Fourier transforming property of lenses
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Fourier transform by far field propagation or lens

Y

gout (x” .y')

!
)

Zon (03D = [[ g (v, J")CXP{ 27 [\(%) + \(b)] }d\‘dy
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Spherical-plane wave duality

A ——— L :
T — ~ L= /i,fy i
i S X ] = E J !
Ein ('\.’ J.) R o - 7~ 8 (\ y ) ) gout('\ > ) )
I S y
point source at (x,y) plane wave oriented a plane wave departing produces a spherical wave converging
amplitude g. (x,y X y from the transparenc 0 Ny s .
. Bl towards | ———,—— o e fowards |2 x () x ()] = 6.1.6, )
MM atangle (0,, 0,) has amplitude 2 A -

equal to the Fourier coefficient _
each output coordinate

ot

.. of plane waves at frequency (6,/4, 6, /7.) of g, (x.y) _ : o 1
) . : x’,p") receives amplitude equa
... corresponding to each output coordinate &) : P q
.. a superposition ... . ) . . to that of the corresponding
point sources (x".,y") recerves ... / :
% 7 P < Fourier component

~

in lhc ob]ccl

g (%, \)ocffg”(\ y exp{ -2

) - )exp{ [( ) f).-"’ (?) ”d\d\

The two pictures above are interpretations of the same physical phenomenon.

On the left, the transparency is interpreted in the Huygens sense as a superposition of “spherical wavelets.”
Each spherical wavelet is collimated by the lens and contributes to the output a plane wave, propagating at the
appropriate angle (scaled by f.)

On the right, the transparency is interpreted in the Fourier sense as a superposition of plane waves (“angular” or
“spatial frequencies.”) Each plane wave is transformed to a converging spherical wave by the lens and contributes
to the output, fto the right of the lens, a point image that carries all the energy that departed from the input at the
corresponding spatial frequency.

MIT 2.71/2.710 " l '-
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Fourier transforming by lenses

' = A ' = A
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Imaging: the 4F system

The 4F system (telescope with finite conjugates
one focal distance to the left of the objective and
one focal distance to the right of the collector,

respectively) consists of a cascade of two Fourier _
transforms

]:{j: {g(x,y)}} = g(—z, —y) collector lens

objective lens

plane wave ¥ Fourier
illumination plane
/ (pupil plane)
thin
transparency

MIT 2.71/2.710
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Spatial filtering: the 4F system

Spatial frequencies which have the misfortune of
hitting the opaque portions of the pupil plane
transparency vanish from the output. Of course the
transparency may be gray scale (partial block) or a /
phase mask; the latter would introduce

relative phase delay between

spatial frequencies. collector lens

objective lens plane

plane wave Fourier
illumination plane
/ (pupil plane)
thin
transparency

MIT 2.71/2.710
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Imaging and spatial filtering: physical justification

input transparency: image
decomposed into _ ing plane
Huygens wavelets ~ diverd o
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plane o
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: _ o Fourier (pupil) 3 image
input transparency: OnVergln plane _ plane
. . n
decpmposed |n_to Sphenca/ diverg! 9\
spatial frequencies Wava | spherica collim
: wave ated

plane diffraction order
_ Wwave comes to focus !
illumination !

v

N
v
N
A\
N
v
N
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Today

« Spatial filtering in the 4F system

« The Point-Spread Function (PSF)
and Amplitude Transfer Function (ATF)

next Wednesday

« Lateral and angular magnification
 The Numerical Aperture (NA) revisited

« Sampling the space and frequency domains, and
the Space-Bandwidth Product (SBP)

* Pupil engineering

MIT 2.71/2.710
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Spatial filtering by a telescope (4F system)

N\ NS
Fouri i e _
ourier (pupil) 00\\ image

input transparency: O )
P P y © dlffr,acﬁol7 plane replicates the object

sinusoidal amplitude

grating
q ------------------------------ L e 1 [EEECEITEELEEEEEEtY - EETEET e TR CEELEEPeEE >
plane / ~
wave
illumination
i i /> /2
input transparency: d r?;ZIIL blocked spatial frequencies
sinusoidal amplitude N ’ffraction are missing from the image
grating
q ------------------------------ - SGISESCEETIILTEEY  [EEFCETTEITEITLIILY  ERTEETTETTEITEETEEEeEs >
plane
wave
illumination

blocked

S S /2
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Low-pass filtering: analysis

