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Reconstruction Enhancements with Optical Scanning
Holography

Kelly Katherine Dobson

ABSTRACT
Optical scanning holography (OSH) [1] has the benefit of recording the entire three-dimensional
(3-D) volume of a specimen in the form of a two-dimensional (2-D) hologram. Reconstruction of
the original volume can be accomplished by applying digital reconstruction or decoding techniques
to the recorded hologram. Accurate reconstruction of the 3-D volume and more specifically, the
individual 2-D optical sections without artifacts such as out-of-focus haze from adjacent sections
has been the focus of much work including algorithms, optical techniques, and combinations of
the two. This dissertation presents several different techniques for enhancing the reconstruction
of a recorded specimen and its optical sections including the use of optical coding and phase

filtering techniques in the traditional OSH optical system.
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1 INTRODUCTION

The main objective of this research is to investigate enhancements to the reconstruction of a
specimen captured via holography, accomplished either by the addition of optical elements to
change the optical recording of the specimen or in the digital processing of reconstruction
techniques. In particular, the specific form of holographic recording presented in this dissertation
is optical scanning holography (OSH) [1-4]. OSH which is based on optical-heterodyne image
processing captures holographic information of a specimen with a single, two-dimensional (2-D)
scan while preserving phase information [1].

The progression of this dissertation begins with a presentation on the basics of heterodyne
image processing in Chapter 2. In Chapter 3, these processing techniques are then applied to a
two-pupil optical system to capture the complex holographic information of a three-dimensional
(3-D) specimen with a 2-D scan. A review and discussion of several applications using OSH are
detailed in Chapter 4 including holographic-section reconstruction with random- phase pupil
(RPP) and circular dammann grating (CDG). The fundamentals of optical vortices including
several approaches to realize this phenomenon as well as results for using the component in a
simulated optical system are presented in Chapter 5. The culmination of the dissertation is Chapter
6 where optical scanning holography is combined with a spiral phase plate (SPP) to illustrate edge
enhancement of holographically reconstructed images in simulation and optical experiments. A
preliminary extension of OSH with SPP for digital modulation of previously recorded holograms
is presented with other future work in Chapter 7. A summary of the research and concluding
remarks are found in Chapter 8.

The addition of circular dammann gratings, random-phase pupils, and spiral phase plates
to the traditional OSH system is realized for the first time in computer simulation and optical
experimentation in this research. The analysis and results presented throughout this dissertation
include computer simulations conducted in MATLAB as well as experimental methods with
optical systems for which the recorded data is extracted and digitally reconstructed in MATLAB.

The first investigation examines the ability to code and decode an object using a circular
dammann grating. The author of this dissertation developed the numerical routines to simulate

image coding using a traditional optical system, a planar object, and a CDG as the coding function.



Results demonstrating image coding and decoding in simulation and optical experiments were
presented by Doh, Dobson, Poon, and Chung (2009) [5] and are summarized in Section 4.1.1. The
resulting intensity-based optical coding system marked the first application of a CDG as a coding
and decoding function in a traditional OSH system.

The familiarity gained from the previous demonstration contributed to the author’s ability
to aid in the formulation of an approach for inserting a CDG into an OSH system. While the
optical experiment was being assembled, the author adapted code to produce simulated results for
comparison to those from the optical experiment. The author took part in the campaign of
observations and processed the data with the adapted code to produce results comparable to those
by Shinoda, Liu, Chung, Dobson, Zhou, and Poon (2011) [6]. A summary of the simulated
experiment via numerical routines and the optical experiment is presented in Section 4.1.2. These
demonstrations are the first realization of 3-D complex coding and decoding with a CDG as the
coding pupil in a traditional OSH system.

Further investigation into the effects of optical element choice on holographic
reconstruction includes the addition of a random-phase pupil to the OSH system. This work
leveraged prior experience in coding and decoding as the author verified the simulation results
presented by Xin, Dobson, Shinoda, and Poon (2010) [7]. The results from the numerical routines
for hologram, optical-section reconstruction are reviewed in Section 4.2.1. An extension of the
random-phase pupil work by Wu, Zhou, Wang, Poon, Jiang, Xiao, and Dobson (2013) [8] included
numerical routines to investigate the effects of lateral-deviation and pixel-error values on the
holographic reconstruction quality. The reconstruction results from computer simulations for
deviation and pixel errors can be found in Section 4.2.2.

The next chapter discusses the use of spiral phase plate as a filter in a standard, four-focal
length (4-f) coherent imaging system for edge enhancement. The author developed numerical
routines to simulate the introduction of a spiral phase plate (SPP) in a traditional imaging system.
These simulation routines demonstrated isotropic and anisotropic edge enhancement by digital,
spiral-phase modulation during processing as presented in Section 5.2.1 and 5.2.2, respectively.
The ability to generate optical vortices with diffractive optics and spiral-phase kernel analysis for
plane waves are discussed in Section 5.3 and 5.4, respectively. The chapter concludes in Section
5.5 and 5.6 with the generation of optical vortices with lenses and single or composite vortex

illumination by Gaussian beam.



The culmination of the dissertation and final investigation adds a spiral phase plate to the OSH
system to realize filtering techniques for edge enhancement. The author extended knowledge from
OSH and SPP in a traditional imaging system to simulate changes in the optical recording of an
OSH system. The optical system is changed by replacing one of the pupils with a spiral phase
plate, thus inducing a helical reference wave as summarized in Section 6.1 for isotropic and Section
6.2 for anisotropic edge enhancement. The author leveraged this experience as the basis for the
scheme to realize the optical system presented in Section 6.1.2. In Pan, Jia, Yu, Dobson, Zhou,
Wang, and Poon (2014) [9], the author processed collected data from this optical experiment and
demonstrated isotropic edge enhancement using previously developed numerical routines as
discussed in Section 6.1.1. These simulated and experimental results are the first time that OSH
has been used to record symmetric, edge-only information of a specimen holographically. The
edge enhancement techniques were then extended by the author to simulate anisotropic filtering
with OSH by digital reconstruction as discussed in Section 6.2.1-6.2.5 and summarized by Dobson,
Jia, and Poon (2016) [10]. These simulated results mark the first applications of SPPs in OSH to
control the degree and orientation of edge enhancement and thus record selective, edge-only
information of a specimen holographically. The author makes some recommendations for future

work and extensions of the research in Chapter 7 before providing final thoughts in Chapter 8.



2 OPTICAL-HETERODYNE IMAGE PROCESSING
BACKGROUND AND MATHEMATICS

This chapter introduces Optical Scanning Holography (OSH) by covering the basics of optical-
heterodyne scanning and the two-pupil optical system. A depiction of the two-pupil optical-
heterodyne scanning system as well as the symbols, notations, and mathematical definitions used
in subsequent sections is presented in Section 2.1. Sections 2.2 and 2.3 mathematically detail how
pupil choice in the two-pupil system allows one to realize different coherency of the processor.
Mathematical examples illustrating the ability to process an object in amplitude or intensity are
presented in Sections 2.2.1 and 2.3.1, respectively. Section 2.4 concludes the chapter with the

definition of the optical transfer function for the two-pupil optical heterodyne scanning system.

2.1 Two-pupil optical-heterodyne scanning: Introduction and Background

The two-pupil optical-heterodyne scanning system is an incoherent image processor or one that
processes the intensity of the image in such a way that the point spread function (PSF) of the
system is complex in general. Complex PSFs are obtained using the interferometric interaction of
two-pupils with shifted temporal frequency [11-17]. It is this interaction which makes it possible
to extract and process the holographic information of specimens using two-pupil optical

heterodyne scanning as illustrated in Figure 1.
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Figure 1 Two-pupil heterodyne scanning processor system. [Used with permission]
The pupil function P11 #) is located at the front focal plane of lens L1 with focal length f

and is illuminated by a collimated laser of temporal frequency wa . The other pupil, P2{%: %), is



located the same distance away from lens L1 and is illuminated by a laser of temporal frequency
wo + {2 where wo = {1 and the offset {1 results from an acousto-optic modulator (AOM). The
laser beams are then combined by a beam splitter 75 which projects the light onto a specimen
with transparent function I'n. The specimen is placed on a two-dimensional ¥ — ¥ scanning
platform located at a distance = away from the back focal plane of L1. The optical scanning field

a distance = away from the focal plane of the lens is given by

W (o, y:2) = Py(ey s z) exp (Jwol) + Po (e, 5 2) exp (§ (wo + ) 1), (1)
where Fi (. 1: 2) is the field distribution a distance = away from the focal plane of L1 and through
Fresnel diffraction [18-20] is given by

bl R
Pi(z,:2)=F (iﬁ) oh(z,yz),i=132

rf , 2

where the symbol & denotes the 2-D convolution operation defined as

¢ i) & .- . — g ) dar dy
m ol y) @ ge (xy) - /[rn (: r .y H}HHI. 3)

kor |l"'u."}'\\
In Eq. (2) ' ( f 7 Jis the field distribution at the back focal plane of L1 and is given by

kot kol Kk : N de' d
F, ( L ”) f_/.:h '- {‘C[][ f (TJ- +-I-'r”) dr -fjly

= Fipilz.y2)}, _Ege ko )

where F denotes the Fourier-transform operation defined as
Flulz.y)lt, ., = / [u (o, y)exp (jher + jh,u) dady ) . ) )

{ )ik b, J o @) exp (] Il " with k. and Ky denoting spatial
frequencies associated with the variables x and ¥, and {7 denotes the transform of . The 2-D free-

space spatial impulse response in Fourier optics [20], f (5 ¥ 2] is given by

13 — 1k o o
hiz,y; z) = exp(—jkoz) i%!'-‘i]}( ,;rn“ (2 + ,u']) = h, (x,y: z) exp(—jkoz]

, )
where ko = 2 [ A {5 the wave number of the laser light.

The combined optical field or scanning pattern in Eq. (1) is used to 2-D scan a specimen

F'o{@.4: 2] located a distance = away from the focal plane of L1 resulting in [20]
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{PL (f . yl; a} exp (jwot) + P (J". yl'. z} exp (f (wy + ) f:l} Iy (J' +r y+ -_4Jrr; :) ©)

where © = ¥ |f) and ¥ = ¥ (1] represent the instantaneous 2-D position of the specimen with
respect to the complex light amplitude distribution. This field then propagates through a Fourier
transforms lens Lz and reaches the mask M (. %) located at the back focal plane of Lz. The

distribution exiting from the mask is [20]
W (o, i Tope Yin ) ¢ f (Pl (J _r,rJ'. :} exp (juwot) + P2 (: _r,rJ: :) exp (7 (wop + £1) fj}

] ¥ i .E. ¥ # i f
% o {.r FrLyt :) exp [}f (.r T + U ;,rm}] dr dy

(22, + y2,) dzM (., .u,,,}]

kpz

¥ exp | —
1[ )

where T and ¥m are the coordinates in the plane of the mask. The photodetector (PD) spatially

integrates the intensity to give the output current * () which consists of a baseband current and a

heterodyne current at frequency {1 as

i |:,|':|- X / | o [J'. W Lo s yu.-} |'l’ d-rrrl d.".lr:u

(®)
The heterodyne current i1 () at the output of a band-pass filter (BPF) is given by
ig () o [ P (.rr.;,rr::r) Py (.r",y”: ‘) exp (—iS) + Po (.:rr. er::r) Py (.r”,y"-, q)
. g ¢ m b L (3’ - ~)
® exp (jit) exp (JT [J m (.! x ) + Ym (Lf u )]) exp rT
] n . ’ ¥ 3 - 7] r I 2
b (.i" - _.;.l'} I (.r' +a,y +ysz ) (.J' +x,y ‘iz ) ‘JI (Tms Um)
% dr dx rf_.l;rrf_.l;"nl':ref:"al,i-'m tiim ,(9)

where [ | stands for taking the complex conjugate.

Using the convention for phasor ¥p as Wy (2. yif) = Ite [y, (. y) exp (M) Eq. (9) can be

simplified as
ia () x Re [in, (2.y) exp ()] (10)

where f1¢ [*] is the real part of the content inside the brackets.



Sections 2.2 and 2.3 will show how in Eq. (9) the choice of pupils, 11+ #1) and P2(. 4, as

well as the mask M (. ) allows different coherency of processing to be realized.

2.2 Coherent Processing

A special case of Eq. (9) arises when the mask is a pinhole centered on the axis, i.e.

M (@, y) = & (r.y). After integrating over the mask’s coordinates Eq. (9) becomes [20]

in(t) o [ P (,t'l.yr; :rJ Py (.r".,r,r”: :”) exp(=jiit) + P (e ;,rr; :rJ Py (.r”,,r,r”: “::

x exp (j0) Iy (i - .J'.g;’ 4 ”:;,) s (.r'” +a,y + _f,l::”) d'_r"d'_r'”rf_u‘dg;”:.l':ul:”

, (11)
and after some rearranging becomes
in(t) = Re [ & {.J'r,,r,rr: :i) Iy (4 + -.I!'.{_,I‘r + 11 :IJ n!'.rr-ni';,rr:n!',:r
x Py (.r Wiz )]’,', (.r +x,y +uz )d'_r' dy dz exp Uﬂf:. (12)

Letting 1 (£, %) = d (2, y) and leaving P2(, i) as is yields the situation where

f Py (o) 5 (" oy 4 ) deay " . .
is a constant. Using the phasor relation

in Eq. (10), Eq.(12) becomes

i, (. y) = f Pa (.r" + T, _e;' + ¥ :) I'n (;rl J'._e,rr + 1 :} tf.rfrf_r; iz

oz yz2V&Tolx, y: 2) dz
/z u: (x4 2) ’ (13)

where the symbol & denotes the 2-D correlation operation which is defined for x and ¥ as

glr.y)®h(z.y) = [/‘f x “ g r‘-*"+”')”":‘i”. Notice that Eq. (13) is

processing the object’s amplitude transmittance rather than intensity and the processing is only

done by one pupil, namely P2, #1). Thus, the 3-D coherent PSF for the system is

CPSF (x,y:2) = F " HF {P; (x,:2)}} = F{p2 (z,0)} @ h(z, 3 2), (14)



where Fl is the mnverse Fourier transform defined as

l
42 / /IJ{"I"-IJ'-;.I:'PxE’[_JJ{.r-I'—_.l:li-'y_-!j]fﬂ'rr!.f-.‘_,l

Fi {D(hp ky)} = d(xy) =

2.2.1 MATLAB Simulation: Coherent Processing
For coherent processing begin with Eq. (13) and let #2 (£, %) = 4 (2, y) which is approximated in
simulation using a small, circular aperture function. Plugging this into Eq. (4) yields £ [ 13 2

as

Py (x,y:2) = F{p2 (., 4)},. _ra key=tan @ R (2,352

¥

N .F{r'a"f'f‘{-f'-.‘ﬂ}:.-, . s h f.r:.,fj:::. (15)

Using the correlation operation and inserting Eq. (15) into Eq. (13) gives

) . : ’ i ]
i, (T.y) = f-F{mi-f'-.e;}h-,=*-+_;.u=‘# Shix,y:z)@Tly [:-r +ay +yiz)
® rJ'.rJ.r.I'I:,rf iz

= [}' {cire(z, "I‘r”k, byr = kg @ hix, *]] B o (x,y; 2) dz (16)

Based on the relationship expressing correlation in terms of convolution,
gla,y) & hiey) =g (=, —y) @ h(.y) the result in Eq. (16) can be written in terms of

convolution as

ig, (*.y) = I/—F{'f'“'f"[-ﬂ'-!J]'lr,,.r_hj:‘i_ﬂ_ by @ hix,y;z) @Oy, y; :]lrf:. a7

For ease of calculation, the simulation of the expression under the integral in Eq. (17) will be

implemented in MATLAB using the Fourier domain such that

in, (T.y) = F-l {}' {.F {r."i-‘f-[,i'.,i',.-}}“_n_._‘._._*_u_x_”ﬁ @h({z,y:z) @0z, u; :}}}
= F-! {F{J‘-—{r-ir'r-{.r'. -’f]}la-;_*g' Jey=tgu X Fllh(z,yz)} = F{To(z, :]}}
= F ! {cire (. 7]} . gy X F{lhiz,yz)} = F{lTo(z,y:2)}
i L
(18)

The full realization of Eq. (18) for the original object in Figure 2(a) under coherent

recording is presented in the top of Figure 2(b). Inspecting this result as well as the row profile in

8



Figure 2(c) for pixel index at the red line one can see that the reconstruction contains speckle or

ringing effects. The discussion of incoherent processing that follows will attempt to overcome

these speckle artifacts.
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=
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Figure 2 (a) Original image, (b) coherent recording, and (c) row profile.

2.3 Incoherent Processing

For incoherent processing Eq. (9) can be written as



i, (1) = ] P (;a*'.yr.zr) Py (.zr".;;”. :”) exp [ —8H)
+ P {.rJ_ y’_ :J) Py (J'“_ _u”. .3”) exp (€21

% Iy (.rf +.r'.y’ + . 3I) I'a (r + r, yn +3;.:”) I (.r - .r:”.yr —y .z -z

% dr dy dz dr dy dz dz , (19)

where

? BE il T P F 2 ;'.“ (::Il o z") " F
r (-!-' —& ¥ —Y .z —2 ) = f|-” If-rm-.*,r...}| exp | —j— 7 (o5, +ui)

2f2
.#'-I[h ¢ re r r
xexp|j— [.r',,, (.J' — ) + Y (_n:j — ¥ ) ] A diyn
i .(20)
The function r (:r Ty Ty .z ) is a measure of the correlation field at (H- Y2 ) and

(J 'Y a2 ) which plays the same role in scanning imaging as the coherent function in
conventional coherent imaging [20]. If the mask becomes an open mask, M (#m- 4m) =1 Eq.

(20) becomes

r (I!:’ _ .::H.yl - _r;”.::’ - :;H) = fv:-:]} (_;AT“ T (.rr - .r'”) + ¥m (!:"r - H”)J]
'.ffu (J:J — :”)

xexp | =J 572 {J‘i + ;,r?”} il g i

@2y
Note that the previous section used M (@ ihm ) = G {Zm: ¥m) which leads to

r (:r TEY Y .E ) - l. The quadratic term in Eq. (21) represents a spherical wave

-
with a radius of curvature,R =1 (” - ), that can be made arbitrarily large thus, [20]

¥

ko [(J - -4'")2 *‘ﬁ(nr - ;:")L]

- r £ r rr I o I .
I(,zr - Y =Y ,z —z )w = exp | j

&
&
I
—
%]
|
B
'\-\_:'-

Substituting this into Eq. (19) yields
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in, (T.y) = f.:"j' (.rr.y’:z) P2 (;E'J,yr:_ :) ITa (;a:r .r,j,rr + y:z) |E

* d,arr.-f;;’dz

= [ 1P @2 Poos o) @10 (s 2) P | 23)

and with the 3-D incoherent PSF is
IPSF (z,y:2) = FY{F {P (x.y;:2) P; (x.y: 2)}}
=F{p (z,0)p5(z,p) @ h(x,y:2)} (24)
The result in Eq. (24) represents incoherent processing or processing by intensity values

with two pupils.

