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Abstract
Optical signal processors with the support of good coherence properties of light can perform one-
or two-dimensional spatial functions using single linear operators, such as optical Fourier
transformation. It is well known that a two-dimensional Fourier transformation can be obtained with
an aberration-free positive lens. The lens has been designed in this paper by using a compound lens
system in order to get rid of Seidel aberrations. The design of this lens system is governed by the
imaging conditions and has been done with optical design program, CODE V. The predesign of this

system is a symmetrical lens system.

Keywords: Fourier transform lens design, optical Fourier transformation.

1. Introduction

Optical processing can perform a myriad of
processing operations. This is primarily due to
its complex amplitude processing capability.
Optical Fourier transform processing s
frequently used in practice. The Fourier domain
(filter) processor and the joint transform (spatial
domain filter) processor are two types of Fourier
transform processors. The concept of optical
filtering was introduced originally by Abbe
through his studies on image formation in the
microscope with coherent illumination. These
optical filter processors make use of the Fourier
transform property of lenses that are free from
Seidel aberrations and are located in a
telecentric ray system. There is a restriction of
small field angles of these lenses because the
chief rays are kept close enough to the optical
axis so that nonlinear terms of the field angle
may be neglected. The restriction of small field
angles is dropped completely it Abbe’s sine
condition is fulfilled for the chief rays. The
Abbe’s sine condition also outlines the resulting
Fourier transform lens design. Early lens design
(or optical system as it is called by optical
designers) is a laborious work for the designers.
The lens designer starts with drawing light rays
(in itself a mathematical abstraction) originating
from an object. These pass through a glass
surface, and are bent or refracted through to the
image plane. For example. in a 6 element design
we need to calculate (by a mechanical and
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electrical calculator) 200 rays for every lens
surface. Three thousand rays. in all, for the
entire lens. That took a full three months of
work [5]. Today the introduction of the
computer and affordable optical design software
revolutionized the way lenses are designed and
evaluated. The process of designing lenses is
more direct, much faster, and infinitely easier
[6]. However, designing a lens is foremost a
creative act, based on experience and insight
into the real character of optical aberrations.

2. Theory of Optical Fourier Transforms

Fourier transforms have played an important
role in wave propagation in homogeneous media
and in the treatment of wave propagation
through lenses. The amplitude distribution in the
front and back focal plane of a lens forms, to a
good approximation, a Fourier pair of which the
point spread function is the Fourier transform of
the complex amplitude distribution in the exit
pupil. Considering a lens system in Fig. |.

object

Fig. 1 Fourier Transform Lens.
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Under certain conditions the field in the back ( — rect g/ )
= rect| >/,

focal plane of the lens can be shown as

proportional toG(v), the Fourier transform of

g(x), if the latter is illuminated by a plane wave. where

The field after the object g(x) s L <2

u, (x)=h(x)g(x). To make the equation simple, a rect(%j =" klty 3)
suitable choice b(x)=1 is made. By diffraction 0, otherwise

theory in the Fresnel region, the field «, at the After the lens, the field u, () is given by:

first surface of lens is: RS
f] u(g)=u,(s)plsle 4)
g) _e- [’ g(x)e{jz o Idx (1) Then, the field at the back focal plane is:
A JAr T o412 [
ks (€)=
The overall transmittance is p(cle >/ - V4

where p(c) is the pupil function associated with Substituting «, (¢ ) we get:

g)J 2 \_ (5)

the lens aperture and can be generalized to
include aberrations. Assume that the lens is
nonabsorbent lens of diameter D,