T & @ ¥ $ z’
& i &
input transparency: 6é\e’ g r%azlk \\ blocked spatial frequencies
sinusoidal amplitude fracjq o are missing from the image
grating f

wave
illumination

\ 4

&
~

R

field after input transparency g, (x)= %[1 + cos(2aw0x)]=> G, (u)= % lé (u )+ %6 (u - u, )+ %6 (u +u, )]

field before pupil mask 8s- (x")= % lé (x”)+ %M+ M)]

blocked by the pupil filter

field after pupil mask s, (X")= %6 (x")
field at output 1 , 1
(Ii?na;e (;llja?m:) Gout (u )= 56 (u)=> Eout (x )= 5

MIT 2.71/2.710 Ill
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Example: low-pass filtering a binary amplitude grating

. 14/ /
& o pupil x N T E
T ,0\\4 mask @C’»\O
@ o\\ blurred (smoothened)

input transparency RO )

binary amplitude = c - d’ff’action org image
grating - ers
4 _— ;
= |

wave
illumination

A

diffraction orders diffraction orders
blocked passing

Consider a binary amplitude grating, with perfect contrast m=1, period A=10um, duty cycle 1/3 (33.3%),
illuminated by an on-axis plane wave at wavelength A=0.5um.

The 4F system consists of two identical lenses of focal length /=20cm.
A pupil mask of diameter (aperture) 3cm is placed at the Fourier plane, symmetrically about the optical axis.
What is the intensity observed at the output (image) plane?

The sequence to solve this kind of problem is:
= calculate the Fourier transform of the input transparency and scale to the pupil plane coordinates x”=ulfi

= multiply by the complex amplitude transmittance of the pupil mask
= Fourier transform the product and scale to the output plane coordinates x’ =ulf

MIT 2.71/2.710 =2 NUS -
04/15/09 wk10-b- 4 I I I



Example: low-pass filtering a binary amplltude gratlng

binary amplitude grating - pupil mask-
1F — — — — — — — : 1F
diffraction diffraction diffraction
0.75F 0.75-  orders orders orders
- 3 blocked passing blocked
N@ﬁ 0.5} 2& 0.5}
) v3[v3 1 V3[V3
0.25[ 0.25] dr |27 3 27 |4rx
0 230 25-2015-10 5 0 5 10 15 20 25 30 0 825215 - -os 0 05 1 15 2 25 3
X [wm] Q 0 X" [cm] }> R
A binary amplitude grating of duty cycle a is expressed in a Fourier series harmopics gxpansiop’ as
~+00
gi(z) = a q_z_:oo sinc (aq) exp {zZvrqA} = Gi(u) = q;oo sinc (ag) & (u )

The field at the pupil plane to the left of the pupil mask is
" z” — aké g 1
gep—(z") = Gy ()\_f> — G z sinc (aq) & (v - K) 2

g=—00

+00

g=—00

MIT 2.71/2.710
04/15/09 wk10-b- 5
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Example: low-pass filtering a binary amplltude gratlng

binary amplitude grating —————— pupil mask:

1F — — — — — — : 1t 1

diffraction diffraction diffraction
0.75f 0.75r  orders orders orders 1

- 3 blocked passing blocked

S, S,
N@ﬂ 0.5 - % 0.5 -
) V3 £ 1 V3|3

0.25/ | 0.25/ dr | 2m 3 2m | 4w |
0 | I | I | I | I | I | I | 0__‘ I .__

30 -25-20-15-10 =5 0 5 10 15 20 25 30 8 25-2-15-1-05 0 05 1 15 2 25 3

X [um] X" [cm]

7

The pupil mask itself is gpui(2”) = rect | —
Pup 2 3cm

7 1 7 ﬁ i @ 1"
(e — 35(3: )+ = 0 (2" — lem)+ 27T5(x + lcm)