2.3.1 MATLAB Simulation: Incoherent Processing
For incoherent processing, choose 1 (#,4) = 1 and p2lz. y) thus, using Eq. (4) ¥’ ' (.91 2) and

Py (2.1 2) become

Pl (x.2) = | F{m {.r,z;J},m.mg;L.t,:% ® h{r.y::}]

[
R
Il

= -.F{ I}L-:—igim = bgu @ h(z, y:z}]

_ ] ko -"n[]*,l') { _ J-Ir-u}]
_I. 5( F @ < exp [—jkoz]

| iko (22 + 32
X |exp|— _;.i.[..,J ‘x]}( ko ( v })] =h"(x,y; 2]

)= _-Ffﬂz'[-r-?\-f:l};”;_-ﬁ;m s @ h(z, 92 ]

L]

Bz,

= [F 16 (@0} mtge o0 @ D ]

= f /ﬁ{r.y}ex]: (Jkex + jhyy) dedy @k (x,y; 2)
=fﬁ{x}cxln{jﬁ'rx}ffrfd{w exp (jkyy) dy @ h(z,y: z)

=1@h(x, yz) xexp|—jhkoz] . (25)

And Eq. (23) becomes
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il 15 .‘2 o+ 2
in, (r,y) = fl':\']l (jkoz) 2’1&‘“ exp ["r”“g—‘y}] exp (—ikpz)

% | Iy (.arf +xy + :) 2 dx dy dz

N .A' - 1_.2 L oapd ) ;
_f [ -:i e [-‘”(’0—3’}” @ | Tolx,y:2) | dz

e
LB

— ik ko (2% + y* .
= f % lel} [Jn{‘}—ﬂ”] () | r” |:.!‘. i',f. :_] |2 “rz

.
-k

(26)

The expression under the integral in Eq. (26) is implemented in the Fourier domain as
previously for coherent processing. The recording under incoherent processing is presented in
Figure 3(a). The improvements over coherent processing are enforced by examination of the row

profile in Figure 3(b) where the speckle artifacts are not present.
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Figure 3 (a) Incoherent recording and (b) row profile.

2.4 Optical Transfer Function

Assuming the input object, o (x,y:2) , 1s an infinitely thin 2-D object located at a distance =away

from the focal plane of L1, the expression in Eq. (23) can be rewritten in terms of correlation as

in, (r,yz)=FPlzwz) By (rpz) @& | Doz z) |2_ Q27)
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The relation of input to output quantity in Eq. (27) allows for the definition of optical transfer
function (OTF) of the system as

OT Falks, by 2) = Flin, (x5 20, /F{Tolz,y: 2012, (28)

Taking the Fourier transform of Eq. (27) and combining it with Eq. (28) results in

OT Fu(ks, by 2) = F{PUz,y: 2)P5 (w20}, (29)

Writing Eq. (29) in terms of 1 (2, 4) and p2(2. ) by substituting Eq. (2) and (4) gives

OTFg (ke kyiz) = exp |: {F. + 'l‘u}j| f[;}1

" J”" " _.|r r.r) [.v ( _“*l ! Jr-"["r.u)} " .
X opa | & + exp r +——.y + i dy
P ( ko o ko : Jf ko Y ko ! .(30)

Now using Eq. (28) and rewriting Eq. (10) in terms of VT Fiy results in

inlz,y: z) = He [mp{,t'. y: z) explif !r|]
= Re [_r-'{,F{jr“{..-,y;,:}|2}|,‘_“h x OT Falks. ﬂ'”::}}v}:[:[jﬂf::' 31)

The spatial impulse response or point spread function of the optical-heterodyne scanning system

can be defined as
ho (x,y:2) = FH{OT Fo) , (32)
and Eq. (31) can be rewritten in the spatial domain as
i (2,4 2) = Re [| To(x,y:2) |* @hg (x4 2) exp [_,fﬂif:]' (33)
The demodulation unit in Figure 4 consists of a lock-in amplifier which electronically multiplies

and low-pass filters the signal to demodulate the in-phase current ic (s #) and quadrature current

is (4, 1) as the following outputs in the frequency domain [20]
iel,y; 2) = Re[F{F{|To*}|_,, x OTFa}]
'i:,g[:,]'. . L":] = Im[}"_I {F{|r0|2} |F‘-Z_F\'_=; }( OTFQ}] , (34)

where 177 ["] denotes the imaginary part of the content inside the brackets. In the spatial domain,

Eq. (34) is
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ic(x,y;2) = Re[F~H{F{|To|*}],, &, X OTFa}]
ig(x,y:2) = Im[F~H{F{|T| }li " KU‘TF{:} (35)

Removing the assumption of an infinitely thin object and generalizing Eq. (34) over the depth of

the 3-D object results in
ic(x,y:2) = Re [ff"{}'ﬂl"..[.r.;;; =)} ko g X (JTF{;}EF:]

ig(x,yiz) = Im [f_?: HF{|Co(x, u: :]|2}|k..k. x OTFq bz

!, (36)
and in the spatial domain
io o,y 2) = Re [[ | To (3 2) |° @ha (x5 :]] iz
iglx,y:2) = Im [[ | To (x,4; 2) |° @ha (x, .:J] iz
. . (37
cos(L2t )
: i
I LS
0 X LPE|—

l
Q5 7=
. ® @

sin (€21 ) Digital Computer

Figure 4 Electronic demodulation system (i is electronic multiplier). [Used with permission]

In optical scanning holography, the pupils are chosen as 1 (¥ ¥ 4 (,y) and p2(z, y)
so that the scanning beam on the specimen physically becomes the superposition of a plane wave
of temporal frequency wa + ! and a spherical wave of temporal frequency «wo. This concept as
illustrated in Figure 5 includes a point source and a plane wave as the two pupils. This generates
a superposition of a plane wave and a spherical wave on the specimen with the intensity pattern of

the scanning beam on the specimen at a distance = away from point ' given by [20]
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z

-
a

Az

1° 1 T oo :
= A () g1+ | —sin | — (¢ +y°) + (M
T{J H:I{ (.-"l.", )+ Az ”] |:,:'|: {! v } ]} , (38)

where <1 (. %/) is the scanning pattern’s spot size as determined by the numerical aperture (¥ A1)

J
Az

Ig(z,y;z.t) = A (x.y) exp [—J’

exp [J (wo + Q)+ I:.i'E - _.;.l",} —j;u”."]:| ‘

of the scanning beam. The expression in Eq. (38) is a temporally-modulated Fresnel zone plate
and is known as the time-dependent Fresnel zone plate (TDFZP). The phase information in Eq.
(38) is preserved as = is encoded in the hologram by spatial variation of the sine function with
quadratic spatial dependence. In Figure 6, the pattern of the scanning beam on the specimen is
shown for a fixed time or a static Fresnel zone plate (FZP). As time progresses in Eq. (38) running
zones would move towards the center of the zone pattern and it is this TDFZP that is used to 2-D

scan a 3-D object to capture holographic information for the scanned specimen.

Pupil plane Object shice

Figure 5 Principle of OSH: use of time-dependent Fresnel zone plate to scan over an object.

The spatial rate of change of the phase on the zone plate along the x-direction is

I ﬂl IL"“ L) T
jl’-:.lr'rr! - — I =
2rmdr \ 2z Apz (39)

From Eq. (39) the local fringe frequency increases linearly with x thus, the further away from the
origin of the zone the higher the local spatial frequency. Therefore, it is seen that the depth

information, z, is encoded within the phase of the FZP. As seen in Figure 6 where the value of is

15



z doubled on the right, the further away from the recording film the lower the local fringe frequency

\%

of the recorded FZP.

fal {b)

!I.II ll ) | I,lll ll} ‘

)

{RTEY |
u |:| | ” lll-.ll ||‘ .I I || lll
A8 N Al [ |
le)
Figure 6 On-axis Fresnel zone plate (a) = = 4zn and (b) = 82, and (¢) and (d) corresponding
1-D plot of Fresnel zone plate through center, respectively.

The specific OTF for the traditional-heterodyne scanning system that provides the

—_———

foundation for the remainder of this dissertation is found by scanning an object with pupils

py (2, 9) = 0 (o, 9] and P2 (2. 4) = 1 such that

o

3

OTFa (k. ky: 2) = exp [—JT“ (k2 +A—j)] — OTFosy (ke by 2! w0)

and similarly the corresponding spatial impulse response is

. K .
ha (2. y:2) losn= —J5— exp [ 5
2 (41)

Note that the relation in Eq. (41) is similar to the spatial transfer function in Fourier optics in Eq.

(5) except for a phase factor thus
16



ho (z,u:2) losa= " (2,0 2), (42)
and similarly
OTFose (ke by 2) = H" (ke kys 2), (43)

The next chapter will build upon these mathematical and optical relations to detail optical

scanning holography principles such as holographic recording and reconstruction techniques.
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3 PRINCIPLES OF OPTICAL SCANNING HOLOGRAPHY

The previous chapter covered the necessary background in mathematics and optics to provide a
basic understanding of the components which can be used to realize real-time holographic
recordings. This chapter will summarize the principles of optical scanning holography and
demonstrate how an object can be two-dimensionally scanned to obtain holographic information.
Section 3.1 begins the chapter by developing the principles of optical scanning holography
including mathematical and graphical representations of a Fresnel zone plate (FZP). Section 3.1.1
features MATLAB simulation results for a sine and cosine hologram generated for a black and
white planar object. In Section 3.2, holographic reconstructions are performed by digitally
convolving the hologram with the free-space impulse response matched to the depth parameter.
Simulations demonstrating digital reconstructions for a sine, cosine, and complex hologram are
presented in Section 3.2.1. The mathematical concept of optical sectioning or focus at different
reconstruction planes is realized in Section 3.3 where reconstructions are performed along the
depth of the hologram. Simulations of reconstructions through different depths are presented in

Section 3.3.1.

3.1 Scanning Holography

The optical-heterodyne scanning image processor analyzed in Chapter 2 can be used as a real-time
holographic recording device. For the case of incoherent processing from Eq. (23), Eq. (34) can

be written as

fe @, a) o [Ht (AP &® | T 2 d=

iy |, y) ox [!frr PP & | Ty 2 dz
. l ' ) (44)

Thus from Eq. (41) for scanning holography, the outputs of the system according to Eq. (44) are
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ie(x,y) x Re [f AT :]I:| @ | Tg (a,y:2) | dz

k. . ., . IJ
- f 2’-':"2 o |:;.":']: (=" + ”_J} @ | Folx,y:2) |° dz

= Heos (2, y)

iy (x,y) ox fm [[ h* (x, ¥ :]] @ | Do (z, 45 2) |° dz

= ko sin [;‘—”L (x2 + 3;3}] @ | To(x, 4 2) |* dz

L —
f 2wz wI

= Hain (x.y)

; (45)

where Hsin (4] and Heos (. 4] are the sine Fresnel zone plate (SFZP) hologram and cosine
Fresnel zone plate (CFZP) hologram, respectively, of the specimen | T'o (.45 ) [* | Taking the
specimen to be a point source, | To (z,p:2) *= 6 (2, 3: 2) then Eq. (45) becomes the hologram of
a point source, Hyin (2, y) oc sin (ko /2m2) (2% + 3%)] and

. e () (2 L a2
Heos () ox cos [(Ko/2mz) (2* +3°)] Similarly, a complex Fresnel zone plate hologram can

be constructed as

Heyp(x,y) = Hegs(z, y) + jHgin(x, )
k 1 . .
— qﬂl_ln exp |i%[.r'2 - .f,.'_}Jj| # |Colx, .tj:ll']

i

= F HOTFosn (ks ky: 2) x F{|[To(z.w)[*}, . }

(46)

3.1.1 MATLAB Simulations: Optical Scanning Holography
Using the OTF of optical scanning holography from Eq. (43) and Eq. (45) the sine hologram and

cosine hologram in terms of spatial frequencies are
ie(x.y) x Rf'[ff_1{f}Tﬂ;.-;if{'it':~'i-'_u13} x F{|To(x, u: 3”2}:;.-,4-”}‘4'3
= Heosl 2, )

iz y) ox Im [f F HOTFasy (ks ky; 2) % F{|Dolx, u: 2)*} |k__lkl_}ﬂ'::

= Hainl(z,¥y) . (47)
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For the simulations carried out in MATLAB, the text is a 2-D pattern |To (z,y: 2} |” = 1 (w,y)
located at = from the back focal plane of lens L1, where ! [, %) is the planar intensity distribution

of the text. Utilizing this, Eq. (47) becomes
iclx.y) = Re ..?-_ HOT Fosn(ke. ey z) x F{|Tolz, y: .’_']'2} ke k. }
= Hepslx, ¥)
iglz, ) = Im ..n"'__ : 10T Fosu(ke, by 2) = F{|Uolz, u: L'_I"'}} |ﬁ-'. " }
Henlz ) . (48)

The original black and white, planar intensity object is the USAF bar chart presented in
Figure 7. The simulated holograms for the object shown in Figure 8 (a) and (b), respectively where
in Eq. (48) #/2ko =2 The information in the original image is captured via the hologram in
Figure 8 and the original image can be obtained from this using reconstruction techniques which

are discussed next.

i |
3 I III
-

r—
— S '
e [ I I _:__E_jlll .

-Ii“

[ L= )
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w— I l I Je =

= |l —
s=zm =

Figure 7 Original planar intensity object.
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(a) b)

Figure 8 (a) Sine hologram and (b) cosine hologram of Figure 7.

3.2 Digital Reconstruction of Complex Hologram

Reconstruction of the hologram is completed by convolving the hologram with the free-space
impulse response matched to the depth parameter ho(,1:2) 0 as to simulate Fresnel diffraction
for a distance = [1]. The reconstruction can be accomplished either optically by illuminating the

hologram with a plane wave or digitally by performing the convolution given by

Rx,yz) = H;(x,y) @ h(e,y:z) (49)

where Hi (. 4) is the hologram under consideration and can be either a sine, cosine, or complex

hologram.

3.2.1 MATLAB Simulation: Digital Reconstruction of Complex Hologram

Digital reconstructions are implemented in MATLAB using the Fourier domain based on

Rox F-YF{H{z.y)® hlz,y: :}}lk...l.-..}
= F~ Y F{Hi(x, .TI]}EL,_J_I__ * Flh(e, y: ':]Hl-. ﬁ}
FUF{H(x. )}, . x H(ke ky:2)}

=F_ : {'F{ '”-r[r f;] } J:, N x I:";I'JI'Irfl‘w.J'J'{"".' 'I!"I.I: :H' (50)

For reconstruction of a complex hologram in Eq. (46), it can be shown that
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R o= F-YF{OTFosn (ko ky: 2)} x F {1z, 1)} |, . % OTFjgp(ke. ky: 2)) 51)

as JT Frsp is a phase function per Eq. (40). The reconstructed sine hologram, cosine hologram

and complex hologram are shown in Figure 9 (a), (b) and (c), respectively.
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Figure 9 (a) Reconstruction of sine hologram [See Eq. (48)], (b) Reconstruction of cosine
hologram [See Eq. (48)], and (c) Reconstruction of complex hologram constructed according to
[See Eq. (46)].

3.3 Optical Sectioning
The results from complex hologram reconstruction shown in Figure 9 (c) illustrate the retrieval of

the original 2-D pattern via Eq. (51) because

OTFoss (ko kyi2) x OTFhgy (koo kyiz) = 1 (52)
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for any =. In fact, T (%, %] is the complex digital hologram of |To(, 3 2| ocated at » from the

back focal plane of lens L1 so that when

OT Fosp (keyky: 2) % OTFgpy (ke kys 2 # 2) # 1 (53)

3

or

F Y OTFosu (ke ky; 2)} @ FH{OTFi gy (ke kys 2 # 2)} # 8 (2. 3), (54)
the reconstructed image is defocused due to the difference of the #i parameter from =, where i is
the reconstruction distance.

Thus for a 3-D object illuminated by a plane wave, reconstruction of a sectional image at

a certain depth Zi is

R, =H.(x,y)@ h(x,y; 2)

2 ' . @
= |]‘,. (r, 1y 2) | + / |I o lx, 1 2) | 2 hlr,yz—zi)dz
< EF H (55)
where |To (2,3 2:) | is the sectional image at z =2 and
f Uo (x4 2) |-.r Dh(x,yz— z)dz
r#z is the defocus noise on the = = Zi plane. It is this

defocus term that optical sectioning attempts to filter or reject while maintaining the clarity of the

focused image |To (. 92 24) |3. Efforts to maintain the clarity of the desired sectional
reconstruction while suppressing the defocus noise contributions from the adjacent sections
include algorithmic as well as hybrid optical and digital approaches. Recent algorithmic
demonstrations include Wiener filtering [21], Wigner distribution function [22], and inverse
imaging [23] but these approaches achieve noise suppression at the expense of computational
intensity, optimality, and estimator bias. The evolution of a hybrid digital and optical system
which obtains reconstructions of a similar quality without the additional expenses of these

approaches will be presented in Chapter 4.

3.3.1 MATLAB Simulation: Optical Sectioning
For discretized sectional images, = can be denoted by 1. 2. * ' *» Zn and Eq. (46) can be represented

as
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F{H.(zx, -"'”l.l.-, b= Fl|Tolx, y; z1) 2@ h*(x, 4 21) 4 [Tolx, y: :g}|3 ol (N e T

T |.|-||[J'. I -'.:-;}ll_, & h* f.n". s ::5]}’ ko ke
Fl|Tolz.y: 21)* H.; e X OTF(ky ky: 21) + Ff|[Colz, y; 22)°}
x [‘}IFII.1|Z'!'.J"L-,’J: z2) + {|Folx. u: :;1]|.:]r|g.].k., x OTF(ks, ky; 23)

by ke

(56)
such that when the plane of focus is Zz, then Z1 and #3 are out of focus. Similarly, when you focus
on %1, 2 and Z#a will be defocused. The original 3-D image as visualized in sectional image or

planar form is presented in Figure 10. Using these as the | To (.13 2:) I values in Eq. (56)

produces the hologram in Figure 11.

¥ ()

Figure 10 Original 3-D image.
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Figure 11 Simulated hologram implementation of Eq. (56) with original image in Figure 10.

Reconstruction at a particular plane of interest such as #z in Figure 11 is implemented in MATLAB

as

R., o« F YF{H(z.y)}|, , % OTF* (ks ky:z))
= F~YF{|Tolz, u: 21) 2},

n...r.'

® OTF (ke by 2y = 22)
+ F{|Tolx, y; 22)|*} |.= b K OTF(kpy byt 22)OTF* (ke Ky 22]

T+ ,F{“'n[-f'- i “—:*.:'|3|'|¢.I k, S {)'f',l'-‘r_,r,-_ll_;.-ﬂ; I3 — '--::'I' (57)

The experimental results for planar reconstruction for each of the three planes are shown in Figure
12. The presence of the defocus noise contributions from the nearby contributing planes is
noticeable to the left or right of the focused plane. The next chapter will address applications of

OSH including techniques to limit these defocus noise contributions.
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Figure 12 Reconstructed i planes in Eq. (59).
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4 APPLICATIONS OF OPTICAL SCANNING
HOLOGRAPHY

The optical system and concepts of OSH have been used in many applications in recent years
including 3-D holographic microscopy, optical recognition of 3-D objects, 3-D optical remote
sensing, 3-D holographic television and display, and 3-D optical scanning cryptography. The
mathematics and principles of optical coding and decoding are presented in Section 4.1. A circular
dammann grating is used as a coding pupil in a scanning imaging system to demonstrate optical
coding of a planar object as simulated in Section 4.1.1. Section 4.1.2 presents the mathematical
theory, computer simulation, and optical experiment scheme for achieving 3-D optical coding by
adding a CDG to the traditional OSH system. The out-of-focus contributions from adjacent planes
in the sectional-image reconstruction are attempted to be reduced through the introduction of a
random pupil in the OSH system as discussed in Section 4.2. The mathematical concepts are then
implemented in numerical routines for removal of out-of-focus noise in optical sections as
presented in Section 4.2.1. Further analysis is conducted in Section 4.2.2 to investigate the

influence of errors on the quality of the optical-section reconstruction.

