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Abstract.

The formation of straight-edge images by an optical system with a circular aperture apodized using Bartlett
filters has been studied. One of the most common problems in coherent imaging systems is edge ringing. As the
apodization parameter increases from 0 to 1, the severity of edge ringing reduces, and the edge gradient
becomes smoother, but this comes at the cost of increased edge shift. Notably, when the Bartlett amplitude filter
is applied with an apodization value of B = 1, and the system is affected by primary spherical aberration and
defocus, edge ringing is almost completely eliminated.
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. Introduction

Apodisation involves intentionally altering the transmittance of an optical system, thereby influencing
its imaging performance. This technique also proves effective in managing the impact of aberrations in coherent
imaging systems. In coherent imaging of edge objects, three primary factors contribute to image degradation:
edge ringing, edge gradient, and edge shifting. Instead of displaying a sharp geometric edge, the image appears
as a series of fringes. Edge ringing arises mainly due to the abrupt cutoff in the transfer function of optical
systems (Considine, 1966), and can also be interpreted through the amplitude impulse response (or point spread
function, PSF), which contains negative amplitude regions responsible for this ringing effect (Mills and
Thompson, 1986). Physically, this phenomenon is analogous to the mathematical "Gibbs phenomenon”
(Papoulis, 1962).

Edge shifting occurs because of the non-linear nature of the coherent imaging process, resulting in the
apparent displacement of the edge toward the region of higher transmittance (Gaskill, 1978). This effect can be
reduced by increasing the transmission of the optical pupil (Asakura and Araki, 1976). Edge gradient refers to
the steepness of the intensity transition across the edge. For the same object and optical system, the edge
gradient tends to be higher in coherent images compared to incoherent ones. Apodization is a technique used to
alter the imaging characteristics of an optical system by shaping its entrance pupil, thereby suppressing ringing
in the system’s impulse response (1-3).

Since the introduction of lasers, coherent edge imaging has become increasingly important in the field of
image science. One of the key issues in such imaging is edge ringing, which is quantified by the height of the
first intensity peak above the normalized average irradiance level of one [4]. While the term "ringing" is
typically associated with ripples in the time domain, it is also used to describe similar effects in the frequency
domain. Ringing introduces visual artifacts and must be minimized for clearer imaging. Edge gradient refers to
the rate of change in image intensity per unit variation in the Z-direction near the geometric edge—specifically
atZ=0[6].

Most studies on image formation by aberration-free optical systems, as well as efforts to improve image
quality, have been extensively carried out under the two extreme cases of coherent and incoherent illumination
[5-12]. Apodization can be implemented through various methods, such as modifying the geometry or
transmission properties of the aperture [13]. One approach, known as aperture shaping, involves altering the
shape or size of the aperture itself. Another method, called aperture shading, uses an apodizing filter placed over
the pupil to adjust light transmission. In essence, apodization is the intentional modification of the pupil function
to control the light distribution in the point spread function (PSF), thereby enhancing image quality [14]. The
formation of straight-edge images by an optical system with a circular aperture apodized using Bartlett filters
has been studied.
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Theory and Formulation
The Mathematical expression of Amplitude transmittance of an opaque straight edge object (15) is given by

Au,v) =1 for U>0

=0 for u=>0<0 )
It is evident that A(u,v) has a discontinuity at U= 0. It cannot be, therefore, Fourier transformed directly.
However, its Fourier transform is obtained by expressing it in terms of the Signum function.

Auv) -2 [1+Son(u)] 2)

Where Sgn(u) is defined as
Sgn(u) =1 for u>0
=-1 for U<O (3)
A sequence of transformed functions which approach Sgn(u) as a limit should considered, as this

function also has a discontinuity at U =0.
As an example, the function

f(u)=[exp(- 7/|u|)Sgn(u)] —Sgn(u) as y >0 (@
The transform of (4) is given by

FT[f(u )]:_Texp(— 7|u[)Sgn(u)exp(- 2izu x)dx

- .T— expl(y—i2x x)u]dx+Texp[(—7/+i 27 x)u]dx

1 1
= )
(7/—i27z'u)+(7+i272'u) ©

1
As ¥ — 0, the above expression equals (— ie., the Fourier transform of
Iz u

f(u)=exp(-7|ul)sgn(u)] = )

izu
Thus, expressing the straight edge in terms of as given in (2) its Fourier transform can be obtained as

FT[A[ V)] = F.T.E {1+Sgn(u)}}

[1+ (= 7| u[ Sgn(u))|exp(=i 27 u x)dx

- 1[5(><)+i} (7)

Il
é'—:S

Where 5(X), the Fourier transform of unity, is the well —known Dirac-delta function. The expression

(7) gives the Fourier spectrum of the object amplitude distribution defined by (1).In this spectrum, the presence
of a large zero frequency impulse at is observed, in addition to the other non-zero frequency components.
Looking at the object function, it appears at the first sight that is purely zero frequency input to the optical
system and therefore, the presence of those non-zero frequencies in the spectrum of such an object may appear
rather strange. It should be, however, observed that the object function has zero transmission over one-half in its

own plane and a transmission equal to unity over the other half. In other words, A(u,v) is zero for U< 0 and

then there is an abrupt discontinuity at U =0. Thus, A(u,v) is not a true d.c. signal as it is not constant over
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the entire interval ranging from —oo to oo, and this explains the presence of the other frequency components in
the spectrum.