) so the field at the pupil plane to the right of the pupil mask is

grp+(2") = gpp—(2") X gpm

, , 1 3 3
Its Fourier transformis ~ Gpp, (u) = g + \QL exp {i2mu x lem} + ;£ exp {—i2mu x lem}

x/
from which we may obtain the output field as  gous(z') = Gppa (Xf)
MIT 2.71/2.710 S IIIMI—
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Example: low-pass filtering a binary amplltude gratlng

binary amplitude grating —————— pupil mask:
1+ — — — — — - — . 1+ .
diffraction diffraction diffraction
0.75r 1 0.75r orders orders orders 1
- = blocked passing blocked
3, 3,
R 05f % 05 -
= =3
V3[v3 1 \/§ V3
0.25} . 0.25} m | 27w 3 47 -
0 230 25-20-15-10 5 0 5 10 15 20 25 30 0 S 252 15-1-05 0 05 1 15 2 25 3
X [um] X" [cm]
, x’ 1l & , x! V3 , x! Note the 2" harmonic term
Jout(z') = Gpp4 /\_f 5 3 i o exp 4 127 10pm " &= exp § —t2m 10pum in the intensity, due to the
, magnitude-square operation!
i V3 x This term explains the
= = S cacii2c e
2 T 10pum ringing” in coherent low-pass

filtering systems

The output intensity is I, (z') = |gout|” (') =

2
L B af
= | = cocli2a
3 T 10pm
By N 2 N 3 - 2
= oS — COS
3 7r\/_ 10,um v 10pum

g 2 2 z 2 21! aga—
¥ - 2
3) TR COS( 10um> "o COS( WlO/ﬂﬂ) II"

MIT 2.71/2.710 = <
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Example: low-pass filtering a binary amplltude gratlng

binary amplitude grating —————— pupil mask:
1F — — — — — — 1 1F |
diffraction diffraction diffraction
0.75F 1 0.75-  orders orders orders 1
- 3 blocked passing blocked
S, S,
N@ﬁ 0.5 QQ 0.5 -
] V3[v3 1 V3[V3
0051 | 0.5 4 | 2 3 2w | 4w |
-30-25-20-15-10 -5 0 5 10 15 20 25 30 —3—25—2 -1.5 1—05 0 05 1 15 2 25 3
X [um] 131 x” [cm]
- | V.0 b j i g g "V
= 07 low-pass filtered
o 06 binary amplitude grating
% 05 ]
= 04} .

| | | | | | | .
MIT 2.71/2.710 -30-25-20-15-10 -5 0 5 10 15 20 25 30 L) NUS I -
04/15/09 wk10-b- 8 X [um]




Example: band-pass filtering a binary amplitude grating

upil 44 /
Tx As? pupil & Tzc

input transparency
binary amplitude

amplitude: 15t harmonic
intensity: 2" harmonic

wave
illumination

diffraction orders diffraction orders
blocked passing

Now consider the same optical system, but with a new pupil mask consisting of two holes, each of diameter
(aperture) 1cm and centered at £1cm from the optical axis, respectively.

What is the intensity observed at the output (image) plane?

MIT 2.71/2.710 =e NUS o
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Example: band-pass filtering a binary amplitude gratlng

binary amplitude grating —————— pupil mask:
"l ] ] ] ] HERB B | "I diffraction
orders
passing < |
0.75¢ : 0.75¢ \\
3 E blocked
o = \\\§\
E_ 0.5r ;ﬂ_ 0.5+ \ W\D
IREIRSVYAIRE
0.25] . 0.25] dm | 27 | 3 |27 K
0 —310—2‘5—210—1‘5—110 —é 6 5 110 1‘5 210 2‘5 3|O 0 -3 —215 -2-15-1-05 0 05 1 15 2 215 3
X [um] x” [cm]

T + 1cm) + rect (96" - 10m) so the field at the pupil plane to

. . "o
The new pupil mask is gpm(z”) = rect ( lem the right of the pupil mask is
v V3

gep+(2") = gep—(2") x gpm(a”) = 50 (2" — lem) + 56 (¢ + lom)

lem

3 3
Its Fourier transform is Gpp, (u) = 2£ exp {i27u X lem} + \2£ exp {—i2mu X lcm}
s /0