4.1 Optical Coding

The previous chapter illustrated how the choice of pupil and mask results in different coherency
properties. Similarly, the choice of aperture such that it has desirable autocorrelation or cross-
correlation properties allows for a coded image to be decoded. Thus, the original image can be
recovered in a hybrid system using digital techniques to process data recorded by the optical
system. Encryption in the optical domain is intuitive as information such as images already exist

in this domain and can be efficiently used for large volumes of information such as 3-D objects.

Assuming a coding function is given by € {¥: ¥} and the original object by @ (' ¥) the two
can be related into an equation for a coded image, t« (/) as
ic (2,y) = 0 (x,y) ® c(a,y), (58)

The image can be decoded by convolving the coded image with a decoding function given by

d [, ¥) which results in
ig () =i (e y)@diey) (59)
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Substituting Eq. (59) into Eq. (58) gives
iz, y) =i (zy)@dlzy)=o(r,y)@cle,y)@d{z,y) (60)

In Eq. (60),¢ (. 4} & d (5, 4] is the point spread function (PSF) of the overall system and when

selected such that the Delta reconstruction condition applies
cle,y)@dey) =d(x,y ), (61)
where 9 (. /) is the 2-D delta function then, Eq. (60) becomes
igla,y)=olz,y)@d(x,y) = olr,y) (62)

Thus, via the convolution property of a delta function in Eq. (62) the original object @ (' /]
is recovered. The task of recovering the original object centers on designing the coding and

decoding functions such that the condition in Eq. (61) is satisfied.

4.1.1 MATLAB Simulation: Optical Coding with Planar Object

An impulse ring was simulated by Doh et al. (2009) [5] for the coding and decoding functions
where approximate satisfaction of the Delta reconstruction condition enabled successful
demonstration of optical sectioning. This work also investigated the use of a circular dammann
grating (CDG) as a means to implement the coding function in an optical system as it produces a
set of uniform-intensity impulse rings at the focal plane [5]. The optical system used in this setup
is in effect an idealized version of a conventional incoherent laser-scanning image processer as

seen in Figure 13 [1].

il x-) scanner , "
pla.vi : LH) 2-0 display Compuiter
f i o
A} =
— [ Lizv)
=
e —0 O

FD

x-v sing signals  ——

Figure 13 Conventional Incoherent laser-scanning image processor. [Used with permission]

The system relates the input intensity /i (4, #) to the output intensity 1o (4 ¥) by [5]
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L (e, y) = ipst (e, y) @ 1, (e, y) (63)

where iP5t (5, ) is given by the absolute square of the Fourier transform of the pupil function,
playie,

(i)
ACAT (64)

In order to code o (#: 4] according to the image coding scheme discussed above, a

ipsf (z.y) = |F {p(z. )} |* =

scanning-impulse ring at the back focal plane of lens L1 must be realized. A CDG placed in the
pupil plane of the scanning system would accomplish this as it is a binary phase grating (0 and )
with circular symmetry that produces a set of uniform-intensity impulse rings at the focal plane as

seen in Figure 14 [7].

Phase Level

T2 7 iT/2 27
Period

(@) ib)

W

Figure 14 (a) lllustration of binary phase (0,m) CDG and (b) cross section.

A first-order CDG or one that produces only one uniform-intensity impulse ring in the focal
plane is simulated in the system with a lens of focal length f = 7.5¢m, a laser of wavelength
A = 0.6318um and a CDG with period T = R0em and limiting circular aperture diameter of
Trm. The measured ring distribution in Figure 15 as measured by Doh et al. (2009) [5] was
achieved by placing a pinhole of diameter approximately (1.038#i172 in front of the focal plane. The
resulting uniform-intensity impulse ring is called an annular beam and is used to scan the input

image in two dimensions to optically code the image.
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Figure 15 Annular beam (focal plane distribution due to the first-order CDG). [Used with
permission]

A transparency of the letters “VT” of size 4rrern * S on an opaque background is used
as the input object by Doh et al. (2009) [5]. The size of the letters were designed to be smaller
than the size of the scanning beam so as to minimize effects from the PSF of the overall system.
Results from scanning the transparency by a sharply focused Gaussian laser beam are shown in
Figure 16(a) and for comparison the coded output that results when the object is scanned by the
annular beam are shown in Figure 16(b). The digitally decoded image using an annular beam for
the coding and decoding function for the coded image given by Figure 16(b) is shown in Figure

16(c).

[e]

Figure 16 (a) Original "VT" image, (b) optically coded image and (c) digitally decoded image.
[Used with permission]
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The results indicate that the desired size of the coding ring is larger than the object however
this comes at a cost of increased attenuation of information in the decoded image at higher

frequencies. This can be compensated for using simple inverse filtering:

inverse filtered decoded image = F~) [F {ia} [F {ipsf} + r}, (65)
where ¢ is a small constant and the IP5f (%, /) is known. The effectiveness of the proposed inverse
filter is first demonstrated when a small ring is used for coding. From data captured by Doh et al.

(2009) [5], the filtered, decoded image is presented in Figure 17(d) for an original image of Figure
17(a) and coded image of Figure 17(c).

bimangee coddong waily

g ovivenbar Doummanmn cratiny

{b)

lmage codinge with

a circulae Daimmiinmn 2eatiny

(c) (d)
Figure 17 (a) Original image with small ring for scale, (b) coded image, (c) decoded image and
(d) inverse filter of coded image shown in (c). [Used with permission]
The results in Figure 18 demonstrate filtering using data recorded by Doh et al. (2009) [5]
when a larger ring is used in the coding process. Comparing the decoded images in Figure 17(c)
and Figure 18(c) as the size of the ring increases the text the decoded image is restored and the

edges of the image sharpened.
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(c) [d)
Figure 18 (a) Original image with big ring for scale, (b) coded image, (c¢) decoded image and (d)
inverse filter of decoded image shown in (c). [Used with permission]

Applying the inverse filtering approach to the decoded image in Figure 16(c) produces the
result in Figure 19. It is important to note that while using annular beams from a CDG as coding
and decoding functions has been demonstrated in simulation, the realization in a physical system
is limited by the resolution of the coding/decoding system which depends on how thin the ring can

be made.

Figure 19 Inverse filter of Figure 16(c). [Used with permission]
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4.1.2 Experiment: 3-D Optical Coding with Optical Scanning Holography

In order to extend the process mentioned above to three-dimensions, consider Eq. (63) and the use
of OSH in the coding process [6]. The first pupil function #11: #] is assumed to be specified by
the user while the second pupil #2{#: ¥ remains a delta function as in typical holographic systems.
Thus, Eq.(40) becomes

ko " ko )

ke fhy
kg T Tu)

OT Feoaing (kz: ky: 2) = exp i — — (k2 + k2)
L

OTFosn (ke by z) % (

. PL (_ _.iF'r"r f;'lllj\l

(66)

From Eq. (66), note that the first term is the OTF for holographic recording and the second
term can be considered as the mechanism for coding the object’s spectrum before the holographic
recording process. In other words, when P1 = 1 there is no coding and the process instead yields
a holographic recording. A merit of optical encoding is that the object information can be disturbed
optically so that it cannot be easily identified without the decoding process. For an arbitrary-
encoding pupil function,?T Frading (e kyi 2) ¢ OTFogp (Ke Kyt 2] s not unity and the object
information cannot be decoded directly using the /7 Foss (ke kyi2)in Eq. (51). Similar to the
previous simulation, decoding the hologram could be accomplished by inverse filtering via Eq.
(65) but this is not convenient as the denominator depends on the reconstructed distance =. This is
particularly burdensome if the object target is 3-D when multiple decoding functions are necessary
for accurate reconstruction. Moreover, inverse filtering will induce additional high spatial-
frequency noise in the reconstructed image. Alternatively, the coding function can be directly used

to retrieve the coded hologram provided the coded optical transfer function exhibits the property

OT Frding (ko by 2) % OTFS g (kpbeyiz) 2 1 67)

These properties can be realized in an optical system by including a CDG as the first pupil function
{2, ¥) with a decoding process that consists of two measurements from the OSH system in
Figure 20. The first measurement is for coding the object and the second for measuring the impulse
response for decoding. For the remainder of this discussion parameters in the coding stage will be

66 2

denoted with a subscript such as 1 and Pz with a “d” subscript for the decoding stage.

Simulations were conducted by Shinoda et al. (2011) [6] and successfully demonstrated encoding
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of a three-dimensional object using the circular dammann grating and decoding or reconstruction

of the 3-D object using traditional digital holographic processes.

The experimental optical system as illustrated in Figure 20 includes laser frequency
modulated by 01/27 set at 50 KHz and the optical elements, B E'1l and BFE?, are two beam
expanders to provide uniform laser beam for the circular dammann grating " [2( and the object,
respectively. The coding pupil is the CDG located at the front focal plane of lens L1 and the
other pupil is effectively a pinhole. Lens L2 collects the light energy onto Photodetector 2 which
provides the measured electrical signal, ¥imeas, as an input to the lock-in amplifier. The mirror
shown in the bottom of the figure is used to direct the two laser beams combined by the {25 just
after Lens L1 to Photodetector 1, which provides a reference heterodyne signal V¢ at SOKHz. The
band-pass filter rejects the DC electrical signal from Photodetector 1 and allows the heterodyne
signal to go to the reference input of the lock-in amplifier.

To Lock- in Amrp(meas)
&
BS  AOM2 Mirrar Vmess

LASER I w gt
'TI—' Photodetector 2 (meas)
AOMIT SR~
Lt

W chG Object z=)
| \ ﬂw‘{
Mirrar -z
BET 20 Object position
Scanning
Mirroirs
Band pass
filter
3 Photodetectar 1 {ref)
Amplifier

S

To Lock-in Amp{ref)
Figure 20 Optical system with CDG added to the optical path. [Used with permission]

The object used in this system are the letters “VT” located at o = 4.3em and
approximately 1in = lin on an opaque background with an opening linewidth of approximately
L00gm, - Figure 21(a) and (b) show the real and imaginary part of a coded complex hologram,
respectively from the recordings of Shinoda et al. (2011) [6], illustrating the outputs given by Eq.
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(34) for the “VT” object. Figure 22 shows the Fresnel diffraction of the coded complex hologram
recorded by Shinoda et al. (2011) [6] where the reconstruction of the coded complex hologram
using traditional techniques yields an unrecognizable original object due to the coding process.
Reconstruction results can be improved by measuring the impulse response of the system by
placing a pinhole of diameter (.28 at the object position which is shown for data from Shinoda
etal. (2011) [6] in Figure 23. This impulse response is then used to decode the complex hologram,
the results of which are presented in Figure 24 featuring the original object clearly reconstructed

at the correct location, o = 4.3cm,

L

Figure 21 (a) Real and (b) Imaginary part of a coded complex hologram. [Used with permission]

Figure 22 Using Fresnel diffraction to reconstruct the coded complex hologram shown in
Figure 21. [Used with permission]
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(@) (b)

Figure 23 (a) Real and (b) Imaginary part of pinhole hologram. [Used with permission]

Figure 24 Reconstruction of the complex hologram shown in Figure 21 using the pinhole in
Figure 23. [Used with permission]|

This demonstrates decoding of a complex hologram but a 3-D complex coding capability
to code a 3-D object in a single scan has yet to be seen. Instead of placing the “V” and “T” in the
same plane, Shinoda et al. (2011) [6] made recordings placing the former at o = Uem and the
latter at zo = 4.5cm | These locations create a volume to be scanned instead of a plane. The coded
hologram of the new object is shown in Figure 25. Previously the pinhole hologram was measured

at zo = 4.3cm which is used to reconstruct the “T” plane but in order to reconstruct the “V” plane
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a measurement must also be taken at 20 = Uemwhich is shown in Figure 26. Figure 27 shows the
decoded images using the Shinoda et al. (2011) [6] pinhole holograms shown in Figure 23 and
Figure 26 such that the “V” and “T” are correctly decoded at their respective planes.

(@) (b)

Figure 25 (a) Real and (b) Imaginary part of a coded complex hologram with “V” located at
zp = Uent and “T” at 20 = 4.90m, [Used with permission]

(@) (b)

Figure 26 (a) Real and (b) imaginary part of the pinhole hologram measured at zn = Uent, [Used
with permission]
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(a) (b)

Figure 27 Reconstruction using the pinhole holograms shown Figure 23 and Figure 26 (a)
Shows the “V” reconstructed correctly at 20 = Uent and (b) Shows the “T” reconstructed
correctly at 2o = 4.3cm, [Used with permission]

Now that the ability to code and decode 3-D images using an OSH system and a pupil
function different from those traditionally used in OSH has been demonstrated, it remains to parlay

these results to demonstrate optical-section reconstruction without defocus noise.

4.2 Random Pupil and Optical Scanning Holography

The previous demonstration utilized a specific pupil, a CDG, in the OSH system to reconstruct
optical sections from a hologram. However it remains to be seen how to achieve reconstruction
of the sectional image such that it does not contain out-of-focus haze. The work by Xin et al.
(2010) [7] proposed the use of a random-phase pupil in the OSH system so as to transfer the out-
of-focus sectional images into speckle-like patterns which can then be suppressed by overlaying
multiple section images. The authors found that the sectional separation can be adjusted by using
lenses with different numerical aperture (NAJ this is advantageous as compared to recent

algorithmic approaches previously mentioned because it is not computationally intensive.

In the coding stage, the output of OSH system is related to the input object I [# 1 %)

located at a coding distance =z = z" as follows [1,23]:
Hax, y) = F! {}'_{I-:'.r. iz =zt bk X OT Fo(ke Ry 2 = :"]} (68)
where OTFor (e Byt 2 = 27) s the optical transfer function of the system given by Eq. (29).
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For decoding, the same optical system shown in Figure 1 is used but a pinhole serves as

i

the input object located at the decoding distance : = :* away from lens L1 , ie., let

" - ) - I
Ia.yzz) = d (o, y:2%) Eq. (68). Thus the output of the OSH system, according to Eq. (68),

—1 . . e |
is given by F {“ TFy (ks ky; 2 = 2") }' The system output is the impulse response of the
optical system when 14 and 24 are used which when coupled with Eq. (68) from the coding stage

gives the final output of an overall two-stage system as

@mﬁuam._f—i{r{HJJnf}}| % OT Fa(ky, ky; 2%) % OT Fa(ke. kys 2%)

}. (69)

kg

Recall that in traditional OSH, the pupils are chosen as Pie (%) =8 (2, 4) and
p2e (. 4) = 1 in the coding stage, and P1d (€. 4) = 1 and P2 (.9} = d (2, 4) for the decoding

stage. With this selection of the pupils, Eq. (69) becomes [1,24]

il .
Boue(z,y) = F ' {F{”-f'-ﬂi 2V, ¥ exp [F—5— (k7 + ij‘-‘”’
. 2ko : (70)
It can thus be seen that the object image ! [ ¥ 2" ) can be recovered perfectly when the condition

=1 = :"is met, such that when the pinhole is located at = = = one measures the impulse response

for decoding. However, if a multi-section object is placed in the coding stage of the system, only

i

the sectional image located at =* = =¥ will be recovered sharply with additional energy from the

other sections manifesting as defocus haze given by

wtd i
Phaze(w,y) = Y F! {F{F[.r.y! 2)} | o X €XP |G- oF — (k2 + J!.;j}”,

i)

. (7D
This haze exhibits as defocus images from other sections and is difficult to eliminate. If the defocus
images can be transferred into speckle then, the noise may be easily eliminated by overlaying
multiple section images. For this purpose, in the coding stage choose Mz | i) =1 and
pie (2, y) = exp [j27s (2. 4)] where (2, 4) denotes an independent random function uniformly
distributed in the interval [ 1|. Then in the decoding stage, choose P1d [, 4] = L and Paa [, y)

such that the following condition is met
Ple (=2, —y) paa (o) = 1, (72)

Using these choices for pupils in Eq. (4) gives
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w0 .
Doue(x) = Y F! {F{f[.r--y: =M, X }"{ [P,,.( ”Jr;‘-")p._:d(" ;”)

_._JI koo ;If st
® vxp( _jﬂ?—lfv',.--f'u)} 1 ‘.;I:-«'im'(‘il o )vxp (,r .I';_‘r‘) f ka_r]}
.III. _||r EA'IH . (73)

Using phase retrieval algorithms Pic {7 %) and Pzd (. ¥) can be iteratively adjusted to meet Eq.

(72) and the following [13, 14]:

_-:I;;-‘.r _:l'jl,” _:.-!IA,.I_ _:l.i'j'..?
P . = | Py \ 21 =1
( f f ) ( f f ) . (74)

ol
From Eq. (73) and (74), it can be seen that the sectional image (. 5:2") will be recovered perfectly

when ' = % For z' # ?d, the output of Eq. (73) will depend on the distribution of

N P N i N O e £ ‘ i .
Pre(=2'ke/ S, =2"ky/ Flang Poa (—2"%e/f. ==Ky /J), The threshold value of | 2" —="| s
estimated as

N2)

T[] —
D2/ 2
,.H“F,

2 — .:"
(75)

where 7 is the pupil size for all the pupils used and N* is the sampling number of the pupil. When
the difference between =" and z' is large enough and a = 1.0e — 4 for N = 512,f = T.5em,

D = 2em, ko = 27/A and A = 0.6328um, the probability distribution becomes a Gaussian curve.

P (_:”"'.r _:JI",I,.') - (_:HI‘,I_ _:JIA,H) [ .:.-! — {J‘! +Ii'2:|-
e . 2 . exp i - ope ‘q
Thus, ] f f a f ! 2ka 7 will act as a

random function and leads to the corresponding terms in Eq. (73) exhibiting as speckle-like noise

as output [25, 26].

4.2.1 MATLAB Simulation: Random Pupil and Optical Scanning Holography

The threshold value in Eq. (75) represents the minimum sectional separation between image
sections to retrieve one sectional image clearly using the system in Figure 20 such that there is no
out-of-focus haze. The value of @« may be determined depending on the random-phase pupil;
however, for these demonstrations the value is set at 1.{l¢ — 4. Simulations have shown that for a
distance that is larger than that given by Eq. (75), the energy of the out-of-focus haze actually
disperses over the entire in-focus plane forming speckle-like patterns. Using several independent

random-phase pupils to obtain the speckle-like patterns and overlaying them, then the final grey
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value on the whole plane will tend to be same everywhere because they are random with same
probability [27, 28]. This means the speckle-like patterns can be eliminated by overlaying multiple

section images.

The proposed methodology is used to demonstrate the reconstruction of sectional images
encoded in a hologram. Figure 28 (a) shows a multi-section object which contains three elements
at 21 = 9mm, zz = 1lmm, and za = 11lmm._ A laser of wavelength .G325.417 and a lens of focal
length 7.5cm is used. The size of pupils are 2evn » 2em and the object images are sampled by

512 = 512 pixels. Reconstruction results from conventional holographic reconstruction focusing

on section " = zaand 2 = 23 with data from Xin et al. (2010) [7] are shown in Figure 28 (b) and

\‘_ 3
Fal = n m
el L] gl

Figure 28 (a) Multi-section object used in the system, (b) reconstruction with image section *zin
focus and (c) reconstruction with section image 2z in focus. [Used with permission]
i

(c), respectively.