/AI/Z JkE2

”3(5 lﬁ f f x)e J ( )e /%;Ee{/%l, 5)Zj‘dga'x (6)
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Rearranging eq. (6), the equation below can be obtained as:
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e
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NG
% { o H stationary phase [1] is applied so that it
Since f plcle dg is a slowly becomes j/hp{ij[Ljf:[. The equation (7)
varying function for value A4 in an optical !
regime. To approximate this term, the method of becomes
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Let & be written in terms of the spatial frequency, & = ifv, so
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The two dimensional form of equation (9), becomes:
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Let a coordinate system in phase space be
written as (g, p), where ¢ is the height of a light

ray above the optical axis of a lens system and
p is the angle that the light ray makes with the
optical axis. The lens system transforms the
coordinate system by rotating the axes 90" as in
Fig 2:

P

Fig. 2 Fourier Transformation of the lens system
transforms the coordinates by rotating the axes
90°.
(¢.p)> (= p.q) (D

The Fourier transformation in Fig. 2 happen
when an object sits at the position of the front
focal plane and the image sits at the position of
the back focal plane. Therefore, if substituting
r=fin eq. (10), then the phase factor outside

the integral vanishes so that an exact Fourier
transform relationship between the front and
back focal plane of the lens system can be
obtained:

|
Glvow)=u,(v,w)= — glx, v)e 2 vy
o) s f f
(12)

3. Theory of Fourier Transform Lens

As mentioned above, the lens used to
perform a Fourier transform is an aberrationless
lens. Thus, a single lens cannot be used to
perform a Fourier transform when the field
angles are not small or the chief rays are not
close enough to the optical axis. In practice it is
feasible to achieve an accurate Fourier transform
with a lens system of more than one component.
A perfect Fourier transform lens should be
capable of transforming plane waves into perfect
diffraction limited point images and point
objects into plane waves, i.e. plane waves in the
space to the left of the lens should form
diffraction limited point images in the focal
plane to the right of the lens and likewise plane
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waves entering the lens from the right side
should form point images in the first focal plane
to the left of the lens.

Two coherent plane waves at an angle of 26
with respect to each other will form a set of
interference fringes in the first focal plane. The
fringe width w is given by:

I

f—

2sin@

(13)

Any periodic structure of spacing win the
first focal plane which is illuminated with a
coherent plane wave will then form plus and
minus diffracted plane waves which propagate
at the angle @ =sin '(4/w). The first order image
point focused in the second focal plane will be
spaced from the zero order by the amount:

d=f-siné (14)

where f is the focal length of the lens. When

a single thin lens performs as a perfect Fourier
transform lens, it will form the two images at the
heights given by f-tan@. This difference means

that the lens must have a slight amount of
distortion. Thus, a single lens with the aperture
in contact with it can not provide this distortion.
This is because a Fourier transform lens has an
effective aperture stop at the first focal plane of
the system, and the rays through the point
x=y=z=0 represent the chief rays. With help

of Abbe’s sine condition, the formation of a
perfect image of a point object can be made so
that the rays penetrate through the system at the
coordinate x=y=z=0. To perform Fourier
transforms by optical means, the simplest way is
to place a diffracting aperture in front of the lens
so that the point of observation is moved from
infinity into the back focal plane of the lens. The

diffracting aperture at the front focal plane can
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also be replaced by a number of coherent light
sources at infinity, where the phase and
amplitude of the light oscillations as well as the
Jateral locations of the light sources are chosen
such that each light source corresponds to a
particular diffracted plane parallel wave. To
have an equivalent ray path, all rays from the
light sources at infinity must penetrate the front
focal plane, and the resolution in the image
plane is solely determined by the aperture limits
in the front focal plane. If the numerical aperture
for this imaging process is to be changed, it can
be accomplished only by changing the aperture
in the front focal plane. Therefore, the effective
aperture stop of the system is located in the front
focal plane, and the rays through the point
x =y =z =0 represent the chief rays [2].

With this interpretation of the diffraction
process in the front focal plane, the imaging
conditions for a Fourier transform lens is such
that:

1. Images in the front focal plane must be
aplanatic, i.e. free from spherical
aberration and coma.

2. Images in the back focal plane must be
aplanatic, i.e. free from spherical
aberration and coma; and anastigmatic,
i.e. having a flat field free from
astigmatism and it is necessary to
reduce the Petzval sum drastically.

