works by masking the low
frequency and the high frequency components in Fourier transform image. The shape
of the band pass mask can be imagined as a donut shaped mask with a circular mask
at its center .The circular mask is used to remove the DC term and the donut shaped
mask is used to remove the speckles noise. The distances between the two masks are
the hologram information. The reconstructed hologram is free from DC term and

speckles noise.
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APPENDICES

APPENDIX A: MATLABR2006a Program

Coding for digital holography
Filename: main.m

clc
clear all
close all

disp('l=digital hologram , 2=digital interferometry, 3, 4=
filter'")

tape=input (':");
if tape ==
disp('Please enter the hologram file:'")
p=uigetfile
h=imread(p) ;
disp('l= Real 1image Reconstruction, 2= Virtual
Reconstruction')

tazz=input (':"');

if tazz==
h=imread (p) ;
real
else if tazz==
h=imread (p) ;
virtual
end
end
else 1if tape ==
disp('Please enter the Undistorted hologram file:')
x=uigetfile
hl=imread (x) ;
disp('Please enter the distorted hologram file:')
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median

image



y=uigetfile
h2=imread (y) ;

holointer
else 1if tape ==

disp('Please enter the hologram:')

x=uigetfile
h=imread (x);
ihpf

else if tape ==

disp('Please enter the hologram:')

x=uigetfile
D=imread (x) ;
mefilter
end
end
end
end

Real image reconstruction Coding

Filename: real.m

%variables

dx=8.4e-6;

dy=9.8e-6;

dl=1.054;

lambda=632e-9; % Laser wavelength

h = double(h)+1;

Bx1l=pi* (dx"2)/ (lambda*dl) ;
Byl=pi* (dy”~2)/ (lambda*dl) ;

[m,n]=size (h);

[k, 1] = meshgrid(l:m,1:n);
f=(exp (-1*Bx1*k."2)) .*exp (-1*Byl*1.72);

%$Reconstruction of real image

X = (h.*f);

X=fft2 (X);

I=X.*conj (X);

%log it because enchance the small
without the

%log ,only the dc term is visible
I=log(I);

$rescale to uint8
Imax=max (max (I));
Imin=min (min (I)) ;

I=255* (I-Imin) / (Imax-Imin) ;

(high

frequncy
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component) .
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imshow (I, [], 'notruesize')
title ('Reconstruction of real image');
I=uint8(I);

$save in tiff image file
imwrite (I, 'real.tif')

Virtual image reconstruction Coding

Filename virtual.m

dx=8.4e-6;

dy=9.8e-6;

d2=-1.054;

lambda=632e-9; % Laser wavelength
[M,N] = size(h);

h = double (h)+1;

Bx2=pi* (dx"2)
By2=pi* (dy"2)
[m,n]=size (h);

/ (lambda*d2) ;

/ (lambda*d2) ;

[k, 1] = meshgrid(l:m,1:n);

v=(exp (-1*Bx2*k."2)) .*exp (-1i*By2*1.72);
% Reconstruction of real image
V=h.*v;

V=F£ft2 (V) ;
V=V.*conj (V) ;
V=1log (V) ;

\

Vmax=max ( (
Vmin=min (min (V

max

)

))

))
V=255%* (V-Vmin) / (Vmax-Vmin) ;
imshow (V, [], 'notruesize')
title ('Reconstruction of real image');
$save in tiff image file
imwrite (V, 'virtual.tif')



Digital holography interferometry coding

Filename holointer.m

hl = double(hl)+1;
h2 = double (h2)+1;

dx=8.4e-6;

dy=9.8e-6;

d=1.110;

lambda=632e-9; % Laser wavelength
[M,N] = size(hl);

Bx=pi* (dx"2)/ (lambda*d) ;
By=pi* (dy”2)/ (lambda*d) ;

[k, 1] = meshgrid(l1:M,1:N);
f=exp (-1i*Bx*k."2 ) .* exp(-1*By*1."2);

$Phase and intensity Reconstruction of Undeformed hologram
X1 = (hl.*f);

Ul=ifft2(X1);

A=atan2 (real (Ul) ,imag (Ul)) ;

% Phase and intensity Reconstruction of deformed hologram
X2 = (h2.*f);

U2=1fft2 (X2);
B=atan2 (real (U2),imag (U2)) ;

$Rescale and display to grayscale
for i=1:M
for j=1:N
if A(i,3)>=B(i,3):
x(i,3)=A(i,])-B(i,3);
else A(i,3)<B(i,3):
x(1i,3)=A(1,]3)-B(i,])+2*pi;
end
end
end

%phase
c=max (max (x));
I=255*x./c;
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imshow (I, [], 'notruesize')

colormap gray;title ('phase reconsturtion');
I=uint8(I);

imwrite (I, 'phase.tif'")

ideal high-pass filter coding.
Filename: ihpf.m

h = double (h)+1;

[Nx Ny] = size(h);

$fft2 and shift dc term to center
h = £fft2(h);

DS = fftshift (h);

[x y]=meshgrid (-256:255,-256:255);
$define a cicular mask

D=sqrt (x."2+ty."2)

c=(D>1);
FD=h.*c

FD = ifftshift (FD);

FD= ifft2(FD);

FD = abs (FD);

imshow (FD, [])
imwrite (FD, 'tiga2g.tif')

Median filter coding.

Filename: mefilter.m

D=D-mean (mean (D) ) ;
K= medfilt2(D , [3 3]);

imshow (K, [], 'notruesize')
colormap gray;title('Speckles noise removed');