The reconstruction results from the proposed random-phase pupil method for 2 = 22 and

2! = 23 are shown in Figure 29 (a) and (c), respectively. Note that the out-of-focus haze shown in
Figure 28 (b) has been dispersed into speckle-like patterns over the focused plane shown in Figure
29 (a) and (c). Figure 29 (b) and (d) are the results from overlaying 10 section images obtained
from 10 independent random-phase pupils and illustrates how overlaying multiple-section images

can effectively eliminate the speckle-like patterns from the in-focus plane.

(] ib] [&] idl

Figure 29 (a) Reconstruction by proposed method with image section Zz in focus, (b) average
results for section Zz, (¢) reconstruction by proposed method with image section #z in focus and
(d) average results for section Za. [Used with permission]
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From the previous discussion, the introduction of a random-phase pupil into OSH has great
impact on the sectional image reconstruction through the matching of the decoding and encoding
pupil functions. However, for actual application, the decoding and encoding pupil functions are
usually not strictly matched due to the sensitivity of the random-phase pupil and the need to take
separate encoding and decoding measurements. Two kinds of deviation errors are common, the
first occurs in the lateral-pixel position and the second in the pixel value of the decoding pupil
function. Wu et al. (2013) [8] analyzed the characteristics of the recovered image when the
decoding pupil function results in errors either in the position of lateral direction or in the value of

the pixels.

A depiction illustrating lateral-orientation deviation in the OSH system is shown in Figure

30. For simplicity, one-dimensional notation will be used in the following discussion. Denote a
shift to the random-phase pupil P24 (¥), for example, a landscape-orientation shift o as Py (),

The limit of pupil size in the = direction is "€t (2 /€2 such that P24 (%) can be expressed as:
;}i‘f (x) = pzg (x — xg) rect (x/0) (76)

where £ < 1,

iw (21
\ FD §
ft — [ [T7F
T | 1 | &PF Q .
o ) - — @ = !
. i ' | L
[ B? - :x.yscarﬂl'ler_ o -; Lz sin (5260 Dugrital Compuier

=4

Figure 30 Schematic of OSH system when a lateral-orientation deviation occurs. Fid () and
P24 1) are decoding pupil functions; Pz (£ — o) is P24 () with a landscape-orientation shift Zn.

According to the shift characteristics of the Fourier transform,

A :e!ﬁ, ) hrfk il
Pl =)= P | == |exp | —j2n=k.x = sine (k!
-‘(f) [’(f)l(" f )] NCE)

The sectional-image reconstruction during a shift to the random-phase pupil P24 1) from Eq. (75)

and Eq. (73) is then:
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(78)

Removing the term for & = Fz — (kowo/f) from the summation ¢ in the brackets {-} [29, 30],

Eq. (78) can be expressed as:

R il o
r.lu.f ZF {F{I[JI"U::i}}lk,.ﬁ'u .3’: {[Ph (%)Pjﬂ(%)
( o &‘IIIL ):| 0 ( .I'.'.:].r.'") ( E”l — :é LE Jrfl::,‘. }
»exp jan T & sine exp | J : ‘:) + ~J,J}
f ! f 2ko (79

The term It (%2 ) represents the term for & # Fz — (kowo/f) and its inverse Fourier transform is

(). Since M« (*) and P2d () are random functions " () is a random function. When =' — =

the reconstructed sectional image is
— i ) i
rm.l' ZF {F{I{J Iz = ?r!}}lg Koy {[P]r(TJ)'P:ﬁl’f(TI::

d
® exXp ( - j?ﬁz?.fc;.:ruﬂ @ sine (H%) + H{.I'.'_r]}}

ko
= E?.l-:.im:(!l {}r”) f{.r — Ip; zd:] + r(x)

(80)

Thus, the energy of the reconstructed sectional image can be expressed as:
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where T () is a uniformly-distributed white noise[25, 30].

From Eq. (80) and Eq. (81), it can be seen that as the decoding random-phase pupil lateral-
deviation distance, T, increases the image can still be decrypted, but the intensity of the
reconstruction sectional image is attenuated. Moreover, from Eq. (80) the reconstructed image is

shifted by o relative to the original image.

4.2.2 MATLAB Simulation: Errors in Random Pupil and Optical Scanning
Holography

The numerical simulations that follow illustrate the influence of the sectional-image reconstruction
when the decoding random-phase pupil has a shift. The character “O”, as shown in Figure 31 (a),
is a binary image of pixels 256 = 256 and size 2em % 2em. The OSH system features lens L1 of
focal length f = T.5¢mn, The sectional image at z4 = 5mm is reconstructed with data from Wu et
al. (2013) [8] in Figure 31 (b), (¢), (d), and (e) where the decoding pupil have shifts with
(wo = 2mm, yo = Omm), (g = 10mm, yy = Omin), (o = Omom, yo = 2mm)
(o = Oman, o = 10mim) | respectively. From this figure, observe that when the decoding pupil
function has a small, lateral shift o or ¥u, the reconstructed sectional image will also shift o or
4o in the lateral direction. Additionally, as the lateral deviation of the decoding pupil increases,

the reconstructed image sharpness decreases until the original object can no longer be easily

0 J0|

Figure 31 Sectional-image reconstruction with the decryption pupil function lateral deviation.
(a) original image, (b) I = 2mm, up = Umim) (c) (g = 10mm, yp = O] (d)
(g = Dmm, g = E’mur:l, and () (g = Ommn, yo = 10mm). [Used with permission]

1dentified.

44



The other reconstruction error that can occur is in the pixel value of the decoding random-

phase pupil. The phase function of the decoding pupil can be given by:
J'J'_'a'-?.tr () = paa () + Paa |.r--"\.|, (82)

where P34 () is a random function. According to the linear superposition properties of the discrete

Fourier transform, it is known that

:rl'IL,_ :Jf; _':J.I!.‘ \I
'P’_:h( J)"'P!f ( Ir)+-|”.e ( .
“\ S ‘T "\ (83)

Using Eq. (73) and Eq. (83), the reconstructed sectional image can be obtained:
. .:".k', P :IIL‘,
B (x) Z,F Y F{I(x, ,J;::'}}|A_ ; R‘F'{ ’].,-( : )ﬂ_:l; (—\I
4 ks f .
.-.I'f ‘-I. L
® exp ( — 2w~ '.Hq.u ,[,:') }
1 Jr" . ., | - I} ‘t‘l'I["_:l' ;-'_ -:hllf'lc‘_r-
=F Flllw, y: 2 IIH*.I_A..’ x JF le ¥ 2\ 7y
.LJ“.. IS
" a fa - - i o = 2‘
s (20 (o))

,  (84)
and when =" = =,

Py () =1T f_.r': :"h,'l + I I;_f'::_djl 2 Me f_—.J': a'"h} ) P {.r'; :'III' (85)

Note that in Eq. (84) I (: :J]', e (= :J:', and Had (= :d]' are independent with each other, so
their mutual convolution can be considered as random noise dependent on the original image. The
same original image, variable parameters, and recordings from from Wu et al. (2013) [8] as
presented in Figure 31 (a) are used for this simulation as well. Figure 32 (a), (b) and (c¢) show the
reconstructed images for the pixel-error ratios of 1/196, 1/16 and 1/4, respectively. The sectional
image can be reconstructed when errors occur in the pixel value of the decoding random-phase
pupil, but as the number of pixel errors gradually increases the inductive random noise increases.

As a result, the original object in the reconstructed image becomes mostly unidentifiable.
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(a) (b)

Figure 32 Reconstructed images with error pixels of decoding pupil. (a) 1/196; (b) 1/16; (c) 1/4.

[Used with permission]

By adopting a random-phase pupil in the OSH sectional-image reconstruction, the
sensitivity issue of traditional OSH can be effectively solved and the out-of-focus sectional image
no longer manifests in the in-focus sectional image. When a small, lateral deviation occurs in the
decoding pupil function, the reconstructed image will be shifted by this same amount and its
intensity reduces as a function of the deviation. Additionally, the quality of the recovered image
depends on the ratio of the number of pixel errors in the phase pupil and the value of the pixel
error. The next chapter will provide background and mathematics for another pupil function,

optical vortices.
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S OPTICAL VORTEX: CREATION AND APPLICATION

In this chapter optical vortices are introduced as a means of spatial filtering to obtain isotropic and
anisotropic edge enhancement. A brief introduction to optical vortices is provided in Section 5.1
and is followed by Sections 5.2 and 5.3 which detail two common means to produce optical
vortices with plane waves: spiral phase plates (SPPs) and computer-generated holograms (CGHs),
respectively. The former features numerical routines to simulate isotropic and anisotropic filtering
for a simple planar object. The chapter continues in Section 5.4 with a discussion of the spiral
phase-kernel and a numerical routine comparing the spiral phase-kernel to a circular amplitude
point spread function. Section 5.5 includes a discussion of optical vortex with Gaussian beam
illumination including a MATLAB simulation implementing the filtering technique in Section
5.5.1. The final section of the chapter, Section 5.6, introduces composite vortices with MATLAB
simulations. Sections 5.6.1 and 5.6.2 present and analyze the implementation of filtering

techniques for various phase, topological charge, and displacement of composite vortices.

5.1 Optical Vortices and Laguerre-Gaussian Beams

The study of properties of light beams with a helical phase structure and their interference along
the beam axis received much attention after the paper from Nye and Berry (1974) [31] including
experimental demonstration that an optical vortex could be intentionally produced within optical
fields by Vaughan and Willets (1979) [32]. The term optical vortex was introduced by Coullet,
Gil, and Rocca (1989) [33] to describe the light field in a laser cavity and now finds wide use in

optical science.

An optical vortex is a zero point of intensity or optical singularity of an optical field where
the phase circulates around these points such that the line integral of the gradient of phase over a
closed line around these points is equal to an integer multiple of 2x [34]. This can be

mathematically expressed as

flg‘v’tlirh; 2mme
Je , (86)
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where @ represents the local phase, V@ represents the gradient of the phase function, 4 is the line
on a closed loop ¢ enclosing the vortex , and m is an integer known as the topological charge or
strength of the vortex.
Based on this definition, a simple case of an optical vortex is the Laguerre-Gaussian mode
alll . . :
LGy, [34]. The beam cross section under the representation of the electromagnetic field of a

paraxial beam through a slowly varying complex amplitude (- ) is

E (r,8;z) = u (r, 6 ) exp (jkz), 87)

where r is the polar radius so that (r.¢]) forms a polar coordinate frame, k is the wave number, and

z 1s the propagation axis. Using Eq. (87) the LG, can be expressed by

. Fo wqy grylm P
w(r, d;2) = —_(_) exp —
W | w \w T

fer® z |y
< exp | j { + il — (| m | +1) arctan —}
( 2R ‘rl/, (88)
= e dl 4 22 fo2 . . .
where Fu is the amplitude, W= oy L+ 25/2 is the beam radius at =, Yo is the beam radius at

— . L2 L3y ) N e (9
the = =10 plane,” =z (l+2R/27) is the wavefront-curvature radius, and =& = ¥w5/2 s the

Rayleigh range [35].

There are a variety of approaches to impose a spiral-phase distribution on an input beam and
thus generate an optical vortex beam including spiral phase plate [36-39], deformable mirror [40],
diffractive optical elements (DOEs) [41], spatial light modulators (SLMs) [42], and optic fiber
[43]. This dissertation explores two common means to produce optical vortices: spiral phase plates
and computer-generated holograms (CGH). The SPP directly imposes the vortex structure on the
incident beam by linearly varying the optical path length around the circumference of the device.
CGHs are created by mathematically interfering an oblique plane wave with an optical vortex and
function by diffracting a plane wave into multiple orders of optical vortices of distinct topological

charge.
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5.2 Generating Optical Vortex with Lenses and Spiral Phase Plate

Allen, Beijersbergen, Spreeuw, and Woerdman (1992) [44] recognized that light beams with
helical wavefronts carry mechanical angular momentum or orbital angular momentum with respect
to the propagation axis. Beijersbergen, Allen, van der Veen, and Woerdman (1993) [45] then
pursued a new approach via optical components termed spiral phase plates for the generation of
vortex-carrying beams. The components are made of glass or plastic and have refractive index n
and optical thickness Af that increases with azimuthal angle according to % — #im — 1lm A dn
as seen in Figure 33. The transmission of a plane wave through a spiral phase plate results in the

acquisition of an %! (jmd) phase term and induces an optical vortex along the beam axis.

(a)

Figure 33 Spiral Phase Plate i = 1 (top view) and (c) side view.

L]

By inspecting the plots in Figure 34, one can see how changing the topological charge
affects the phase output of the SPP where the gray-scale values correlate to the phase modulation

7 in black to — in white.

510
TV | «V

Figure 34 Spiral Phase Mask (a)im = 2, (b)m = 3, and (c)m = 4.

49



Davis et al. used a vortex-phase mask ©xP [11#) 0 < £/ < 27 a5 4 gpatial filter in a 4-focal
length optical system to achieve isotropic edge enhancement with i = 1 and anisotropic edge
enhancement with fractional or non-integer m [46]. The enhancement results are due to the phase
profile of the vortex mask which redistributes the intensity in a symmetric manner due to the phase
difference of mr at symmetric positions in any radial line with respect to the vortex core. These
characteristics can also be found in the one-dimensional Hilbert transform [47-49]. Using the
spiral phase plate characterized by ©%I* i8] for spiral phase filtering, can be regarded as a radial

Hilbert phase mask with m as the order of the radial Hilbert transform.

For isotropic enhancement an SPP is used as a radial Hilbert mask which effectively works
as vortex spatial filtering by redistributing the intensity in a symmetric manner. Using this property

if one desires to enhance selective edges in a particular direction one has to break the symmetry.

Before discussing selective and symmetric edge enhancement with analytical expressions
and simulated results, a mathematical background on spiral phase filtering is provided.
Generally the edge enhancement effects are realized by Fourier transforming the object and then
manipulating it with the help of a filter function before taking the inverse Fourier transform. The
general case of filtering in a standard, 4-f coherent imaging system uses a spatial filter = (- #) g

defined as

(r,0) = cire () exp (jm0) (39)

where (7 #) represent polar coordinates in the Fourier plane, m is the topological charge, and

cire (r/ /) is a circular aperture function of radius 1.

Consider the optical system in Figure 35 where a plane wave is used to illuminate the input
pattern & [+ ] placed at £1 the front of a lens,L1, then at the back focal plane one obtains the

Fourier transform as
G(E ) =Flgla,y)}, (90)
where (£ = peost = psin ] are the coordinates at the back focal plane. The field after the SPP
is
T (p.0) =G (p.0) x S(p.0) = Flg(zy)} = S(p.0) 1)
and using L2 as a Fourier transform gives the output image field at the rear focal plane /% as
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t{r.g)=F{T(p.")}=g(r.d)@ F{8(p#)}
= g(r,¢) @ s(r,¢) , (92)

where (7 @) represent the polar coordinates in the CCD plane, respectively
(x =rcosd.y = rsind) with s (1. ¢) representing the Fourier transform of the filter function in
Eq. (89). From Eq. (92) one can develop an understanding of how edge enhancement occurs by
analyzing the Fourier transform of the spiral phase filter, which acts as the point spread function

(PSF) of the system.

object L1 SPP L2 GCD
E _____________________
m -
i)
i)
©
] Se
L | ZEn M
(x,y) F'2[
P1 r, ¢)
- f . f—<—f >
background """ diffracted order

Figure 35 4-f system for spiral phase filtering.

5.2.1 Isotropic Spatial Vortex Filtering

The ability to use optical vortices for isotropic edge enhancement of an object is important because
often in identification an image is understood by enhancing its edges. This is realized by radial
Hilbert transform of an input pattern & [, %) which from Eq. (92) can also be expressed as a
convolution of the input pattern with a 2-D kernel # (r, @), The filter function is separable in polar

coordinates, (2 /) = Gr (1) 4& (#) such that the Fourier transform is given by [50]

s(r,¢) = Z ep ()" exp (jpd) Hy {qr (r)}
- , (93)

where the coefficients are given as

1 [}
!'L:J — E f qH EE} ":l".\':ltI {_J.;J'C’II !'F{': (94)

and 1 {} represents the Hankel transform given as
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o
He {gr(r)} =27 /|; rar (r)Jy (2mpr) di | ©5)

For the vortex-phase mask = [ /) = exp (J#] letting ©» = €1 = L and radially restricting

the mask function from (i to I?, the Hankel transform in the Fraunhofer zone becomes [50]
R
Hi{Sp(r)}=2r / rSr(r)Jy (2opr/Af)dr
]

h
2m [ rJy (2apr /A f) dr
]

TR .
= = -Jr| [J":l .hru |::.J'] -Jr[| [.f":l ”J |:.J']

a2

; (96)

where @ = 2mrR/Af | 3 is the wavelength of light illuminating the input pattern & (- %), f is the
focal length of the Fourier transform lens, -/ and /1 are the zero and first-order Bessel functions,
respectively, and fu and H are the Struve functions of the zero- and first-order, respectively. The
Fourier transform of the filter function can be written as

s({r.g) = —jexp(jo) 5 [; (z) Hy () — Jo (x) Hy (7)) ©7)

Thus one can obtain the output from Eq. (92) by convolving Eq. (97) with the input field.
The next section will discuss simulations accomplished in MATLAB to show edge enhancement

using this isotropic vortex function.

5.2.1.1 MATLAB Simulation: Isotropic Spatial Vortex Filtering
The numerical simulation of edge enhancement is performed in MATLAB by Fourier transforming

the circular amplitude object sampled at 512 = 512 pixels then multiplied element by element with
the filter function and inverse Fourier transformed. The results are presented in Figure 36 where
(a) is the original input image, (b) is the resulting edge enhancement, and (c) and (d) are the
horizontal linear intensity distribution profile of the output in (a) and (d), respectively. One can
inspect either the filtered image or the intensity distribution profile to see the edges of the input
object have been enhanced. The intensity distribution profile of the filtered image has amplitude
lower than the original image, the filtered output is not as symmetric, and rather than having a

sharp transition as the input object has more of a gradual transition before and after the edge.
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Figure 36 (a) Original image, (b) filtered output, (c) horizontal linear intensity distribution
profile for (a), and (d) horizontal linear intensity distribution profile for (b).

A more challenging input object is used as represented by the USAF bar chart in (a) of

Figure 37, the resulting filter output in (b), and the intensity distribution profile (c). Visual

inspection of the filtered output and intensity distribution profile again show that the edges of the

input image have been enhanced but perhaps not as distinctly as one would like.
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Figure 37 (a) Input image, (b) filtered output, and (c) intensity distribution profile.

In either example, the convolution of the filter with the input object suppresses the zeroth-
order frequency component in an almost symmetric fashion. If the zeroth-order frequency
component could be partially suppressed by changing the vortex core, then one could filter certain
frequency components and achieve selective edge enhancement. A discussion of several methods

to achieve selective enhancement is discussed next.

54



5.2.2 Anisotropic Spatial Vortex Filtering

Generally, the enhancement effect is isotropic such that regardless of orientation, each edge of the
input pattern is enhanced uniformly. However, in some cases the feature information around
certain orientations and edges is of greater interest and therefore requires anisotropic edge
enhancement to emphasize these edges. Methods reported for selective edge enhancement include
changing the power and offset angle in the vortex distribution [51], fractional [46,52-54] or shifted
vortex filters [54,55], superposed vortex amplitude filter [56], and introduction of aberrations in
the vortex filter [57]. Expressions for fractional vortex mask and anisotropic vortex phase mask to
perform the Hilbert transform [51] will be shown and selective edge enhancement simulated using

MATLAB.