Due to the Stop-Shift Theorem [3], Petzval
curvature is independent of entrance pupil
coordinates as well as object distance; a flat
field in the back focal plane will automatically
provide a flat field in the front focal plane.

4. Symmetrical Fourier Transform Lens

Design
A lens system in this paper is a symmetrical
optical Fourier transform system  with

symmetrical location of entrance pupil at the
front focal plane and image plane at the back
focal plane relative to the lens system. One of
the advantages of a symmetrical system is that
the correction for only the first four Seidel
aberrations is necessary. By the way of
symmetry through the correction of spherical
aberration and coma in the plane at the back
focal plane, distortion from the fifth Seidel
aberration, receives its proper value (other than
zero) on account of the sine condition for the
axial image point in the plane at the front focal
ptane. In another words, it 1is virtually
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impossible to nullify distortion while the sine
condition is fulfiled because there is a
symmetrical relationship between distortion and
aplanatism. Therefore, to achieve a simultaneous
correction for the first four Seidel aberrations,
distortion may not be specified. The lens system,
such as photographic objectives, which have all
five Seidel aberrations minimized (especially the
freedom from distortion) are restricted only to
paraxial Fourier transform applications.

The symmetric optical Fourier transform
system has been designed by using lens
elements with refracting surfaces that are
spherical and rotationally symmetric. The design
consists of one pair of identical triplets that are
arranged symmetrically on a common optical
axis. The reduction of the overall length from
the front focal plane to the back focal plane of
the lens system has been accomplished by
placing all lens elements relatively close to the
input and output planes, thereby providing a
large overlap of the principal planes.
Furthermore, one of important criteria of Fourier
transform lens design is to fix the stop plane at
the front focal point of the lens system (see Fig.
4, Lens Data Manager Table) according to eq.
(10). At this point the Fourier transform lens can
replace a single lens exactly.

Since the first four Seidel aberrations need

to be corrected, six lens elements are the
minimum number required in this Fourier
transform unit. The six thin lens elements
provide five degrees of freedom. These are two
axial separations between the lens elements and
three bendings of the lens elements of one
triplet. Thus, the number of variables is larger
than the number of aberrations. Four lens
elements, two doublets, provide only three
degrees of freedom, thereby making a stable
correction impossible.
Fig. 3 shows the diagram of the Fourier
transform lens system displayed by the VIEW
function in CODE V [4].The effective focal
length (EFL) is 147.86 mm. The field of view
(FOV) is10°. The image height of the lens
system can be solved according to the infinite-
object-distance relationship:

Image height = f - sin(semi - FOV)
=25.8mm.

(15)
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The f-number of the lens system is fixed
aperture and f/1.5. The entrance pupil is

circular with diameter 100 mm.

The lens system in fig. 3 is found by using
the optimization function in CODE V. The
purpose of optimization is to generate the best
possible optical system that can be achieved

within a given set of physical and other
constraints. The term “best “ is measured by an
error function which combines image error data
into a single number that is made as small as
possible, i.e. the perfect lens system has a zero
error function.

58.14 MM

Fourier Transform Lens

Scale: 0.43

Fig. 3 Fourier transform lens system diagram.
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+Lens Data Manager

Refract

Refract

FK5_SCHOT Refract
© Refatt
SF4_SCHOT Refract
| Refiact
SF4_SCHOT  Refiact
T Refract

100000 ¥

40000 ¥ SF4_SCHOT  Refract

Refract

0000 Y SF4 SCHOT  Refract

17158 ¥ Refiet

400000 Y FKS SCHOT Refiact

nesV
0000

Rt
Ref;act

Fig. 4 Lens Data Manager show variables of the

indicating that it is a variable and ‘P’ pickup.