The imaging situations, encountered in optics are generally concerned with objects where amplitude or intensity
variations are to be considered in two dimensions. The complex object amplitude distribution as defined in (1)
implies that there is no variation in amplitude transmission of the object along the entire V -direction. This will

give rise to an infinite impulse at y=0in the spectrum plane and can be represented by the Dirac-delta
function 5(y). Finally, therefore, the two-dimensional F.T. of the object function is obtained as

a(x,y) = %{%%%} s(y) ®

The above expression gives the spectrum of the object amplitude distribution A(u,v) at the entrance pupil of
the optical system. The modified object amplitude spectrum at the exit pupil of the optical system will be given
by

a(x,y)=alx,y).T(x,y) ©
Where the pupil function of the given optical system containing aberrations is can be expressed (ARAKI and
SAAKURA, 1978) by

T (x,y)="f(x y)explig(x,y)] (10)

Where f(x, y) denote the amplitude transmittance over the pupil and ®(x, y) indicated the wave aberration
function of the optical system. In the absence of apodisation, f(x, y) is taken to be equal to unity i.e., for the Airy

pupils, f(x, y) = 1.
For defocusing, primary spherical aberration, the aberration function can be expressed as

(1 1
p(xy)=|-T|>gr’+3or'|| @
2 4
¢d is the defocusing parameter, ¢, is the primary spherical aberration parameter. Hence, expression (10)
becomes on substitution of expressions (11)

T (x,y) = F(x, y) exp[ [—@qﬁdrz +%¢sr“ﬂ] 12)

From expressions (8), (9) and (10) the modified amplitude spectrum at the exit pupil is given by

a(x y)=§{5(x)+iﬂix} A F(x Vexpligty)]  a9)

The above equation (13) gives the modified spectrum of the object at the exit pupil of the system. The complex
amplitude distribution in the image plane will be given by the inverse F.T. of (13). Therefore,

ww) = 3 ot 2 [om b y)enlis(xy))
exp[27i(u'x+v'y )] dxdy (14)

The integration limits of equation (14) are only formal because the pupil function given by T(X, y) vanishes
outside the pupil and can be assumed to be unity inside. Thus, after some manipulation in the integration of Eq.

(14) by employing the shifting property of Dirac-delta function the expression (14) can be simplified as
1

Au,v)= 1) L I f (x, y)cos[g(x, y)]_sin(u' x) dx
2 2r %, X
i : sin(u'x)
+—If(x,y)sm[¢ (x,y)] =/ dx (15)
2r 7 X
The shift property of Dirac-delta function is represented by

{800 f(x)dx=10) a9
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The aberration function ¢(x, y) and the amplitude transmittance f(x, y) have been considered to be even for
deriving expression (15). For the central transmittance of the pupil function f(0)=1 the expression (15) can be
expressed as
vooon 11 sin(u'x)
A=+ [ y)eosl(e, )=
2 2r X

-1

dx

i : sin (u'x)
+— _[ f(x,y)sin[ g(x,y)] =——dx (17
2r <) X
When optical system is free from aberrations, ®(x,y)=0. For the rotationally symmetric pupil function

f(x y)=f(=x-y)

Setting 2;7u’ =Z in equation (17), then it reduces to the more explicit formula for the image of an edge object.

A(Z):;+21ﬂj f(x,0)expig(x, 0 )]Si”(xzx)dx (18)

-1
On further simplification equation (18) reduces to
1 .
A'(Z)=%+£J‘ f(x,y)explig(x, 0)]{S|n(XZx)}dX (19)
i 0

The present work deals with the 1-D straight edge object and hence the general form of amplitude distribution is
given by For Airy expression 19 becomes

A'(Z):%+%J{ f(x,0)explig(x O)]wdx (20)

0

The intensity distribution of an edge image formed by an apodized aberrated optical system is given by the
squared modulus of expression (21)

A@)=2+2 j 0erolit, %+ Sacos@)r +g, 1P gy (21
B'(Z) =|A(2) (22)
K@) -G+ j F00expLi(g, %+ 24.Cos(0) 1 + 9, 1T P g (23)

Where f(x) is the amplitude Filter. In the present study barlett amplitude filter is employed for circular aperture
For Barlett Amplitude filter f(x) = (1-pr)

1. Results and Discussion
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Fig: 1 INTENSITY DISTRIBUTION CURVES

Figure 1 (a) shows the intensity profile curves of straight-edge objects imaged by a coherent optical system with
a circular, aberration-free aperture, apodized using a Bartlett amplitude filter. It is clear that edge ringing is most
severe when the aperture is clear (§ = 0), indicating that un-apodized systems exhibit the highest ringing levels.
As the apodization parameter B increases from 0 to 1, edge ringing and edge gradient both decrease, while edge

shift increases.

Figures 1 (b) to 1(d) illustrate the system’s response under varying levels of defocus and primary spherical
aberration. For apodization values increasing from =0 to 1 in increments of 0.25, the best suppression of edge
ringing occurs at § = 1, particularly for aberration combinations of ®d = ®s = n/2, , and 37/2.
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Fig: 2: 3D Graph: Straight Edge objects with aberrations ¢s= ¢s=r for and Barlett Amplitude filter

I11.  Conclusions
Apodizing the optical system with a selected filter effectively reduces the unwanted effects of edge
ringing. In such cases, the image intensity profile at a straight edge transitions smoothly and monotonically from
the dark side to the bright side. However, this reduction in ringing comes at the cost of increased edge shift and
a decrease in edge gradient. Notably, when the system is apodized using a Bartlett amplitude filter with B = 1,
and influenced by primary spherical aberration and defocus, edge ringing is almost completely eliminated.
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