An isotropic optical vortex can be defined by the complex field

Vilz,y) =z + ju=rexp(j#] (98)

. . — tori—d fap - .
where r is the distance from the vortex center and # = tan™" (¥/¥] is the azimuthal angle. The
phase distribution is ¥ L7 #] = # which makes the rate of change of the phase around the vortex

di/df =1 This is not the case for an anisotropic optical vortex as will be shown next.

Begin with an anisotropic vortex given by [58]

-

Vo (0, y) = 2 + joy = rexp (j¥ (z. ), (99)
where the phase is defined as
o (LY - sin @y

and « is the anisotropy parameter which determines the internal structure of the optical vortex.

From Eq. (100), the rate of change of the phase of anisotropic vortex is

il T

ﬁ cos )+ r?:‘-i[l? i, (101)

The phase profile for isotropic and anisotropic vortices is shown in Figure 38. The phase
plot for an isotropic vortex @ = 1 and anisotropic vortex « = 5 are shown in Figure 39. A plot of
the rate of change of phase for isotropic and anisotropic vortices is shown in Figure 40. From
Figure 40 and Eq. (101) one can see that for an anisotropic vortex the rate of change of the phase
is a function of # and not a constant as for an isotropic vortex. This change of phase is one of the

characteristics that will be leveraged to enable selective edge enhancement.
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Figure 38 (a) Isotropic vortex and (b) anisotropic vortex.
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Figure 39 Phase plot for isotropic vortex (7 = 1) and anisotropic vortex (o = 5).
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Figure 40 Rate of change of phase for isotropic and anisotropic vortices.
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Anisotropic filtering has been discussed and introduced, the remaining sections will discuss
specific anisotropic techniques either by making changes to the physical phase plate itself or its

position in the optical system.

5.2.2.1 Anisotropic Spatial Vortex Filtering: Method 1 Superposed Vortex Filter
While optical vortices perform isotropic edge enhancement, it was shown by Sharma, Joseph, and

Senthilkumaran (2014) [56] that a new filter which is made up of the superposition of two optical
vortices can perform directional edge enhancement. The noise reduction and contrast enhancement
of the azimuthal amplitude variations for this filter make it a more appropriate choice over the one-
dimensional Hilbert filter for applications such as fingerprint filtering [59].
The filter function is given by

S(p,0) = (1/2) + (1/2) cosf (102)
where the second term is the superposition of a positive and negative vortex as
2eosth = exp (30) + exp (—J¥) Leveraging Eq. (96) and (97) the Fourier transform for the

negative vortex,~1 (@8] = exp(—3j#) s

gl g = _.'l exp lr—_l,'-f._'.l:l ? |_..f| l:_.l'] Hy [.i"] —Jy Il.]'} H, I.i']] ’ (103)

and similarly for the positive vortex,52 (- #] = exp (j#] |

s2 (r,¢) = jexp () ; [ () Ho () = Jo () Hy ()] (104
Combining Eq. (103) and (104) the transfer function or the Fourier transform of the superposed

filter in Eq. (102) can be expressed as

I l i [ | . mH ) -
F {__ +35 {;.J” +e .”-J} 5 {r’& (0.0 —_,IET [J1 (=) Hy () — Jo (z) Hy ()] '.!:f-ltlr,;'-.

?

- (15)

Comparing Eq. (105) and Eq. (97) one can see that the latter provides symmetric edge
enhancement due to the phase term “%I* [1€*) whereas for the former the angle dependent amplitude
variation results from the 51 ¢’ terms which leads to directional edge enhancement. Instead of the
transfer functions one can inspect the filter transmittance functions in Figure 41 where the phase
variation in one direction from the second term of the filter function in Eq. (105) is apparent in (c)
with the vortex filters from Eq. (103) and Eq. (104) in (a) and (b), respectively. This is further
emphasized by plotting the Fourier transform of the superposed vortex function using Eq. (107)

with its three-dimensional (3D) view shown in Figure 42 (a) and the similar view for the vortex
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function in Eq. (30) shown in Figure 42 (b). The intensity distribution for each of these is provided
in Figure 42 (c) and (d), respectively for comparison. The symmetry of the vortex function about

the center can be seen in Figure 42 (b) while the asymmetric nature caused by the sin ¢ term is

seen in Figure 42 (a).

I i
L]

fal
Figure 41 Phase distribution corresponding to (a) positive vortex, (b) negative vortex, and (c)
superposition of positive and negative vortex.
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Figure 42 3D view of modulus of Fourier transform for (a) superposed vortex filter and (b)
vortex filter, and intensity distribution profile for (c) superposed vortex filter and
(d) vortex filter.
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The amplitude distribution of the superposed filter in Eq. (102) is shown in Figure 43 where
one can see that the anticipated edge enhancement will be in the lighter areas while the darker
areas are those that will not be enhanced. Thus, one can expect edge enhancement in an

asymmetric fashion.

i)

D5
005 u] oons
)

Figure 43 Amplitude of superposed vortex filter.
The simulated filter output for superposed vortex filter in Eq. (102) is provided in Figure
44. When compared to the output and the intensity distribution in Figure 36 (b) and (d) one can
see that the result is in fact anisotropic edge enhancement. The right and left edges in the figure
where the amplitude was nonzero are enhanced while the top and bottom edges where the

amplitude was darker are not enhanced.
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Figure 44 Simulation results for edge enhancement by superposed vortex filter (a) anisotropic
edge enhancement and (b) intensity distribution profile.

As has been illustrated, the superposed vortex filter produces directional edge enhancement

as a result of amplitude filtering. Sharma, Joseph, and Senthilkumaran (2013) [60] proposed an
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extension to their superposed vortex amplitude filter as a complex filter of superposed vortices
with relative phase between them. The filter considers two vortex beams with topological charge
of + 1 and relative phase difference # and no change to the position of the vortex core. The complex

transmittance of the filter is given as [60]

Se(p0) = % (exp (J8) + exp (—j (0 + 3’”1 (106)

The amplitude and phase of the superposed filter in Eq. (106) with different phases 7 is
shown in Figure 45 (a-d) and (e-h), respectively. From the figure it can be seen that as the phase
between the two beams changes, the orientation of the filter changes in a similar fashion. Thus,

one expects to see directional edge enhancement in different radial directions using these filters.

a"la
N D e

L

Figure 45 Amphtude of superposed vortex filter for i (a)il°, (b) 157, (¢)907, and (d)180° with the
corresponding phases shown in (e), (f), (g), and (h), respectively.

The simulated filtered output that results from using the superposed vortex filter in
Eq.(106) are shown in Figure 46 (a-d) for 4 = 07.45".90% and 180° respectively. From the
figure it is clear that the filtered output produces edge enhancement in different directions with the
orientation of the enhancement at . A further illustration of the edge enhancement effects can be
seen in Figure 47 where the horizontal intensity distributions are graphed for no rotation, 90°
rotation, and 180" rotation. The figure illustrates that the filtered output decreases in intensity or

contrast and sharpness as the rotation increases.
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Figure 46 Simulation results for edge enhancement by superposed vortex filter for
J(a)r®, (b)45°, (c)90°, and (d)180°.
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Figure 47 Intensity distribution for original image and superposed filter for #(a)0°, (b)45°, (c)
0907, and (d)180°,

The next section will discuss how aberrations in the optical system can lead to anisotropic

edge enhancements.

5.2.2.2 Anisotropic Spatial Vortex Filtering: Method 2 Siedel Aberrations
Aberrations are an inherent part of optical systems and it is thus important to study the effects of

aberrations on the radial Hilbert mask. For rotationally symmetric optical systems the general
aberration function is [61]

Wip.t) = .Llnl + A, Irr"s cost + A,p° cos® 8 + _-lJ.-Ir,l2 + A pros El" (107)
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where () are the polar coordinates at the exit pupil of the imaging system and ., A, Ay, A,
and /i are the coefficients for spherical aberration, coma, astigmatism, field curvature or defocus,
and tilt or distortion, respectively. A general representation for an aberrated-vortex beam is
Sap (p, 0) = exp (jmb) exp (FEW (p, ) (108)
where W (#2:#) is the aberration function representing the wave aberration and ¥ = 27/A is the
propagation constant as before.
Spherical aberrations result from rays focusing at two different axial points with the

distance between these two foci a measure of the spherical aberration in the lens. The spherical

aberration function is W (7 #) = A" where A. is the spherical aberration coefficient. Plugging
this into Eq. (108) gives the vortex filter with spherical aberration as

Sep (o, 0) = exp (/) exp (,;’ﬁ---—‘l,._..rijjl _ (109)

The spherical aberration vortex mask, the filtered output, and the horizontal profile of the

output intensity pattern for a circular object are shown in Figure 48 (a-c), respectively. Inspection

of this figure reveals that the filtered output is not as crisp as in isotropic filtering. Additionally

by inspecting the intensity profile the enhanced edges become less in the presence of spherical

aberrations because the edges are more spread out.

fa) o) fc)
Figure 48 (a) Phase profile of the vortex beam with spherical aberration, (b) corresponding
filtered output, and (c) plot of the horizontal and vertical intensity profile 1. = 0.5,

Distortion or tilt in an imaging system results from various components of the system
having different focal lengths and different magnifications which leads to misshaping of the image.
The aberration function is WV (. #/) = Aapcos# and plugging into Eq. (108) gives the distortion
aberrations as

Sil(p ) =expjf)exp(jhkAgpcosd) (110)
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The phase of the distorted vortex mask takes the shape of a fork as seen in Figure 49 (a)
with the corresponding enhanced edges filter output appearing as different orders of the fork
grating. In Figure 49 (c) one can see that the output intensity is slightly greater in the vertical
direction as compared to the isotropic output whereas in the horizontal direction it is more
comparable to the isotropic case. The intensity has been redistributed in the two directions of the

imaging plane and the incremental increase is in the direction parallel to the fork fringes.

i '" |
A
s

(a} thr el
Figure 49 (a) Phase profile of the vortex beam with distortion, (b) corresponding filtered output,
and (c) plot of the horizontal and vertical intensity profileA: = 1.25,

i
oM 00s

Astigmatism is an off-axis wavefront aberration that results from incident light rays
striking a lens asymmetrically which modifies the focal plane intensity distribution function of a
singular beam. The aberration function for astigmatism is given by W (2,6} = Aap” cos® 6 and
from Eq. (108) the astigmatic vortex filter is

Sa (p.0) = exp (j#) exp (jhA,p cos® ) (111)

The astigmatic aberration in the vortex phase leads to edge enhancement as well as edge
blurring. This effect is further analyzed by varying the astigmatic coefficient in Eq. (111). The
astigmatic vortex mask for <1, = 0.003 and 1, = 0.007 values are shown in Figure 50 (a) and (b),
respectively, with the corresponding filtered output with selectively enhanced edges in Figure 50
(c) and (d). In Figure 50 (e) and (f), the increase in astigmatism coefficient decreases the
anisotropy and increases the blur of the edges in other directions. The intensity in the vertical
direction for the output is increased whereas the horizontal direction is decreased and blurred as a

result of redistributing the intensity in different radial directions.
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Figure 50 (a-b) Phase profile of the astigmatic vortex beam <1, = 0.003 and A, = 0L00T (c-d)
corresponding filtered output, and (e-f) output intensity for horizontal and vertical directions.
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Coma is an off-axis aberration where the magnifications from different zones of an optical

system are different. The aberration function is given by W (. ¥ Acp” cos and the vortex
filter for coma aberration from Eq. (108) is

Se(p. ) = exp (j8) exp (jkA.p" cos8) (112)

The phase profile, corresponding output, and the horizontal and vertical intensity profile

are shown in Figure 51 (a-c), respectively. The outer portion of the phase mask has changed in

relation to typical vortex filtering while the center is less changed. The effects of the coma

aberration on the output are not as clearly seen as in the intensity profile. Inspecting the intensity

profile one sees that the vertical direction is most like the isotropic case while the horizontal

direction is non-symmetric and in fact has some ringing.

o

T2 el Induedy Dvityi i
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Figure 51 (a) Phase profile of the vortex beam with coma aberration, (b) corresponding filtered
output, and (c) plot of the horizontal and vertical intensity profile A. = 0.05,

The defocus or field of curvature aberration causes the imaging surface to be curved even

without astigmatism. The aberration function is W ip.0) = Ay I and the vortex filter is
S (p.0) = exp () exp (jkApp*) (113)
In Figure 52 (a-c) the phase profile, the filtered output, and intensity distribution profile
are plotted. The phase profile is a more evenly spaced throughout as compared to Figure 48 (a) as
a result the output intensity profile shows symmetric distribution about the center of the input
circular object. The filtered output and intensity distribution show defocus effects in the slight

broadening of the edges.
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Figure 52 (a) Phase profile of the defocused vortex beam, (b) corresponding filtered output, and
(c) plot of the horizontal and vertical intensity proﬁle-"i.F = 0.001,

The next section investigates how changes to the topological charge of the phase plate can

produce anisotropic filtering effects.
5.2.2.3 Anisotropic Spatial Vortex Filtering: Method 3 Fractional Spiral Phase Filter
Instead of Eq. (91) consider the spiral phase filter as
S (p 8, 7) = exp (jm (6 + 7)) (114)
where 7 is a constant angle denoting the orientation of the edge of discontinuity with respect to the
positive & axis [53]. If the topological charge m is a fractional or non-integer number then, the

phase of Eq. (114) is no longer continuous and has a discontinuity along =. This is best illustrated

by expanding Eq. (114) as a Fourier series

Sm(p 0, 7) =

exp (jmw) sinmm i S5, (p, 0. 7)
T nm—ea THT R (115)

The Fresnel transform of Eq. (115) is [54]

r - ‘- prrum ) si 20 H:J (p'.{}f_,—‘:}
“in (P -H . T, :) — CxXp I:-_l”” | Sl TR Z

T n=—oe e (116)

From Eq. (116) one can see that there is no vortex core at the origin and the only nonzero

P

. 4 0T .:)
contribution comes from " (‘“ so that

- - . xp (fmr)sinmr o« o0
S (p =108 _r_zj _ expljmm)siny g (p _H.T_:)

a

(117)

In Eq. (117) the vortex core is not located at the origin but instead is at position
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.I"i'l = IHE”H‘I"‘I‘;:_.-:T ':,] - i”: (118)

when m is close to 1 and = is on the scale size of the spiral phase filter. One can see from Eq. (118)
that the location of the vortex core depends on the value of m and thus by choice of this value one

can control edge enhancement.

As Eq. (116) propagates to the Fraunhofer domain, the field has a vortex core on a radial

line orthogonal to the 7 direction [62]

f: = exp [_;‘3: (m — |p| - 1}] f” ¥ E
0

: (—3) exp [jp (d+ 7) .
.Eﬁf le-,; |J I - |,|”| ||.l| ,lr ,(119)

I
f \p krpf fdp
0

exp [j2m (m = |p|)] = 1
m— |p . (120)

Emlr g, 1) =

where the contribution of to Sm (1 g 7) depends on the value of the factor

Cp =

The coefficient in Eq. (120) has a contribution to Eq. (119) when P is an integer value close to m
and in particular when m itself approaches an integer value. This is illustrated in Figure 53 where

the distribution of “r is plotted versus P for m equal to 0.2, 0.5 and 0.85, respectively.

) L] el

Figure 53 Plot of “r versus P for m = (a) 0.2, (b) 0.5, and (c) 0.85.
As discussed above, the degree of enhancement can be controlled by the value of m: this
can be further demonstrated by examining the density plot of Eq. (119) for 1t = (1.2,0.5, and 0.5
and v = 0 seen in Figure 54. The figure illustrates how as the vortex moves toward the origin the
enhancement of directional edges becomes more symmetric as illustrated by the movement of the

lighter and darker rings.
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Figure 54 Density plot of $m (: % T=0) with m = (a) 0.2, (b) 0.5, and (c) 0.8.
While degree of enhancement can be controlled by the value of m, the orientation of the
vortex in Eq. (119) is determined by 7. As an example the density plot of &m with m = (1.5 and

—7/2 is presented in Figure 55. Upon comparison to Figure 54 (b) it can be seen that the

vortex has rotated counterclockwise through the angle w2
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Figure 55 Density plot of ## ~/2) with m = (0.5,

The simulated filter output for 77t = 0.5.0.7. and (.5 and + = 0 is shown in Figure 56 (a-
c¢) with the corresponding intensity distribution plot in (d-f). The figure illustrates how as the value
of m increases the amount of contrast between enhanced edges decreases such that the

enhancement is nearly symmetric.
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Figure 56 Filtered output for ¥ = (1 (a) mi = (0.5, (b)mi = (1.7, and (c)m = (1.8, intensity
distribution shown in (d), (e), and (f), respectively.
The simulated filter output for ¥ = (.6, U.5, and 0.9 and 7 = o7 /4, 7 and 7/2 is shown
in Figure 57 (a-c) with the corresponding intensity distribution plot in (d-f). The figure illustrates

how as the value of 7 changes so does the orientation of the enhanced edge.

(=) (s} ]

(e} %) n
Figure 57 Filtered output for (a)/m = 1.0, 7 = 57 /4 (p)ym = (.8, 7 = 7 _and (c)

m = 04,7 = 7/2 intensity distribution shown in (d), (e), and (f), respectively.
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The next section discusses anisotropic filtering as a result of shifting the spiral phase plate

in the optical system.

5.2.2.4 Anisotropic Spatial Vortex Filtering: Method 4 Shifting Filter Singularity
Another approach to break the symmetry of the vortex filter is to shift the singularity away from

the origin to a user specified position in polar coordinates {1+ %) where £ < I and fo [0, 2]

The transmission function of this spiral phase plate is given by

S{p 0 g, Bn) = exp (40, ), (121)
. s —1 f e .-
where the subscript . represents shifting, = =tan™ (¥ —yo/x — To]yo = posin by,
[en 0324 42
xn = pocosty and P= = VI~ @0)" W = ¥)" The position of the vortex is determined by

£0 so that when it is very small the vortex is located close to the origin and as it becomes larger the
vortex moves increasingly further away from the origin.

The filtered output can again be expressed as the convolution of the input object & |+ i)
and Eq. (121). The edge enhancement of the filtered output with
poo= 0001, 0.0025, 00,0075, and 0.01 gnd # =0 becomes less significant as the value of /0
increases until eventually no high-contrast enhancement is achieved due to the vortex disappearing
as seen in Figure 58 (a-d). The exact value for the high-contrast enhancement crossover is
unknown but is suspected to be tied to the area where the Fourier spectrum has significant value
[54]. The distance between the vortex and the origin can be seen by examining the state of the
filter for o = 0.00L, 0.0025, 0.00T5, and (L01 and #y = 0, respectively, as shown in Figure 58 (e-
h).

Using the value for 70 = 0.001 and varying the angle #n = U, m/4, 7/2, and 37 /4 one can
see that orientation enhancement is achieved as seen in Figure 59 (a-d). As the angle is varied
around the circular input object the filtered output has edge enhancement in the direction of the
angle . It has thus been demonstrated that the orientation of the enhancement results from #n and

the degree of enhancement by the distance /1.
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Figure 58 Simulation results for edge enhancement by shifted vortex (a-d) anisotropic edge

enhancement and (e-h) filter status for £ = U.OOL, 0.0025, (LOOT5, and 0.01 and #p = 0,
respectively.