The error function of the lens system in Fig.
318 155.42016084 . The initial value of the error
function of the lens system before optimization
is 0.1303629x10°. The LDM (Lens Data
Manager) spreadsheet is shown in Fig. 4. First
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lens used for Lens design. *V’ stands for vary

order data is obtained after scaling the lens
system so that the scaled lens system has the
correct first order focal length and f-number.
The list of the first order data is shown in Fig. 5.
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t First Order Dat
INFINITE CONJUGATES

EFL 147.8600
BFL 33.1874
FFL -0.1908
FNO 1.4786
ING DIS  32.9966
OAL 416.6369
PARAXIAL IHAGE

HT 76,0717 ftme
ANG 10,0000
ENTRANCE PUPIL

DIA 100.0000
THI 0.0000
EXIT PUPIL

DIA  77476.0010
THI  -0.1145E406

Fig. 5 The First Order Data Sheets Show paraxial image height of rays.
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5. Analysis of the Lens System

There are many types of analysis in CODE
V. The results of these analyses will also guide
the setup for optimization.

Diagnostic Analysis

- Ray Aberration Curve (RIM)

A ray aberration curve is a useful way of
looking at ray trace data to see patterns that may
cause problems. Transverse ray aberrations are

measured on the image surface as the distance
from a particular ray to the chief ray for the
same field point (for a perfect lens, this should
be zero for every ray traced from the same field
point). Fig. 6 shows Ray Aberration Curve plots
in different fields of view. In Fig.6, the cubic
curves show mainly spherical aberration. The
automatic  scale value in Fig. 7 is
0.05 mm., 50 gm.

TANGLETIAL 548 DXEATIVE IAGITTAL
¢.9%98 TIESY MEIGNY &.9%08
¢ 4.180™
~8. 4330 ~% 3%¢¢
.38 RITALIVE
TI8L% HRICHY
#.8%% PRSP .5%68
9.1390 “%.3%6¢
£.38 DXLAIVX
6. 3596 FIERY KRICAT b a56t
¢ B33y
~G.139¢ 8. 3%0E
Fourier Transform Le
ns Ver 1 431.4900 30
BAY ABCESATIONS (MILLINITILS)
17 Sun=03

(a)

Ray aberration curves (1)
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TANGEWT TAL 1.66 KELATIVE TAGITTAL
4.0500 fiE13 xx1GN2 +.0500
(10.23%
/ T —\/
-$.9590 -1.0500

2.30 REIALIVE

o.0508 £IRLL ARICKS & 0500
¢ 3.858%

A~ \//

*3.9500 ~§.4500

2,48 XXXATIVE

0.0508 FiELS axiamz 9500
{ 6.038%

~ / /
/ ~_ \/

~3.8500 ~3.9%00

Fourier Transformw Le
ns Ver I

PAY ABERRAY LONS (1$ILLINETLRS)
1Z~Jan~02

wmmmemmmmmnernns BIL . 500% W

(b) Ray aberration curves (2)

Fig. 6 Ray Aberration Curves at Aperture Stop with the vertical coordinate; measured in lens units on
the image surface and the horizontal coordinate; the normalized aperture stop or pupil, the end point =
100% of the normalized stop.
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TANGENTIAL 1.00 RELATIVE
FIELD HEIGHT
0.0500
{ 10.009
-0.0500

Fig. 7 Automatic scale value of one of the ray aberration curves.

- Third Order Aberrations

THO $0..1
Fourier Transform Lens Vexr I
Position 1, Vavelength » 632,.8 NR

SA TCo TiS SAS P8 pST Ax LAT PTZ
TO| 0.000000 0.000000 ©0.000000 0.000000 0.000000 ©.000000 ©0.000000 0.000000 ©.000000
2 0.132109 «0.324151% 0.4186218 0.2394969 0.15109% «0.195859 3.000000 0.000000 ©0.001318
3 4.357567 6,466562 3.402359 1.269853 0.203600 0.628148 0.000000 0.000000  0.001772
4] =1.276026 «2.B23565 -2.135946 ~0,747517 «0.083303 -0.551364 0.000000 0,000000 «0,000464
4
13
?
8

