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ABSTRACT

The modulation in in~hercnt imaging systems for rcctangular and triangular bar targcts has
been investigated using Ha~ing apodisation filters. The results of contrast "aJtd cutoff freq~ency

response~ have been reported with the help of certain profiles. Different apo,disation parameters with
I

different values have been used for the calculation of image fnodulation.

Studies on the I transfer function- and the

equivalent pass-band of various 'apodising filters

have indicated the possibility of h~ving an optical
I.

system better than Airy or perfect lens approxl-

mation regarding white signal pow~r transmission-

Obviously, the next step in this direction is to study

the modulation of periodic targets of various

shapes; the results of certain targets with optical

systems apodised with Kaiser filters5 have already

been reported.

I
I. INTRODUCTION'

I
Investigations on tre use Qf rectangular and

triangular Ibar targets for the frequency response

studies of ~ptical systems under various imaging

conditions have been ~ontinually made during the

last three decadesl-4.11'ese studies have paved the

way for proper selection of test targets Ifor the

experimental measuremen~s of the optical transfer

function of ~arious optichl systems. A proper

understanding\ of the performance! of ol?tical

systems with dif~erent imaging conditions can tie

Iluu frolll lllcsc invcsligaliol1s. 'l'11is pllpcr uisc.:u.'i~cS

Ihc modlllnlion in incollcrent imngc!ibr rcclnnl~lllnr

and triangulJr bar targets by optical systems using

Hamming filters. \ I
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A(u) = al -a2 + 2<JJ12

(I)COS f/(I)/1

where

00 I
.4a2 sirl(n<x.7t) !
+ ~ L ---';t-' O(x + nro,y) T (x,y) (5)

, n=l
,

The inverse Fourier t~ansform of a 1 (x,y) gives

ris~ to the image intensity distributifn. It may be

wrItten as

at is the average irradiance and a2 the

modulation height about the average irradiance; (X

is the ratio of width of bright portion to the width

of dark porti6n of the intensity pattern; 0> is the

reduced angufar spatial frequency in the direction
,

u. The Fourier transform pf Eqn (I) represents the

object intensity spectrum at the entrance pupil of
..

the optical sy~tem. Thus

(6)

-

a(x,y) = II [(at -a2) + 2cxa2

--00 I

4~2 ; sin(na7t) '~ (x -nro,y) T (x,y)

+~.L., In I ,

n=lcos(nrou )]e-i(ux+vy) dxdy+
(2)

which, on further simplification becomes

a(x,y) = o(x,y) [(at -a2) + 2aav

(7), -
4a2 ~ ~r O (x -nfp,y)

+~.~ n
n=l

Using t~e properties of Dirac delta function,

the: transfer function T(noo) = O for n 00 ;?: 2, the

max.imum value of n is n 1 such that n 1 00 S 2. Then

Eqn (7) after simplification becomes
(3)

-

4a2 ~ sin (na 7t) O (x + nro,y)

+- 2 £-I n7t
n=l

-I
4a2 ~, sin (n~7t) T (no0) COS n 00 u

+-£J I 27t

n=l

(8)n

1a (x,y) = a(x,y) T(x,y) (4)
If tl1e tran~fer function T(nro) is normalised

,
such that T(o) = I, then Eqn (8), can be written aswhere T(x,y) is the incoherent transfer function of

1 1 1B (u ,v) = (al -aV + 2a a2

4a2 ~ sin (n a 7t) T (no0) cas n 00 u 1

27t £J n, t

n=l

1a (x.y) = O (x.y) ,
(at -aV + 2aav T (x,y) +-

(9)
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where

O (x) is the Dirac delta function.

The modified spectrum on the exit pupil is

given by

the system.

Then



\
~

Mo. rt al : MODULA11ON OF REcrANGULAR & TRIANGULAR BAR TARGETS

The Hamming, apodisation filters repr~sented
by the pupil transmission function 7 are .

I
f(r) = 0:54 + 0.46 cos p 1t r (10)

where

3. RESULTS & DISCUSSION
I

The intensity distributions in the images of

periodic rectangular and triangular targets were
obtained by evaluating Eqn (9). The modulation in
the images of the ~ystem to these targets have been
computed by the formula.

B = Bl(u~!!l(ul)min (12)

1 1 1 1
B (u )max + B (u )min

where

1 1 1 1 .
B (u )max and B (u )min are the maxImum and

minimum intensities of the image. respectively.

j
r is the qotmalised distance of a point on the

circular apertur~ and 13 is the apodisation parameter

which determines the nature of the nonuniformity
,

of transmission through the pupil.