] Lt}

Figure 59 Simulation results for edge enhancement by shifted vortex (a-d) anisotropic edge

enhancement for o = 0.00L and #y = 0, w /4, w/2, and 37 /4 respectively.
In the next section, anisotropic filtering results from changing the power and offset angle

of the spiral phase plate are presented.

5.2.2.5 Anisotropic Spatial Vortex Filtering: Method 5 Power and Offset Angle
An anisotropic vortex function for selective edge enhancement on amplitude objects starts with a

similar form to that for isotropic vortex functions and can be expressed as [55]

S (p, 0) = exp (j6|sin™ (8/2) |] = exp (i, J’ (122)
where s is the phase function similar to Eq. (100) corresponding to the anisotropic vortex function
S 1(p. ], the modulus of the sine function is to preserve the helical shape of the vortex, and m is an

integer. The modulo 27 operation is used to wrap the phase, #, between —m and =. The rate of

change of phase is
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20 sin™ ! (#/2) [ﬁill{ﬂf?] + % cos (#/2)

(123)

The phase profile plot for the vortex function in Eq. (122) is shown in Figure 60 (a) with
(b) showing the monotonic nature of the phase variation as function of #. The plot of rate of change
of phase of function S (p.#) as a function of azimuthal angle # is shown in Figure 61. One can see
from Figure 61 that the variation of phase with the azimuthal angle is not uniform and this non-
uniformity is key for selective edge enhancement. Figure 61 also contains two values for m such
that one sees that upon increasing the value the rate of change of phase becomes steeper and thus

enhancement is more selective.

"
:
(a)

Figure 60 (a) Phase profile of function Sm—a0 and (b) plot of phase of Sm—u0 as
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Figure 61 Plot of rate of change of phase of function .5 for w1 = 10 and 1 = 30 as
a function of #.
From Figure 60 and Figure 61 it has been shown that phase variation is the key enabler to

selectively enhancing edges. Using the anisotropic vortex field S(pt) in Eq. (122) define its
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corresponding Fourier transform as # [ @) such that the output of the 4-f system is given by the
convolution of the input object with & {7 @),

As the function is separable in polar coordinates, the Fourier transform of 4-f can be written

using Eq. (93) where now

2o
Cp = 5= / o (B exp (= jpa) dd
= 1]

= - /‘~ exp (jo [| sin"™ (/2) — ]I'.l|j:| dit

-

T Jo (124)
An analytic solution to the integral in Eq. (126) exists only if I = sin™ (/2] where P is an integer
and the function 5in™ (¢/2) agsumes all values between 0 and 1. A plot of 5in"™ (/2] is presented
in Figure 62 which shows that for @’ ranging between 0 to ©1 and @2 to 2 the value is approximated
to 01 and for ¢ ranging between @1 and #*2 is approximated to 1. Thus approximating | sin™ (/2] |

as binary integer valued function one can find coefficients “» in Eq. (124).

-4 23 -2 I o 1 2 3 4
Treda {raafiarc )

Figure 62 Plot of | =in™ (/2) | for ym = 10 and m = 30.
Restricting the vortex phase mask radially from 0 to R, the first-order Hankel transform

can be calculated as in Eq. (96) and the zeroth-order Hankel transform is

i

Ho{8r(r)} =2x ./(] rSe(r)Jo (2rpr/Af)dr = xJy (2} . (125)
The expression for the Fourier transform of = (#: #] can now be rewritten as
s(r.¢) = coHo {Sr (r)} + ey (—f)exp (o) Hy {Sr ()}, (126)

where
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€y = 5 dgr + . i
Ji & Sy

=—(2n+ ¢y —ga)for 0 < ¢ < hand ¢ < ¢ < 27

P
E-] Icl:li herwise , (127)
and
s
o = 3_"' . iy = = (dy — o) for oy < ¢ < i
() ot Iu*-rwiﬁ{* . (128)
Plugging Eqgs. (127) and (128) into Eq. (126) gives
s(ro) = 222005 (@) - jexp (50) L2V T 11 2) Hy (@) - Jo (@) Hy (@)

29 29 2p - ,
(129)
where 1 and 2 represent numerical values of the azimuthal angle. Thus from Eq. (129) one can
see that % (7. @) depends on the angular difference (2 — @1} which covers the region where the
Fourier transform coefficients are nonzero or where | 5in™ (/2] is approximated to 1. One can
see in Figure 62 that upon increasing the value of m, (%2 — 1) covers a smaller region and thus
enhancement selectivity is obtained. Region-selective edge enhancement has thus been
analytically illustrated with & (. #] and edge enhancements in smaller regions result by increasing
the power m of the sine function.

While selective edge enhancement has been discussed using this approach, the ability to
enhance edges by orientation angle has not. Orientation selection can be accomplished via the
proposed function ¥ (2 #)in Eq. (124) by adding #u such that

S (p.#) = exp [j (0 + ) | sin™ (8 + 6p/2) || (130)
The addition of ¥ in Eq. (130) rotates the orientation of the radial signum function of the vortex
mask and thus selective edge enhancement in different azimuthal directions can be achieved. For
the function in Eq. (132) the phase difference between two radially opposite directions is not = but
varies from () to = and thus edge enhancement results at the positions where the phase difference
is w. The phase difference results from the weighting of the Hankel transform where it is a
maximum when the signum function exists. A plot of the phase difference for radially opposite
positions of the proposed function is shown in Figure 63. One can see from Figure 63 that the

phase difference in radially opposite directions for the proposed anisotropic function is a quantity
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that varies according to orientation via azimuth angle whereas for the isotropic vortex phase
function it is « for all orientations. The plot reaffirms that wherever the orientation is 7 the edge
is enhanced and for the remaining values the signum function does not exist and thus the edges are

not enhanced.

=
n
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Figure 63 Phase difference between two radially opposite points about the phase singularity for
function 5 with i = 30 and for an isotropic vortex.

The first set of results in Figure 64 display selective edge enhancement using the function
S ) in Eq. (130) with the value of m =10 fixed and varying the value of
By = 0, m/4, m/2 and 37/4 One can see in the figure that as the value of #u changes the enhanced
region moves accordingly. The set of results in Figure 65 are simulations with o = U to show the
effect of increasing the power m in the function < (£ ) to narrow the selected edge enhancement.
A further examination by taking a cross section as indicated by the red line in Figure 65 and
plotting intensity distribution is provided in Figure 66. The plots in this figure further emphasize
how for smaller power m as in Figure 66 (a) the edge is broader than for larger power as in Figure
66 (d). Thus, it has been shown that the function can achieve orientation and region selective edge

enhancement for a simple object.

iis B v ae2
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[ [ 1 i
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Figure 64 Simulation results of selective edge enhancement for a circular aperture using the
anisotropic vortex function S when m = 10 and #o = U, /4, 7/2, and 37 /4 (a-d), respectively.
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Figure 65 Simulation results to show the effect of increasing m in the function 5 on selectivity
(a-d) show that the region of edge enhancement narrows with the power of
e = 5, 10,30, and 50 respectively.
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Figure 66 Cross section of Figure 65 (a-d) to further show edge enhancement narrowing for
increasing power .

5.3 Generating Optical Vortex with Diffractive Optics for Plane Wave

A computer generated hologram can theoretically be produced by recording the interference
pattern between a plane wave and an optical vortex on a photoplate such that when a plane
reference wave illuminates the grating it would produce an optical vortex identical to the former.
The phase dependence in the azimuthal direction results in the splitting of the central fringe into ||
new fringes with formation of the fork structure as seen in Figure 67 (c¢). The first CGH grating with

this fork structure was realized by Bazenhov, Vasnetsov, and Soskin (1990) [63] and can be
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implemented either as an amplitude or phase grating calculated as the addition modulo 2 of a helical

phase #%I} (Jm#) with a diffraction grating.

Figure 67 Combining the (a) binary grating and (b) spiral phase mask produces a

(c) fork grating.

The pattern of the fork hologram is the interferogram of two waves, a planar reference
wave and an object wave that contains the holographic image. The object wave is the simplest

representation of an optical vortex on an infinite background field of amplitude €1 as
Eoni = Crexp (jmb]exp (—jkz), (131)
where m again is the topological charge and # is an angle in the plane transverse to the direction

of propagation. Assume the recording device is located at z = () and the point vortex is of unit

charge, m = 1, Eq. (131) becomes
Eaij = Crexp (j#), (132)
The reference wave of amplitude Cn has a wave vector that subtends the optical axis at angle %1

—j2nxy
A (133)

Erey = Cpexp (

where & = A/ sin 11 i the spatial period of the plane wave in the transverse plane. Unity contrast,
(({maz — fmin) (fmaz = 1)), is achieved by letting Cn = €1 such that the resulting interferogram

can be expressed as

Looo(x,8) = |Epeg + Eapjli—py = 205 [1 + cos (2mx /A + 8)] (134)

4
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Alternatively, one can express the transmission function in terms of a power spectrum of the

Fourier series [64]

J2mrne 'y

-
T(x.0) = Z(’.‘.,, exp (jmao) exp ( . (135)

Building the hologram to maximize the efficiency of diffraction in a particular order of diffraction

results in a transmission function expressed by

2
__,I'H COs | I — — T eos Oy
( A ) (136)

where o is the amplitude of the phase modulation, € is the constant absorption coefficient of the

Tz, ) = Chexp

hologram, and A is the period of the grating (fringe spacing).

The interference pattern between the plane wave and optical vortices are characterized by
a fork in the center. The charge of the vortex can be found by counting the number of forks or

subtracting one from the number of prongs as seen in Figure 68.

(a) (b) (c) (d)

Figure 68 An (a)m = 0, (b)m = 1, (c)m = 2, and (d)m = 3 fork grating.

5.4 Spiral Phase-Kernel Analysis for Plane Wave

In Section 5.2.1 it was demonstrated that the result of the vortex filter process can be derived by a
convolution of the original object function # [ ¥) with the vortex kernel, which corresponds to

the Fourier transform of the mirrored filter function ©*P (#) ag

1 2
s(r.o)= — [ [ exp [jé (i, )] exp (—j (g + .".f“}) dpudde
"'E'Jr S S Aperture 'Jl‘-'r , (1 37)
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rsing g = peosf gpd v = peosd Using the

where in polar coordinates * = sl ¢ and ¥

trigonometric sum formula, Eq. (137) becomes
Bx :{ ) 2% 2
s(r.g) - PP / / pexp(—jf) exp (—_j — 08 1"}‘) d pedts
a=0 AS ) (138)

Using the integral representation of Bessel functions of the first kind [65],
=0
o (2) =37/ ?—f exp (jzcosf)exp (jm#) db
i , Eq. (138) can be simplified as
2 P ; I .f
g(r,g) = Jexp i) / it (—:pj idji
A amo AN , (139)

where /1 is the Bessel function of the first kind, A the light wavelength, and f the focal length of

the two lenses which perform the Fourier transform
The explicit integrated, analytical form of Eq. (139) which is related to the field distribution

of a doughnut mode is [66]
(r, ) - ) Tomaz [I ('" )H (2“ ) J (h )m (3“ )
SN, " -
ro) = jexp(jo o { }Jrlu i :urrlr.l 0 }Jrf} Y L (140)

For comparison consider the convolution kernel of a simple two-lens imaging system without

vortex filter
-:IT:- Pieas }.-n— ;-‘"’ \l
2 Pmaz
sglr,0) = — [ pd, (—rp) dp = —.J ( o ——
floo TN r A ). (141)

where S (75 @) is the point spread function of a circular aperture with radius #max
Comparing Eqs. (138) and (141) the primary differences are in the orders of the Bessel

functions and the vortex phase factor ©XP [1%) which causes the vortex kernel to be #-dependent

[67].
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Figure 69 (a) Spiral kernel amplitude, (b) circular aperture transfer function amplitude, (c) and
(d) phase of (a) and (b), respectively, and (e) and (f) real part of kernel cross section,
respectively.

One can see from Figure 69 (a) and (b) as well as (e) and (f) that the spiral kernel has a

doughnut shape and is broader than the PSF which suggests potential decrease in resolution as a
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result of vortex filtering. In (¢) and (d) the previously mentioned azimuthal dependence of the

spiral kernel is shown where as there is none for the circular aperture.

The next section will discuss and simulate the generation of optical vortices with lenses and

spiral phase plate under Gaussian beam illumination.

5.5 Generating Optical Vortex with Lenses and Spiral Phase Plate for

Gaussian Beam

Analysis and results to this point have centered on the diffraction of a plane wave by a spiral phase
plate however, Saks, Rozas, and Swartzlander (1998) and Peele and Nugent (2003) [68, 69]
derived an analytical expression to describe diffraction a Gaussian beam by a SPP. In this situation

the complex amplitude at = = (I is represented as [70]

0 N TR S
S (p ) = ::{]1[ (p/w)” + jmt ’ (142)

where w is the width of the beam waist and as before (/% ) represent polar coordinates. The
paraxial approximation of the light field’s complex amplitude at a distance « via Fresnel diffraction

is given by [71-73]

. _ ik el 7 .
S (1, 00 d) ﬁ /;h ./r] .q:'” (r, &) exp (i .rz + p° = 2rpcos (g — 0 ]]) rdrdd
—a4/

- [—j]m_]ﬂjﬂ L '”IJ:E 1
N 2 i w il

39 d e pr® 13/ ¥ _
»eXp (,—Jtnn" - S f i . r_mrr.u)

2 d 2Ry (d) 2 w? (d)
L[ 1 ik o[ 1 jk Y
Fnij2 8 p° | —— + — —Tsri2 s p° | — -

K( | '-"{"’ L-uu zﬁ'..uu” " '-'{‘” L-m} zm.frf}]};,am

)

) ) ) w? (d) = 2u? [l + "fh"rl'n"!]

where i is the Bessel function of the second kind and »th order and s R §
_ _ a keeus?
Ry (d) = 2d [1 + :,ir;;.f,.;r], o=
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5.5.1 MATLAB Simulation: Spiral Phase Plate Filtering for Gaussian Beam

A vortex is simulated in MATLAB using the expression in Eq. (143) for a spiral phase plate with
a Gaussian beam. The parameters for the implementation are d = 138.15mm, [ = 300mm,
w = Zmmm, and A = 633nm. The input image is a slightly larger diameter white circle black back-
ground than before sampled at 1024 = 1024 with the filtered output result presented in Figure 70
(a) and (b) for d = Omm and d = 138.15mm, respectively. One can see from the filtered outputs
how the edges have been enhanced leaving almost a negative relief of the original image but with
slightly decreased intensity as seen in the intensity distributions of Figure 70 (c). The results for
d = Omm in (d) are less symmetric with varying intensity values at the two edges and different

side-lobe width for the left and right side of each edge.
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Figure 70 (a) Spiral phase filtering result d = (mm , (b) corresponding intensity distribution, (c)
spiral phase filtering result d = 138.15mmn, and (d) corresponding intensity distribution.

The next section will discuss and simulate optical vortices with lenses and different

variations of composite spiral phase plates under Gaussian beam illumination.
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5.6 Generating Optical Vortex with Lenses and Composite Spiral Phase

Plate for Gaussian Beam

In Section 5.2.2.1 it was shown that a filter made up of the superposition of two optical vortices
can perform directional edge enhancement. In this section the idea is extended to investigate
enhancement effects that result from shifting symmetric optical vortices of the same charge and

opposite charge.

The results for the composite vortices will be compared to a single optical vortex shifted

to center {0+ ¥ illuminated by a Gaussian beam expressed as [60,74]

SO (0,80, po, o) = exp | —( .J_,"':: ]
Sl o o) = exp | — (pss /w)” + gl ’ (144)

) _ { 2 2
where #sr = tan™" (y — yo/x — xg) and P+ = V& — xg)” + (¥ — ¥o) .

The complex amplitude for two symmetric optical vortices as depicted in Figure 71 adds a

second vortex to Eq. (144) with a phase shift of = expressed as [10,74]

S (00,000) = €x0 [ (o "+ ] + xp [ o[ +
S Lt po ) = exp | — (pagfw)” + Jmle | +exp | — (pa_jw)” + jmb,_ ’ (145)

/ 2 2
where #s— = V (& +x0)” + (i 4 Yo) and #«— = tan~ ' (y + yo /7 - T

The complex amplitude for two symmetric optical vortices of opposite charge changes one

of the charges in Eq. (145) expressed as [10, 74]

-.|I::| o I } — _ I"._,,_,-J-I r J } - [_ .'Ilf_.l.-' 2 3
St (020, p0,00) = exp | = (pay fw)” + jmbyy | +exp | = (pofw)” —Jmbs—| - 400

P, P,

Figure 71 Composite spiral phase plate separated by #=.
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5.6.1 MATLAB Simulation: Composite Spiral Phase Plate Filtering for Gaussian
Beam

The MATLAB simulation uses the same input image and parameters as Section 5.5.1. The
intensity distribution and filtered output using Eq. (144) for #o = 0. 0.0025, and 0.005 and #y =0
are shown in Figure 72 (a-c) and (d-f), respectively. As expected, as £u is closer to the origin the

filtering is more isotropic and as 0 moves further away from the origin the filtering is more

selective.
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Figure 72 Vortex profile for single optical vortex with Gaussian beam shifted #o = 1) and
po = 0,0.0025, and 0.005 (a-c), and corresponding filtered output (d-f).

The intensity distribution and filtered output for composite same charge vortices using Eq.
(145) for o = 0.0025 and 0.005 and fo = 0 are shown in Figure 73 (a-b) and (c-d), respectively.
As the shift and separation distance increases, the filtered output is noisier at the extracted edge
which becomes more and more prominent. This effect results because the two symmetrically
offset SPP corresponds to double-sided filtering which gives a second-order derivative [75]. The
double-sided filtering gives zero-crossing detection on the edge and is the reason a double-line is

observed at the edge location in the filtered output.
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Figure 73 Vortex profile for double optical vortex with Gaussian beam shifted #n» = U and
po = 00025 and 0.005 (a-b), and corresponding filtered output (c-d).

The intensity distribution and filtered output for composite opposite charge vortex using
Eq. (146) for s = 0.0025 and 0.005 and @ =0 are shown in Figure 74 (a-b) and (c-d),
respectively. The filtered output demonstrates that selective edge enhancement is maintained even

as displacement is increased.
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Figure 74 Vortex profile for opposite charge double optical vortex with Gaussian beam shifted

By = 0 and po = 0.0025 and 0.005(a-b), and corresponding filtered output (c-d).

The intensity distribution and filtered output for composite same charge vortices using Eq.

(145) for M = (0.0025 and |"'..l||| =3 and lr.'l|| =

7/2 are shown in Figure 75 (a-b) and (c-d),

respectively. These results illustrate how changing the filter orientation from horizontal to vertical

retains edge enhancement but this time in the orientation of the filter.
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Figure 75 Vortex profile for double optical vortex with Gaussian beam shifted 20 = 0.0025 and
By = 0 and 7/2 (a-b), and corresponding filtered output (c-d).