~0.084134 0.110863 -0.209266 -0,176803 -0.160872 0.077657 0.000000 0,000000 ~0.001397
~0.715383 ~1.698704 -1.539173 ~0.642809 -~0.194627 -0.508792 0.000000 0,000000 -0.001693
~0.265263  0.403486 ~-0,206727 -0,070342 -0.002149 0.035665  0.000000 0,000000 -0.000019

0.167886 -0,270596 ©0.143232 0,046311 -0,002149 -D.024881  0.000000 0,000000 -0.000019

o] -2.753462 -2.831718 -1.165360 ~0.518205 ~0.194627 -0.177644  0.000000 0,000000 -0.001593
10] 0.210645 -0.391930 0.082505 -0.079544 ~0.160872 0.04933$  0.000000 0.000000 -0.001397
23] -1.548835 -1.710492 -0,682570 -0.26305% -0.0S3303 -0.09677¢  0.000000  0.000000 -0.000964
12z 1.735852 2.856966  1.770987  0.726063  0.203600  0.368332  D.0C0000  0.000000 0.001772
13] ~0.151709  0.151614  0.100569 0.134260 0.151095 -0.04472$  ©0.000000 0.000000 0.0013185

SUN  -0.191787 -0.061667 ~-0.023184 ~0.082325 -0.111910 -0.410904 0.000000  0.000000 -0.000974

Surface number of the lens system

Fig. 8 Third Order Aberrations Table.

Note: The abbreviations of the third order PTZ Petzval surface curvature.

aberrations stand for:
Geometrical Analysis

Transverse: - Spot Diagram

AX Axial colour LAT Lateral colour A spot diagram gives a quick and easy
SA 3" order spherical aberration analysis of the image quality. The various field
TCO 3" order tangential coma positions are plotted vertically, while multiple
SAS 3" order sagittal astigmatic blur focal positions (if defined by command in
TAS 3" order tangential astigmatic blur CODE V) are plotted horizontally. Fig. 9 shows
PTB 3" order Petzval blur a spot diagram with one focal position and Fig.
DST 3™ order distortion 10 shows a spot diagram with seven focal
Curvature: positions.
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6.00, 1.00
0.800,16.00
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0.003,0.000
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1 Pr————————

9.00800

Fourier Transform Lens

Fig. 9 Spot Diagram of a Fourier transform compound lens with single focal point.

DG stands for degree.
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FIELD
PO ITION ! ! ! ! T ! J

EEMY Y X X X EEE
0?6:::3?6:: oo [ . . . . ¢ & $ -
ooogg:soogg oo | . . $ S L ] [ ] 8
vwamn @) @ ©® @ e . * -
| @ @ ® . . . » -

0.80, 6,09 » . . i
0.000,0.000 DG . e - L4 .

11.3 W
1 1 1 1 1 | T asumasmnars nunl
DEFOCYSING  -1.500 -1.000 -0.560 ¢.008 6.5090 1.000 1.560

Fourier Transform Lens

Fig. 10 Through-Focus Spot Diagram Shows spot diagrams at different seven focal points.
DG stands for degree.

- Field Aberrations (Astigmatism and height differs from this prediction, the image has
Distortion Analysis) distortion. Fig. 11 shows the resulting distortion
The image height is related to field angle by curve.
the relationship s = f.sin@. If the real image
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ASTICHATIC
FI1ELD CURVES

LRLE (o)

iy

15.00

7
|
N 1
¥
¥
i
14
4
!

i
0.4 0.0

T
e.¢

rOCUS (XILLIRETEES)

9.

DISTORTICON

ANGLE (3n9)
- 12.00

+ %43

+ $.04

* BISTONTICN

Fourier Transform Lens

Fig. 11 Field Curves and Distortion of a Fourier transform compound lens.