Obviously, the aut1-correfation of the aperture

function is, by dejjinltion, the optical transfer

function of the pupil andican belexpressed as
I

l..Jt:7" I I

T (ro)N = J J [0.5" + 0~46cos 13i(x2 + y2) Yz]

0/2 O I

where

T(ro)N is t~e normalised optical transfer

function for the spatial frequency ro, with the

condition that T(O} d 1. The term x and y in

Eqn ( 11) 'are tQe Cartesian coordinates correspond-

ing to th1 polar coordinates, r .

The values of T(nro) can, be obtained by the
I

numerical integration Qf Eqn (li).
, .I

Figure 2. Modulation of rectangular targets for a = 0.50

~

FIKIlre I. Modulutloo or rtctunKIllur tllr~etl ror IX 1.0.25
I

Figure 3. Mlldululllln IIr reclangulur lurgel8 rllr a. 0.75
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Figure 6. Modulation or triangular targets ror a:!: 0.75
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Figure 4. Modulation or triangular targets ror a = 0.25
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varying slope which. in turn. indicates that the

modulatipn of i')~ensity in the' image is also

nonlinear. In rectangular ta~gets. tIle contrast of the
I I ,

images increases wi~h increasing values of P. i.e..

the lesser the cutoff frequency. the mdre is the
I

contrast. While studying the profile,s of triangular

targets. it has been observed tbat for a ~ 0.5. the
I

image modulation or contrast is relatively more

when compared with those for a = 0.25 and

a = 0.7,s. Hence'to attain 'more image contrast. a
,

moderate value of a = 0.5 can be utilised. It has

also been observed that for increasing a and

increasing p the image contrast increases. Table 1
I

shows the numerical values of Illodulation profiles
1

for different vfllue~ of a and p.

J}O.25

/Jo.o

Based on the results~ a quantitative as well as
,

qualitative behaviour of Hamming filter could be

well un~erstood. By. inore~sing the values of

apodisation parameter, ~, the user can have relative
,

control on the image contrast wh~n the optical

system is designed to record images" of feeble
I

objects, like stars. As the present i'nyestigation has
,

been carried out with incoherent'light, the wide

range of frequencies is a hurdle :on the image

quality. "Hence, an approxirha~ion has to be made

and the same has. been carried ;out using Hamming

apodisers, i.e. certail:t freque~cy range has been

cutoff. By increasing /3, image contrast increases, at

the cost of decreasing cu~.:off frequency. Th'is has

been observed in both re'Ctangular and triangular
..

0.1 0.3 0.5 0.70.9 1.1 1.3 1.5 1.7 1.9

(1)

Figure 5. Modulation of triangular targets for a = 0.50

Figures 1-3 represent the profiles of M versus
{1) for fj = 0, 0.25, 0.50, 0.75. and I values and

a = 0.25, 0.50 and 0.75 for rectangular targets and

Figs 4-6 represent the corresponding profiles for

triangular targets for the same v,alues of fj and a.

It has been found that for higher values of fj

the cutoff frequency decreases, for both rectangular

and triangular targets. In other words, with

increasing apodisation paramet~r, fj, the ability of
the pupil to c~toff certain ,frequency ranges

increases. The nonlinear profiles of rectangular and

triangular wave responses show a continuously

220



RAO, et al : MQDULA1lON OF RECfANGUl.jAR & TRIANGULAR BAR TARGETS

I
Table I. N'lmerlcal values or modulation profiles or rectangular and triangular targets

Modulation of ra:tangular bar targets MOOulation of triangul ar bar ta~ets

a = 0.25

13= 0.0

0.9002

0.6223

0.5737

0.4849

0.4261

0.3520

0.2563

0.1694

0.0937

0.0337

~0.25

0.9002

0.6294

0.58t6

.0.49lf>
0.4354 .

I
I 0.3541

q.2532
I d.1632

Q.0876

~ 0.0303

~0.75

0.~2

0. 6606

0.6126

0.5400

0.4365

0.2984

0.1758

0.0878

0.0340

0.0079

J}= 1.0

I 0.9002

10.6621

0.5973

0.4977

0.3424

0.1938

0.0916

0.0348

0.0098

0.0017

I}= 0.0

0.4052

0.3367

0.2863

0.2406

0.2003

0.1584

0.1154

0.0762

0.0422

0.0152

(I)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

~0.25 I

0.4052

0.3~7
0.2917

0.2462

0.2041

0.1594
I

0.1140

0.0735

0.0394

0.0136

I}= 0.50

0.4052

0.3506

0.3052

0.2591

0.2106

0.1570

0.1056

0.0626

0.0303

0.0092

13= 0.75

0.4052

0.3583

0.3138

0.2621

0.1997

0.1343

0.0792

0.0395

0.0153

0.0035

-
~ 1.0

0.4052

0.3545

0.3018

0.2335

0.1549

0.0872

0.0412

0.0157

° .0044

0.0008

a=O.5

a=O.75
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