The intensity distribution and filtered output for composite same charge vortices using Eq.
(145) for po = 0, 0.0025, 0.005, and 0.0075 and #o = 37/4 are shown in Figure 76 (a-d) and (e-
g), respectively. The edges in the direction of orientation are enhanced for all values of #i such

that as the distance from the origin increases the contribution from all edges decreases.
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Figure 76 Vortex profile for double optical vortex with Gaussian beam shifted

The intensity distribution and filtered output for composite opposite charge vortices using
Eq. (146) for /i = 1. 0.0025, 0.005, and 0.0075 gnd #o = 37/4 gre shown in Figure 77 (a-d) and
(e-g), respectively. The filtered output contains edge enhancement with contribution from the
center for 0 = 0.0025 but as £ increases the selective enhancement effects increase in the

orientation of #u such that contributions from the center are no longer present
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Figure 77 Vortex profile for opposite charge double optical vortex with Gaussian
beam shifted 0, 0.0025, 0,005, and 0L.0075 and Ir-’|| = :{TL (a_d), and
corresponding filtered output (e-g).




5.6.2 Analysis: Composite Spiral Phase Plate Filter for Gaussian Beam

The previous section investigated the ability to tailor the amplitude and phase of the composite
beam by adjusting the relative amplitude, phase, and displacement of the composite beams. This
section investigates how the loss of symmetry results from violating the central singularity and
angular symmetry of the spiral-phase function leading to topographic images with relief-like
shadow effect [76]. The investigation focuses on the phase profile for amplitude, phase,
displacement, and charge changes of composite beams.

When analyzing phase profiles there are two possible types of singularities, the first is a
shear and the second is a vortex. A vortex singularity or screw dislocation is a spiral-phase ramp
of 2 around the point of the phase singularity which is where the phase of the wave is undefined
causing its amplitude to vanish [77]. A shear singularity or edge dislocation is w-phase shift so
that instead of the phase being undefined along a point as in the vortex case, it is undefined along
a line lying on a plane perpendicular to the direction of propagation [77].

The phase profile for the single optical vortex using Eq. (144) with #0 =0 and #n = 0 or
By = /2 is shown in Figure 78. The cross-section along the x-axis shown in (b) contains one
phase dislocation exists with the cross-section along the y-axis shown in (c¢) indicating that phase
dislocation is an optical vortex of charge +1, in accordance with the phase singularity sign
principle defined by Freund and Shvartsman (1994) [78]. Similar results are obtained for #o = ()
and pn = 0.0025 or pg = 0.00% with the phase dislocation shifted by £ as seen in Figure 79 (b)

7 /2 the cross-section along the y-axis contains an optical

and (e), respectively. Likewise for
vortex shifted by either 20 = 0.0023 or po = 0.005 with a cross-section along the x-axis similar

to the 20 = U as seen in Figure 80 (c) and (f), respectively.
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Figure 78 Single optical vortex for 7o = 0 and #o = 0 or #» = 7/2 a) phase profile, (b) cross-
section along x-axis, and (c) cross-section along y-axis.
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Figure 79 Single optical vortex for #o = 0 and po = 0.0025 (a) phase profile, (b) cross-section
along x-axis, (c) cross-section along y-axis and #n = 0 and o = 0.00% (d) phase profile, (e)
cross-section along x-axis, (f) cross-section along y-axis.
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Figure 80 Single optical vortex for o = 7/2 and po = 0.0025 (a) phase profile, (b) cross-
section along x-axis, (c) cross-section along y-axis and #o = 7/2 and po = 0.005 () phase
profile, (e) cross-section along x-axis, (f) cross-section along y-axis.

Generally, for finite separation new phase dislocations appear when the phases of the two

beams do not match up such as in the region between them. This phase mismatch is a minimum
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when the component beams have topological charge of opposite sign therefore one would not
expect to see dislocations [76]. The phase mismatch is a maximum when the topological charge
has the same sign such that dislocations form in the region between the two beams. Further

discussion on anticipated results using opposite and same topological charge follows.

When the beams are collinear and their charges are opposite,’t1 = —iz | only the center
of the beam has a vortex, if any [79]. Using Eq. (146) 71 = Land #o = 0 or P = 7/2, the phase
profile of the collinear beams contains no vortices and one shear singularity at 1 = U as seen in

Figure 81 (b) and (c), respectively.

i
| 1 1
i
e T i
2T i
| i
I o - T
LU}

s} el

Figure 81 Collinear opposite charge optical vortices #1 = 0 and #o = 0 or o = 7/2 (a) Phase
profile, (b) cross-section along x-axis, and (c) cross-section along y-axis.

As the displacement increases vortices appear at the same angular locations as the shear
singularities for the collinear case [80]. The vortices form as the displacement between the two
beams increases because the beams stop sharing regions of equal phase such that the regions of
destructive interference are no longer lines but instead become points. For the case of 11t1 = — 1tz
where 11 = 1 there is expected to be two vortices, one of charge i1 and one of charge "z [79].
Additionally, the region between the component beams is expected to have a phase that increases
smoothly.

For o = U and po = 0.0025 the phase profile and cross-section along the x-axis shown in
Figure 82 (a) and (b), respectively contain three phase dislocations. Examining the cross-section
along the y-axis in Figure 82 (c) and (d) provides further insight into the three phase dislocations
such that there is a vortex singularity of charge —1 at 20 = —U.0023 3 vortex singularity of charge
+1atpn = 0.0025, and a shear singularity of charge —1 at 0 = 0. The additional shear singularity
at the origin filters out the zeroth-order component of the Fourier transformed image and it is
expected that edge enhancement will be strongest on the edges in the direction of # = () as was

demonstrated in Figure 74 (¢).
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Figure 82 Displaced opposite charge optical vortices #0 = [1.002% and #y = 0 (a) phase profile,
(b) cross-section along x-axis, (c) cross-section along y-axis #0 = —L0025 and (d) cross-

section along y-axis /i = 0.0025,
In the case /0 = 0.0025 and @y = 7,2 the phase profile and cross-section along the x-axis
are shown in Figure 83 (a) and (b), respectively indicate two phase dislocations. These phase

dislocations are two are vortex singularities of charge F1 at /n = FU.0025,
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(a) (b}
Figure 83 Displaced opposite charge optical vortices 0 = 0.0025 and #y = 7 /2
(a) phase profile and (b) cross-section along x-axis.

Neither of the dislocations is aligned with the zeroth-order component of the Fourier
transformed image as seen in Figure 84 (b) and the amplitude is non-zero between the two vortices

as seen in Figure 84 (a). It is therefore expected that the filtered output at best the output will only
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be partially suppressed and have a relief like appearance [81] which is consistent with results for

ty = 3w/ 4 in Figure 77 (a) and (d).
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Figure 84 Displaced opposite charge optical vortices 0 = 0.0025 and @y = 7/ Zcross-section

along y-axis (a) normalized intensity and (b) contour.
Increasing the separation to #n = 0.005 the phase profiles for #o =0 and o = 7/2
produce the same number of vortex singularities and shear singularities as the fn = 0.0025 cage as
seen in Figure 85 and Figure 86, respectively. The filtered output for the #o = [ case again contains

orientation dependent enhancement as seen in Figure 74(d).
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Figure 85 Displaced opposite charge optical vortices 21 = [.00% and &y = 0 (a) phase profile,
(b) cross-section along x-axis, (c) cross-section along y-axis #1 = —{L003 and (d) cross-section

along y-axis 20 = 0.003,
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For the o = 7/2 case, the regions where the beams have similar phase are increased as

seen in Figure 87 (b) but the corresponding region has some amplitude of zero as seen in Figure
87 (a). Itis this zero amplitude which is anticipated to lead to filtering effects as demonstrated for

By = 3w /4
! i Figure 77 (e).
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Figure 86 Displaced opposite charge optical vortices 0 = 0.005 and #y = 7,2 (a) phase profile
and (b) cross-section along x-axis.
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Figure 87 Displaced opposite charge optical vortices 0 = 0.005 and #1 = 7,2 cross-section
along y-axis (a) normalized intensity and (b) contour.
In the case where the component beams have topological charges of the same sign,
iy = Mz, the composite pattern evolves from one central vortex and zero peripheral vortices to
two vortices when the beams are displaced [80]. The collinear case using "1 = 1 and #n = Uor

By =7/2in Eq. (145) produces a +1 vortex singularity at #0 = U as seen in Figure 88.
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Figure 88 Collinear same charge optical vortices #0 = U and #a = Uor iy = w2 (a) phase
profile, (b) cross-section along x-axis, and (c) cross-section along y-axis.

As the separation distance increases the composite pattern evolves from initially contains
one vortex to two vortices and a shear singularity in the transition [80]. Using fn = 0.0025 and
#y = 0in Eq. (145) the results in Figure 89 (a) and (b) indicate three singularities. Further analysis
reveals a shear singularity at #0 = U and two vortex singularities of charge +1 at 20 = FL.0025,
Due to the existence of a singularity at the origin, the zeroth-order component of the Fourier
transformed image is expected to be filtered out and selective edge enhancement in the angle of

orientation achieved as demonstrated in Figure 75 (c).
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Figure 89 Displaced same charge optical vortices 20 = 0.00235 and #y = 0 (a) phase profile, (b)
cross-section along x-axis, (c) cross-section along y-axis #0 = —0.0023 and (d) cross-section

along y-axis /0 = 0.0025,

Changing the orientation to #o = 7/2 results in three singularities as seen in Figure 90 (a)

and (b). There is a vortex singularity at # = [ and two vortex singularities of charge +1 at
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po = F0.0025, While this phase profile contains an additional vortex singularity instead of a shear
singularity, the zeroth-order component of the Fourier transformed image is expected to be filtered

and selective edge enhancement in the angle of orientation achieved as demonstrated in Figure 75

(d).
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Figure 90 Displaced same charge optical vortices /0 = 0.0025 and #y = 7/2 (a) phase profile
and (b) cross-section along x-axis.

As the displacement is increased to /n = 0.005 with #y = 0 three singularities are seen in
the phase profile in Figure 91 (a) and (b). The singularities are one shear singularity at #0 = U and
two vortex singularities of charge +1 at 0 = FL003, The increased displacement is anticipated
to maintain the filtering on the zeroth-order component and therefore yield selective edge

enhancement in the angle of orientation achieved as demonstrated in Figure 72 (d).
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Figure 91 Displaced same charge optical vortices £ = 1.00% and #y = U(a) phase profile, (b)
cross-section along x-axis, (c) cross-section along y-axisfn = —.005 and (d) cross-section
along y-axis 2o = 0.005,
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An orientation change to #o = 7/2 maintains the same number of singularities as

previously and presented in Figure 92 (a) and (b). The singularities are all vortex singularities, one
1 pn=0 41 pp = F0.005 . .

of charge ! at’" and two of charge ! at’" T . The change in orientation is reflected

in the selective edge enhancement in the angle of orientation as demonstrated for in ! '
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Figure 76 (c).
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Figure 92 Displaced same charge optical vortices /1 = 0.005 and #y = 7,2 (a) phase profile
and (b) cross-section along x-axis.

This chapter demonstrated and analyzed optical vortices for uniform or selective edge
enhancement. The next chapter focuses on the spiral phase plate as a pupil choice in the OSH

system so as to enhance edges in the reconstruction of original specimens captured by holography.
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6 ADVANCES IN OPTICAL SCANNING HOLOGRAPHY
WITH SPIRAL PHASE PLATE

This chapter details the novel combination of theories and concepts from previous chapters into
numerical routines and experimental demonstration. The optical system and mathematics for using
a spiral phase plate in an OSH system are presented in section 6.1. In Section 6.1.1 the discussion
focuses on simulating isotropic enhancement in the OSH system with the experimental realization
of the optical system in Section 6.1.2. The chapter includes several simulations demonstrating
anisotropic filtering with OSH in Sections 6.2.1 to 6.2.5. Additional simulations demonstrating
edge enhancement effects for two symmetrically offset vortices conclude the chapter in Section

6.3.1.

6.1 Optical Scanning Holography with Spiral Phase Filtering

As seen in Chapter 5, the spiral phase plate can be used as a filter to enhance the edges of an object.
Edge enhancement has found utility in a variety of image processing applications where detecting
the edge or shape is of interest such as in industrial inspection [82-85] and finger print
identification [86,87]. This is desirable in OSH applications such as microscopy where one seeks
to improve resolution and specificity of features within cells. The inclusion of SPP in holography
was first demonstrated by Bouchal and Bouchal (2012) [88] which modified Fresnel incoherent
correlation holography (FINCH) techniques to operate with vortex imaging. The switch between
standard FINCH and spiral contrast imaging operations as proposed by Bouchal and Bouchal
(2012) [88] could be achieved either by changing the optical recording based on application of a
helical reference wave or digital spiral-phase modulation during processing of standard FINCH
recordings. The SPP used in the FINCH method was based upon using a pure SPP. This is
disadvantageous to that presented in Section 5.5 in terms of filter suppression as the lower image
quality is due to a DC offset and the presence of ringing around the reconstructed edges. The
approach is based on self-interference and requires the capture of three phase-shifted recordings
sequentially which could introduce bias build-up when using complex objects. It is therefore
proposed to use a different SPP with OSH in an attempt to overcome these biases. This chapter
will detail the application of the SPP proposed in Chapter 5 to achieve edge enhancement either

by insertion of the SPP in the holographic recording of a traditional OSH system.

98



The addition of the SPP in a traditional OSH system begins with an optical system much
like that in Figure 20 but replaces the CDG with the SPP as shown in Figure 93 [9].

i [,
Laser | i :TLv L E";;r."
i LE L o
0, [_1_ ADM, EFF‘]’I-_‘—-_—- ——— Fh,
| ADM, P
c
g !
[ Pl B
™
o ] 1 I
w5 r Ul
& - i
P "““.'F' -.I'Jh Lack-in MEF =
[ A.I:H':Li,, '

{en, AMP 56 o

Figure 93 Optical system. [Used with permission]
As in traditional OSH, for the reference arm Pz (2,5) = d(ay) and using Eq. (25)

Py (@,y:2) = exp (#knz). For the information arm using /1 17 4} — 510 7.l 35 the spiral phase

plate, the Fresnel diffraction of the spiral phase gives

P> l-l .|:JITI x I ."‘|.:I|'.l_ i, _..'-:I:- e = |:'"|-_ i ' (147)

Using this in Eq. (29) gives the OTF for this system as

OT Pk by +d) = F7 {f{.‘:-'lfe. Hodl} | o hie gz 2] x expl gk ::} .

St od) s Fr{ho Loz b

,(148)
L -
and using To|™ =1 (2. y) i Eq. (50), the reconstruction equation becomes
File.giz4d)=H e, yiz 4+ d) @ bl z)
=F |J| f.}..lr-f'-j'\-,j'll"::lll-'a...I!.'.h,'_ hd) o FAlae )} s } @ hir, y; 2!
X TS (pbd) < F {1}, ) (149)
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6.1.1 MATLAB Simulation: Optical Scanning Holography with Isotropic Spiral
Phase Filter

The realization of the simulation begins with generation of the pupil function #1 [+ ¥/ from Eq.
(147) as shown by the amplitude of the filter and normalized amplitude of the filter through the
center in Figure 94.
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= h
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Figure 94 (a) Amplitude distribution and (b) normalized amplitude across the center.

The application of the proposed SPP to OSH begins by inserting a n: = 1 SPP into a
traditional OSH system via recording in Figure 93 by moving L1 forward and letting o = Umm
such that = = 106Gimm and the pupil function reduces to

i L, u) i . a0 0) = exp (— (E)_ +IJ|'H\‘I
e w /. (150)

The original image,! [+ ¥} in Eq. (149), is the black and white face of a pig sampled at
1024 = 1024 shown in Figure 95(a) with the normalized cross-section intensity distribution
through the middle of image as indicated by the red line is shown in Figure 95 (b). The cosine and
sine holograms using the spiral phase plate as a pupil are shown in Figure 96 (a) and (b),
respectively with the corresponding results for the reconstruction in Figure 96 (c) and (d). The
intensity reconstruction shown in Figure 97 illustrates the viability for the use of SPP to achieve
edge enhancement in the OSH optical system as compared to holograms reconstructed without the

filter as presented in Figure 98 and Figure 99 for cosine and sine holograms, respectively.
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Figure 95 (a) Original pig image and (b) normalized intensity distribution.
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Figure 96 Traditional SPP (a) cosine hologram, (b) sine hologram, (c) cosine reconstruction,
and (d) sine reconstruction.
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Figure 97 (a) Traditional SPP reconstruction and (b) corresponding intensity distribution.
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Figure 98 (a) Traditional cosine hologram and (b) reconstruction.
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Figure 99 (a) Traditional sine hologram and (b) reconstruction.
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The proposed SPP in Chapter 5 is realized by moving L1 back in Figure 93 such that
d = 138.15mm and = = 86G8mm in Eq. (143). The simulated cosine and sine hologram are shown
in Figure 100 (a) and (b), respectively with the results for the reconstruction for the holograms
shown in Figure 101 (a) and (b), respectively. The numerical reconstruction of the complex
hologram is shown in Figure 102 (a) and the horizontal intensity distribution for the center of the
image shown in Figure 102 (b).
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Figure 100 (a) Cosine and (b) sine hologram for input image in Figure 70 (a).
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Figure 101 (a) Reconstructed cosine hologram and (b) reconstructed sine hologram.
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Figure 102 (a) Intensity of reconstruction and (b) intensity distribution.

The filtered output for SPP in the OSH system when compared to those results presented
in Figure 70 (c) and (d) for spatial filtering with Gaussian beam has little deviation aside from
broader edges. Comparing the results in Figure 97 to those in Figure 102 (a) one notes that the
result from the SPP o = (mm 1s much weaker than the SPP « = 132.15mm and that the edge
enhancement is not as uniform. Further insight into these differences is gleaned by comparing the
normalized horizontal intensity distribution as seen in Figure 103 where the blue line represents
the traditional SPP and the red line the proposed SPP. One can see that the SPP « = (i has a
strong DC bias as well as sharper side-lobes which are not present in the SPP o = 138.15mm and

thus might account for edge enhanced differences.
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Figure 103 Normalized intensity distribution (blue) reconstruction at « = 138.15mm, (green)
original, and (red) reconstruction i = (.
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The previous results demonstrated via numerical simulation that edge enhancement
capabilities can be realized with optical scanning holography by directly changing the recording
process. The next section features optical experimentation with an optical scanning holography

system as in Figure 93 where one of the traditional pupils has been replaced by a spiral phase plate.

6.1.2 Experiment: Optical Scanning Holography with Spiral Phase Filtering
The optical system in Figure 93 was realized by Pan et al. (2014) [9] with a He-Ne laser with

specifications of 15mW, A = i32.8nm, and w = 0.Gmm; two lenses of focal length f = 300mum;
and a Zmim = 2mm SPP whose topological charge #n = 1. The interference pattern of a Gaussian
vortex at the i1 plane of distance « = 132.15mm from data collected by Pan et al. (2014) [9] is

shown in Figure 104 (a) and the interference pattern between a diffracted Gaussian vortex and a

plane wave in (b).

Figure 104 (a) Intensity of the beam at the pupil plane and (b) the interference
pattern between diffracted Gaussian vortex and a plane wave.