Units of focus are MILLINETERS

ROTATICAIALLY BYMMETRIC FIELD ABERRATIONY

POZITION 1 Fenrrer Tranzfors Lens Ver I
SCAN LINYEARI
RELATIVE ARGLY IRAGE REFERENCE
FIZLD HEIGHT  (DEGREES) BEIGHT  IHMAGE HEIGHT

0.60 0.0000 0. 000600 6.000000

@ 0.05 @ 0,5500 1,290308 1.28600%
0.10 1.6600 2. 480812 2.572017
0,15 1.5000 3670808 3.858026
0.20 2.0000 5.160193 5.144035
0.25 2.5000 5.449163 6.430043
0.30 3.0000 7.738215 7.7160852
0.3% 3.5000 $.026346 9.002063
0.40 4,0000  10,313754 10.288070
0.4% S.5000  11.6D033%7  11.574076
0.59 5.0000  12.865993 12.660087
0.5 £.5000  14.170622 14.146096
0.69 £.0000  15.454133 15.432104
0,65 6.5000  16,73639%  16.718113
0.9 7.0000  18.007349  18.0041322
0.75 7.5000 19296877  19.29013D
0.80 £.0000  20.S74884  20.376139
0,85 B.500D  21.651278  21.862148
0.50 9.0000  23.128965  23.14615¢
0.9 2.500D  24.398848  24.434165
1.00 16,0000 25,720174

TY

ERROR

{PERCENT)

©.0000
D.33%3
©.3303
$.323%
©.3143
0.3020
©.2672
0.1698
0.2457
G.2269
0.2014
[o ¥s11
£, 3427
&, 30%4
2.073%
2.0380
-0, 0063
-3.0497
~0.09%%
. 1445
-0.18587

Calibrsted Focal Leogth «

LOCAL ERROR
{PERCENT)

33187
3343
262
3101
2859
2538
2.2133
0. 36850
0.1088
0847
-0.027¢
=3, 1073
«G. 1949
~,2903
-0.3933
~G.504C
-0.6222
-3, 7476
-0, 8604
-1.0207
-1.3480

®

LOoeow

147.3657

CRCECHNGRCEC)

Frection of angle in object space

Chief yay angle in object space in degrees
Ray tracs image height

(Calibrated focal length.f) «(3 « w186 )

100 «(¢/p-1)

) =100 «Je )¢ - )UDk)- ol -1 -1}

(a) Field Aberration-Linearity table. Show the actual image height in column C and f *0 image

height in column D.
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Fourier Transform Lens Ver I

FIELD ABERRATIONS

ANGLE X-FOCUS T-FOCUS E-FOCUS Y-FOCUS DISTORTION
{DEG) AT THE IMAGE SURFACE {DISPLACED BY 0.455010) {PER CENT)
0.00 -0.264103 —0.264103 0.190907 0. 190907 0.00000
1.01 -0.266974 -D.265380 0.188037 D.189630 -0.01584
z.0z2 -0.275536 -0.263130 0.179474 0.185880 -0.06329
3.03 -0.zE9642 -0.275191 0.165369 D.179819 -0.14221
4.03 -0.309042 -0.za3zon 0.145968 0.171720 -0.25233
5.04 -0.333392 -0.293083 0D.121619 0.161357 -0.39320
.04 —0.362246 ~0.309009 D.092762 0.151001 -0.56463
7.04 ~0.39507% -0.315594 0.0595935 0.139416 -0.76580
z.03 -0.431242 -0.327166 0.023768 0.127844 ~0.99616
9.02 -0.470028 -0.338013 -0.015019 0.116998 -1.25498
10.00 -0.510626 -0.347367 -0.085616 0.107643

of focuz are MILLIMETERS

displaced from the chief ray.

Fig. 12 The Table (a) replaces the astigmatism

and distortion Table (b) with a linearity table to
show actual image height and f *0 image
height for 20 equally spaced points across the
field; % difference of these is also listed.

In Fig. 12, the Table (a) replaces
astigmatism and distortion table with a linearity
table to show actual image and f.6 image
height for 20 equally spaced points across the
field; % difference of these 1s also listed. The

the distortion of the real rays

distortion table shows the distortion (percent)
which is about 1.54% . These calculations are
based on tracing real rays that are slightly
displaced from the chief ray. This distortion is
calculated from Fig. 13 and Fig. 14. In
Fig. 13, the image height is calculated from
f-tan@=26.071774and, in Fig. 14, the image

height is calculated from f-sin @ = 25.66982.

FI10 $0..1
Fourxier Transform Lens Ver 1
Position 1, Vavelength = 632.8 NM
HHY Uy N o* INY HCY ucy N * ICY
EP  50.000013 0.000000 0.000000 0.176327
STO  $0.000013 0.000000 0. 000000 0.000000 0.176327 0.178327
2 50.000013 0.092575 ~-0.283054 5.818186 0.129430 0.143390
3 53.703004 0.270124 0.542870 10.995396 0.219475 0.275318
4 56.597592 0.135252 0.314777  13.347239 0.120928% 0.23000%
& 62.007676 0.048020 ~0,203591 18,184235 0.156264 0.082477
& 62.487871 -0.082469 0.304546 19.746872 0.054576 0.237329
7 $9.189108 ~0.166872 ~0,196987 21.929892 0.087125 0.075967
8 42.133300 -0.104558 ~0,145435 30.8348S5S 0.043073 0.102814
9 37.950989 ~0.299743 ~0.455540 32.557760 ~0.,024837 ~0.158494
10 34.953%63 -~0.232083 -0.157910 32.308387 ~0.070369 0.106266
11 25.670247 -0.421256 -0.441508 29.49463% ~0.140568 -0.163838
12 21.1%56174 ~0.248339 ~0,528703 27.988337 -0.048104 ~0.28B2718
13 11.222602 ~0.3381358 ~0.274626 26.064158 0.000228 Q. 147779
IHG ~0.089308 ~0.338158 0.000228

Fig. 13 Paraxial Ray Tracing Table.
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o

Fig. 14 Real Ray Tracing Table.

Through-Focus Spot Diagrams

- Point Spread Function

Lens iz assumed to have been changed--TOR coefficients reinitialized.
Tolerances/Compensators are unchanged.
8]
Fourier Transform Lens Ver I
Position 1, ¥avelength = 632.8 NH
p 4 k4 Z TANX TANY LENGTH
1OBJ 0.00000 ~-0.178E+12 0.00000 Q.00000 a,17633
STO ¢.00000 0.00000 0.00000 0.00000 0,17633 0.00000
2 0.00000 5.80138 -0.098529 0.00000 0.12872 33.40884
3 0. 00000 11.00216 0.30763 0.00000 0.22282 40.73627
4 0.00000 13.33796 0.07018 0.00000 0.12064 10.73580
s 0.00000 18.07516 ~0.66378 0.00000 0.,15636 36.55080
& 0.00000 19.86941 0.81171 0.00000 0.08285 11.61488
? 0.00000 21.93401 ~0.12239 0.00000 0.08426 39.12041
8 0.00000 30.57637 0.23785 0.00000 0.04134 102.,83251
9 0.00000 32.13203 ~2.1285% 0.00000 -0.02736 37.66573
10 0.00000 31.74405 2.05301 0.00000 -0.07116 14.18687
11 0.00000 29.06730 ~-0.33334 0.00000 ~0.14297 37.70878
12 0.00000 27.76901 -1.96800 0.00000 -0.04790 9.17343
13 G.00000 25.66886 1.874%86 0.00000 0.00003 43.89323
1KG 0.00000 ©.00000 0.00000 0.00003 31.12161
OPD = 0.000 Vaves

A through-focus spot diagram is shown in
Fig. 10 with seven focal positions starts at
—1.5mm. in steps of 0.5 mm.