The two-dimensional amplitude transparency used as the input object is similar to that in
Figure 70 (a) with physical dimensions 20 = 20imm. Applying the method proposed in Eq.
(149) with the pupil function related to Eq. (143), the holograms were captured and their
visualizations as well the reconstructions accomplished in MATLAB from data collected by Pan
et al. (2014) [9]. The cosine and sine hologram are shown in Figure 105 (a) and (b) respectively
with the intensity reconstruction shown in Figure 105 (c). For comparison the results obtained by

numerical reconstruction are included in Figure 105 (d).
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Figure 105 Experimental realization of proposed SPP (a) cosine hologram, (b) sine hologram,
(c) intensity reconstruction and (d) numerical simulation result. [Used with permission]

The reconstruction via optical measurement and numerical simulation in Figure 105 (c)
and (d) respectively, are in fact quite similar in appearance with artifacts from the imaging system
and a slight stretch in the horizontal appearing in the former. These artifacts and stretching are
prevalent in holographic recordings captured using the standard OSH method as seen in Figure
106. The traditional OSH optical system was realized as in Section 6.1.1 simply by removing the
SPP from the setup in Figure 93 with the corresponding hologram and reconstruction results

illustrated in Figure 106.

Figure 106 Experimental realization of standard OSH (a) cosine hologram, (b) sine hologram, (c)
intensity reconstruction, and (d) numerical simulation result.
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Thus, from Figure 105 (c¢) and Figure 106 (c) one can see that using the optical results from
an experimental setup with the SPP that both edge preservation and enhancement are realized.
Results from inserting the SPP at « = (irm into the previously setup optical system produces the
results in Figure 107. While the experimental realization does illustrate some edge enhancement
similar to the numerical simulation results in Section 6.1.1, the edge enhancement is much thinner

and less evenly distributed making any task relying on edge preservation more difficult.

Figure 107 Experimental realization of traditional SPP (a) cosine hologram, (b) sine hologram,
(c) intensity reconstruction, and (d) numerical simulation result. [Used with permission]

The edge enhancement effects of using an SPP as a pupil in the traditional OSH optical
system have thus been demonstrated for a planar object. However, the results depend on
parameters of the optical setup such as placement and topological charge of the SPP. These results
can be extended via simulation to further examine edge enhancement with a SPP with different

topological charge, orientation, or aberration.

6.2 Optical Scanning Holography with Anisotropic Spiral Phase Filter

The results presented thus far have demonstrated the ability to achieve isotropic edge enhancement
by inserting a SPP with unity topological charge as a pupil in the OSH system. However, the SPP
might not always have unity charge, aberrations might be present in the optical system, or the SPP

might be oriented in a different direction. It is anticipated that the edge enhancements of the
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reconstructed hologram under these alterations will be less symmetric and more selective similar
to the filtering results in Chapter 5. The sections that follow aim to demonstrate selective edge
enhancement via computer simulation using these altered SPPs via (% #] in the information

arm of the optical scanning holography system in Eq. (144).

6.2.1 Anisotropic Spatial Vortex Filtering: Method 1 Superposed Vortex Filter

Utilizing the black and white pig image as the input, the simulated cosine and sine reconstructed
holograms that result from using a superposed vortex filter as calculated using Eq. (102) in the
information arm of an OSH system are presented in Figure 108 (a) and (b), respectively. The
reconstruction of the complex hologram using Figure 108 (a) and (b) is shown in Figure 108 (c).
The intensity distribution across the ¥ = U plane is shown in Figure 108 (d) for both the original
and reconstructed hologram images. Inspecting Figure 108 (c) and (d) one can see that edge
enhancement different from that in Figure 107 (d) has been achieved following the holographic
reconstruction. The results are similar to those in Figure 44 (a) in that edges appear to be enhanced
in one direction. Thus, direction dependent edge enhancement has been simulated with the

reconstructed hologram.
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Figure 108 Superposed vortex filter (a) cosine hologram reconstruction, (b) sine hologram
reconstruction, (¢) complex hologram reconstruction, and (d) intensity distribution.
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6.2.2 Anisotropic Spatial Vortex Filtering: Method 2 Siedel Aberrations

The simulated, reconstructed complex holograms that result from using an astigmatism aberration
as calculated using Eq. (111) are presented in Figure 109 (a) for <l. = 0.3 and (c) for A, = 0.7
and the corresponding intensity distribution profile for each in (b) and (d), respectively. As the

astigmatism coefficient increases the blurring increases and the contrast decreases.
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Figure 109 Astigmatism aberration (a) reconstructed complex hologram . = 0.3, (b)
corresponding horizontal intensity distribution profile, (c) reconstructed complex hologram
A, = 0.7, and (d) corresponding horizontal intensity distribution profile.

The simulated, reconstructed complex holograms that result from using an coma aberration
as calculated using Eq. (112) are presented in Figure 110 (a) for 1. = 50 and the corresponding
intensity distribution profile in (b). The reconstructed hologram has an increased intensity as

compared to other aberration effects but has increased ringing about the enhanced edges.
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Figure 110 Coma aberration (a) reconstructed complex hologram <. = 50, (b) corresponding
horizontal intensity distribution profile.

The simulated, reconstructed complex holograms that result from using a distortion
aberration as calculated using Eq. (110) are presented in Figure 111 (a) for A4 = 0.03 and the
corresponding intensity distribution profile in (b). The reconstructed hologram has an intensity

redistribution in the horizontal plane as seen by shift in the profile plot in (b).
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Figure 111 Distortion aberration (a) reconstructed complex hologram . = 0.03_ (b)
corresponding horizontal intensity distribution profile.

The simulated, reconstructed complex holograms that result from using an defocus

aberration as calculated using Eq. (113) are presented in Figure 112 (a) for Ap = 10~ and the
corresponding intensity distribution profile in (b). The reconstructed hologram has broadened

edges as a consequence of the defocus effects.
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Figure 112 Defocus aberration (a) reconstructed complex hologram 4 = 107" (b)
corresponding horizontal intensity distribution profile.

The simulated, reconstructed complex holograms that result from using an spherical
aberration as calculated using Eq. (109) are presented in Figure 113 (a) for 4. = 10" and the
corresponding intensity distribution profile in (b). The reconstructed hologram has some edges
which have wider intensity distribution spread due to ringing but their intensity is more enhanced

than in the filtered isotropic reconstruction.
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Figure 113 Spherical aberration (a) reconstructed complex hologram . = 10" (b)
corresponding horizontal intensity distribution profile.
It has been shown that the complex hologram reconstructions retain anisotropic filtering
effects in the presence of aberrations that result as part of optical systems. The selectiveness and

type of edge enhancement can be controlled by aberration type and aberration coefficient.
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6.2.3 Anisotropic Spatial Vortex Filtering: Method 3 Fractional Spiral Phase Filter

The simulated complex hologram realized with a fractional spiral phase filter in Eq. (114) with
m = 0.6and T = 77,4 is presented in Figure 114 (a) with the corresponding intensity distribution
in (b). The difference in edge contrast as one traverses the horizontal direction is apparent with
visual inspection of the results or by further analysis of the intensity distribution. Orientation
selective edge enhancement was realized with a fractional spiral phase filter of = (1.5 and
7 = 7/4. The reconstructed complex hologram and corresponding intensity distribution are shown
in Figure 114 and show both orientation selective edge enhancement as compared to Figure 115.
The enhancement is more symmetric due to the increase m in such that the vortex core is more
toward the origin the enhancement is more symmetric. Anisotropic filtering of the reconstructed

hologram has been simulated by fractional charge and orientation of the spiral phase filter in the

OSH system.
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Figure 114 (a) Reconstructed complex hologram with fractional spiral phase filter with 1 = (1.6
and T = 774 and (b) corresponding intensity distribution.
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Figure 115 (a) Reconstructed complex hologram with fractional spiral phase filter with 1 = (1.8
and T = 7/4 and (b) corresponding intensity distribution.
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6.2.4 Anisotropic Spatial Vortex Filtering: Method 4 Shifting Filter Singularity

The reconstructed cosine and sine holograms that result from shifting a vortex filter via Eq. (121)
with 2o = 0.005 and o = 37/4 in the information arm of an OSH system are presented in Figure
116 (a) and (b), respectively. The reconstruction of the complex hologram as calculated in Eq.
(49) is shown in Figure 116 (c) where after the reconstruction, the edges in the direction of
have the greatest enhancement. The orientation based enhancement that results from changing #n
is seen in Figure 117 (a-c) for the filter position in Figure 117 (d-f). Keeping #o = 37/4 and
varying /o = U, 0L0025, 0.005, and 0.0075 a5 seen in Figure 118 (d-f) the degree of edge
enhancement starts off small at first before increasing as seen in Figure 118 (a-c). Orientation

edge enhancement and degree of direction enhancement have been simulated in the reconstructed
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Figure 116 Shifted vortex filter (a) cosine hologram (b) sine hologram and (c) complex
hologram reconstruction for #n = 0.005 and #y = 37/

Figure 117 Shifted vortex filter (a)-(c) complex hologram reconstruction, and (d-f) phase
distribution for #n = 0.005 and #y = 0, 7/4, and /2 | respectively.
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Figure 118 Shifted vortex filter (a-c) complex hologram reconstruction and (d-f) phase
distribution for #o = 37/4 and po = 0.0025, 0.005, and 0.0075, respectively.

6.2.5 Anisotropic Spatial Vortex Filtering: Method 5 Power and Offset Angle

The simulated complex hologram reconstruction for edge enhancement using Eq.(130) with a fixed
value of m are shown in Figure 119 where the position of the enhanced region is based on the
value of #i. The results in (a-c) are as one should expect from Figure 59 with the orientation

change resulting from the reconstruction process.

o)

{a) I} ie)

Figure 119 (a-c) Complex hologram reconstruction for m = 10 and #o = 0, 7/4, and Jm /4
respectively.
The reconstructed complex hologram in Figure 120 shows that as the power of m increase
the less pronounced the selective enhancement and the blur or smearing overtakes the
reconstruction. Further investigation via the intensity distribution in Figure 120 (d-f) shows that

m = 5 has an almost uniform enhancement while 1 = 10 has the highest intensity with selective
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or non-uniform enhancement more on the left half of the object. Thus controllable anisotropy by

choice of power m and orientation ¥ has been simulated on a reconstructed complex hologram.
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Figure 120 (a-c) Complex hologram reconstruction for #n = 7 andr = 5, 10, and 30,
respectively and (d-f) corresponding intensity distribution.

The anisotropic edge enhancement that results from using an SPP with different topological
charge, orientation, or aberration as a pupil in the traditional OSH optical system have been
simulated for a planar object. The next section will extend some of these attributes to two

symmetrically opposite spiral phase plates under Gaussian beam illumination.

6.3 Optical Scanning Holography with Composite Spiral Phase Plate for

Gaussian Beam

This section combines one or more of the properties from the previous section on anisotropic
spatial vortex filtering to realize edge enhancement for two combined optical vortices as < L. ¢/]

in the information arm of the optical scanning holography system via Eq. (147).
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6.3.1 Anisotropic Spatial Vortex Filtering: Composite Spiral Phase Plate Filter for

Gaussian Beam

The intensity distribution and filtered output using Eq. (144) for a single shifted vortex with
po = 0,0.0025, and 0.005 and #y = 0 are shown in Figure 121 (a-c) and (d-f), respectively. As
expected, as 70 is closer to the origin the filtering is more isotropic and as 1 moves further away

from the origin the filtering is more selective.
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Figure 121 Vortex profile for single optical vortex with Gaussian beam shifted
po = 0,0.0025, and 0.005 and #p = 0 (a-c), and corresponding reconstruction (d-f).

The intensity distribution and filtered output for composite vortices of the same charge
using Eq. (145) for £ = 0.0025 and 0.005 and #y = 0 are shown in Figure 122 (a-b) and (c-d),
respectively. As the shift and separation distance increases, the filtered output is noisier at the

extracted edge which becomes more and more prominent.
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Figure 122 Vortex profile for same charge optical vortex with Gaussian beam shifted
po = 00025 and 0.005 and #y = 0 (a) and (b), and corresponding reconstruction (c) and (d),
respectively.

The intensity distribution and filtered output for composite vortices of opposite charge
using Eq. (146) for fo = 0.0025 and 0.005 apd #; = 0 are shown in Figure 123 (a-b) and (c-d),
respectively. As the shift and separation distance increases, the filtered output edges are less

strong.
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Figure 123 Vortex profile for opposite charge optical vortex with Gaussian beam shifted
po = 00025 and 0.005 and #y = 0 (a) and (b), and corresponding reconstruction (c) and (d).

The intensity distribution and filtered output for composite vortices of same charge using
Eq. (145) for #o = 0.0025 and 0.005 and #s = 7/2 are shown in  (a-b) and (c-d), respectively.
These results illustrate how changing the filter orientation from horizontal to vertical leads to no

edge enhancement due to the increased amount of low frequency information as seen in Figure

124 (a).
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Figure 124 Vortex profile for same charge optical vortex with Gaussian beam shifted
po = 0.0025 and 0.005 and @1 = 7/2 (a) and (b), and corresponding reconstruction output (c)
and (d).

The intensity distribution and filtered output for composite vortices of same charge using
Eq. (145) for /o = U, 0.00Z5, (LOUS, and 0.0075 and #0 = 37/4 are shown in Figure 125 (a-d) and
(e-h), respectively. The edges in the direction of orientation are enhanced for all values of A and

as the distance from the origin increases, the contribution from all edges decreases.
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Figure 125 Vortex profile for same charge optical vortex with Gaussian beam shifted

The intensity distribution and filtered output for composite vortices of opposite charge
using Eq. (146) for po = U, 0.0025, 0.005, and 0.0075 and # = 37/4 are shown in Figure 126 (a-
d) and (e-h), respectively. As expected, the filtered output contains only slight edge enhancement

for 0 = L0025 byt as fn increases the enhancement effects increase in the orientation of #o.
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Figure 126 Vortex profile for opposite charge optical vortex with Gaussian beam shifted
po o= 0,0.0025,0.005, and 0.0075 and #y = 37,4 (a-d), and corresponding filtered output (e-h).
The anisotropic edge enhancement that results from spiral phase filtering via spiral phase

i

£ 3

plate in an optical scanning holography system have been demonstrated via computer simulation
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for a simple planar object. These results can be extended for a more complex or three-dimensional

object and used for comparison to those from optical experimentation.
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7 FUTURE WORK

Recently the spiral phase plate was extended to three-dimensional hologram reconstruction in an
optical scanning holography system [89]. The authors applied the spiral phase plate in simulation
and optical experimentation to improve the depth resolution of the reconstructed hologram. Future
extensions include the ability to enhance the edges of individual optical sections in the
reconstructed three-dimensional hologram.

For instance, consider the application of the SPP in the holographic recording of a
traditional OSH system via digital processing for hologram reconstruction. Application of the SPP
filter function to traditional OSH hologram recordings begins with the optical experiment to record
the 2000 > 2000 traditional hologram acquired with A = 532nm,f = 10mm,_and w = 0.40319um,
For a three-dimensional Oscillatoria algae specimen as the input object, the intensity of the

traditional complex hologram is shown in Figure 127.

B
e

Figure 127 Traditional SH sstem recorded algae hologram. [Fair use]

As originally demonstrated by Indebetouw and Zhong (2006) [90], reconstruction of the
optical sections are obtained by Fresnel backpropagation using measured pupil functions to the
planes in which the different strands are in focus. The results from the backpropagation method
using the traditional OSH system and data from Indebetouw and Zhong (2006) [90] are illustrated
in Figure 128 (a) where for =0 = 130mim the strand from the lower left corner to the upper right
corner is in focus and (b) where for zo = 16l the strand from the lower center to the upper left

corner is in focus.
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(b)
Figure 128 Reconstruction of traditional hologram (a) for 2o = 130mmnt and (b) for
zn = 160mm, [Fair use]
The backpropagation reconstruction process can also be applied to the spiral phase plate

OSH system by modulating the measured pupil function with the spiral phase plate transfer

. . S{p, 8, d) @ hlx, s
function to obtain Fi5(p.6.d)} |f~'--f-:f 2 h(z, y: 2)

in Eq. (147). The results from the
backpropagation method using the SPP OSH system are illustrated in Figure 129 (a) where for
zn = 130mm the strand from the lower left corner to the upper right corner is in focus with
enhanced edges and (b) where for zo = 1l the strand from the lower center to the upper left

corner is in focus with enhanced edges.

(b)
Figure 129 Reconstruction of SPP OSH hologram for (a) zo = 130mim and (b)
zp = 1G0mm,

123



These initial results display enhancement of the edges for the portion of the three-dimensional
hologram in the in-focus plane and thus illustrate the viability for applying SPP to OSH via the
digital reconstruction process of traditionally captured holograms. Investigation into spiral phase
filtering isotropic and anisotropic effects for three-dimensional hologram reconstruction via
changes to the optical recording system or digital reconstruction remains an area ripe for further
exploration.

While the enhancements presented in this dissertation produced visually appealing results,
they are specific to the system and parameters as presented. Generalization of these techniques
and their effects to other systems and parameters requires additional investigation. This includes
investigation into low-coherence or partial-coherence processing, further analysis of phase plate
mismatch in optical scanning holography with spiral phase plate, and more optical experiments
aimed at application of enhanced optical sectioning realized with spiral phase plate filtering in
conjunction with optical scanning holography. As mentioned in the body of the dissertation, the
latter could be of particular interest for biological specimens such as cell wall health or other areas

where object identification can be aided with more enhanced and pronounced edge structure.
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8 CONCLUSIONS

This research set out to explore several techniques for enhancing the reconstruction of a recorded
specimen and its optical sections using the concepts of optical scanning holography. While current
techniques are able to enhance edges of the recorded specimen and alleviate out-of-focus haze in
optical sections, this comes at the expense of bias from self-interference for complicated specimens
and computational complexity in inverse filtering techniques due to the need for multiple decoding
functions when using 3-D specimens. This research sought to investigate, in simulation and optical
experimentation, the effects of adding optical elements to the recording process or modulating the
digital reconstruction processing on the reconstructed specimen.

The research proposed and demonstrated, for the first time, using optical scanning
holography the ability to reduce out of focus haze in holographic-section reconstruction with
circular dammann grating and random-phase coding pupils and the ability to record edge-only
information of an object holographically using spiral phase plates. Mathematical simulations and
optical experiments demonstrated out-of-focus haze could be reduced by adding either a CDG or
RPP to the recording process of a traditional optical scanning holography system. Further analysis
investigated the relationship between lateral deviation and pixel changes in the position of the RPP
to haze suppression and the quality of the resulting reconstruction. Mathematical simulations were
also used to demonstrate isotropic and anisotropic spiral phase filtering by replacing the pupil in
the information arm of an optical scanning holography system with a spiral phase plate. These
results were then compared to those achieved in optical experiments using the optical scanning
holography system with a spiral phase plate inserted during the holographic recording.
Simulations were then used to explore the effect of changing parameters, optical system
aberrations, using multiple spiral phase plates, and shifting the center of the phase plate on the
ability to produce varying degrees of anisotropic edge enhancement. Thus, the research
demonstrated in mathematical simulation and optical experiments the ability to modulate the phase
or replace pupil functions in a traditional optical scanning holography system and enhance the
reconstructed specimen captured via holographic recording.

These enhancements are not generalizable due to the specific system parameters and
optical elements used to conduct the simulations and experiments. Therefore, changes to these

variables in computer simulations and experimental investigations should be investigated.
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This study has contributed to the field of optical scanning holography by exploring
enhancements to the reconstruction of holographically recorded specimens both in computer
simulation and experimental investigation. The application of several optical coding and phase
filtering techniques in conjunction with OSH were motivated and realized for the first time in this
field through this research. The resulting reconstruction enhancements have the potential for
impact in a number of fields where analysis would be aided with increased resolution and enhanced
edge structures such as fingerprint filtering, biological cell analysis, optical character recognition,

and nondestructive testing and evaluation.
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