Diffraction Analysis

Diffraction analysis calculations take into
account the wave nature of light, so that even a
perfectly corrected system will have a finite
image spot size and frequency response.
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The Point Spread Function option gives
detailed image structure information including
all diffraction effects. Fig. 15 shows the spread
function diagram which is 3-D projection plots
and colour displays. The Strehl ratio is 0.0188
and the total energy through the pupil, contained
within the central maximum, is about 99%. The
point spread function in Fig. 15 is plotted with
some amount of spherical aberration and coma.
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Fig. 15 Point Spread Function of a field angle of 0 degree.

- Modulated Transfer Function spatial frequency), even a poor lens will have a

MTF essentially analyzes the spatial good contrast, while for higher frequencies (fine
frequency response of an optical system. The details), aberrations and diffraction blend the
maximum frequency is the axial diffraction dark and light areas. Fig. 16 shows the
limit, and the increment in frequency is 1/60 of modulation transfer function at different field
the axial diffraction limit. Modulation is relative angles of Fourier transform lens. Fig. 17 shows
contrast, with 1.0 representing ideal contrast the modulation transfer function for the lens
(perfect black and white, no degradation to with spherical aberration.

intermediate grays). For large features (low
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Fig. 16 Modulation Transfer Function.
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Fig. 17 Modulation Transfer Function with a spherical aberration.
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To show that the compound lens obtained in CODE V. The results of simulations with a
this paper is well-designed, the lens system is comparison table are as the following (Figs. 18-
compared with the bi-convex single lens. The 22):

bi-convex is modeled and simulated using

» Lens Bota Manages

Raftact
Rafract
BK7 SCHOT Refract
Relract
Refract

Fig. 18 Lens Data Manager of a single lens.

INFINITE CONJUGATES

EFL 155,2997
BFL 148.7253
FFL 00,0000
FNO 1.4786
IKG DIS 128.3600
QXL 168.2253
PARAXIXL 3 *
o e fSilO
ANG 5.0000
ENTRANCE PUPIL
DIx 105.0316
THI 0.0000
EXIT PUPIL

DIk 0.2664E410
THI 0.3939E+10

Fig. 19 List of First Order Data of a single lens.
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HO 80..1
Single Lens
Pomition 31, Wavelengih » 632.8 KR
£33 TCO TAS %A3 PTB 03T ¥4 LAY T2
TO  0.000000  0,000000 0.000000 0.C00000  0.000000 0.000000 0.000000  €.000000  0.000000
2 ~0.657115 ~1.002737 ~0.577811 -~0.237778 ~0.067762 ~0.120948 0.000000 0.000000 -0.002171
3 ~B.4%B44% -3.385%506& ~0.508273 ~0.214932 -~0.067762 -0.028284 0.000000 0.000000 ~0.002171

UN ~9,158560 ~4.357804 ~1.087084 -0.482711 -0.135524 -0.149232 0.000000  0.000000 -0.004342

Fig. 20 Third Order Aberrations of a single lens.
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Fig. 21 Spot Diagram of a single lens.

Aberration coefficients A single lens | A compound lens Correction
34 (spherical aberration) -9.1555€0 -0.191757 97.9%
TCO (tangential coma) -4 357804 -0.061667 99.3%
TAS (tangential astigmatic blur) -1 087084 -0.023154 99.5%
SAS (sagittal astigmatic blur) -0452711 -0.082325 95.5%
PTB (Petzval blur) -0.135524 -0.111910 797 %
DET (distortion) -0.149232 -0.410904 66.4 %
PTZ (Petzwal surface curvature) -0.004342 -0.000974 Ti6%

Fig. 22 Shows the degree to which the design change of the Fourier transform
lens has corrected for the aberrations.

92



Thammasat Int. J. Sc. Tech., Vol. 10, No. 3, July-September 2005

5. Conclusion

In this paper, the Fourier transform lens has
been designed using a compound lens system
which is comprised of six elements of lenses.
The Fourier transform lens is well-designed
because most of the aberrations are corrected as
shown in Fig. 8 (Third Order Aberrations
Table.)
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