V3 a 3 3 2/
. . . / — Iou 4 = — = 2
so the output field and intensity are gout (') —— cos 27 10, t(x") o + 52 COS ”10u

MIT 2.71/2.710 I NUS l
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Example: band-pass filtering a binary amplitude grating

binary amplitude grating - pupil mask- .
"l ] ] ] ] HERB B | "I diffraction
orders
passing
0.75¢ 0.75¢ \\
3 E blocked
o = \\\§\
E_ 0.5r f'_’n_ 0.5+ \ W\D
IREIRSVYAIRE
0.25/ 1 0.25 r (27 | 3 |27 K
—30-25-20-15-10 -5 0 5 10 15 20 25 30 3-25-2-15-1-05 0 05 1 15 2 25 3
X [um] e ¥ ~ x” [cm]
_ 007} 1 ﬂ “ “ n " ﬂ ﬂ ﬂ “ n ” ” ﬂ [ 1 band-pass filtered
3 0.06l | binary amplitude grating
= field: 15t harmonic
=3 0-05¢ intensity: 2n4 harmonic
~ 0.04f (because of squaring)
0.03F contrast = 1
0.02
FERARRAARRRRAARR
O U I

MIT 2.71/2.710
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Example: band-pass filtering a binary amplitude grating
with tilted illumination

. I/ /
& @ pupil < T:c
T ‘Q/;‘,\\\\ mask \\66‘0
Il‘?#;:;a;;ﬁ:ﬁggy A amplitude: 15t harmonic

: intensity: 2"4 harmonic
grating

illumination

= =/
7 /A VA

diffraction orders diffraction orders
blocked passing

Now consider the same optical system, again with the pupil mask consisting of two holes, each of diameter
(aperture) 1cm and centered at £1cm from the optical axis, respectively. We illuminate this grating with an
off-axis plane wave at angle 9y=2.865°.

What is the intensity observed at the output (image) plane?
As you saw in a homework problem, the effect of rotating the input illumination is that the entire diffraction

pattern from the grating rotates by the same amount; so in this case the 0t order is propagating at angle 6,
off-axis, the +1st order at angle 6y+\/A, etc.

Analytically, we find this by expressing the illuminating plane wave as gy, (z) = exp {i27r 50 o x}
and the field after the input transparency gi(x) as A

(@) = Gam(a) x g1(&) = exp { 20520 b x (@)

Jgin(T) = Gillum\T gt\T) = €XP 14T —— T ge\T

MIT 2.71/2.710 b A g _ l iy
04/15/09 wk10-b-12 W [ I



Example: band-pass filtering a binary amplitude grating
with tilted illumination

binary amplitude grating —————— pupil mask:

"l ] ] ] ] HERB B | "I diffraction
orders
passing < |

0.75F . 0.75F

0.5F

Igt(x)lz [a.u.]
lg,(x")F [a.u.]

7

| TR
V3 V3

0.25/ 1 025  OT dm | 27

LTl

Y%

—)le
—)-
—

-30-25-20-15-10 -5 0 5 10 15 20 25 30 -3-25-2-15-1-05 0 05 1 15 2 25 3
X [um] X" [cm]

The field to the left of the pupil mask is the Fourier transform of gin(x). Using the shift theorem,

sin 6

Gin(u) = Gium(u — ug) where wug = o 6
all diffracted orders are
= @ Z sinc (ag) 4 <u — o — K> = displaced by 1cm
g=—00 in the positive x” direction

gop (ol = & <§_f> = % Zoo sinc (%) 6 (z”

MIT 2.71/2.710 I NUS l
04/15/09 wk10-b-13



Example: band-pass filtering a binary amplitude grating
with tilted illumination

binary amplitude grating —————— pupil mask
"l ] ] ] B HERB B | "I diffraction
orders
passing |
0.75¢ : 0.75¢ \\
) 3 blocked
& * \\\%%
® o05f S 05l /
5 = ~a —~ 0
V3 V3[V3| 1 [vV3 V3
0.5 o5l ST 7wl 2x| 3 |27 4n
0 —310—2‘5—210—1‘5—110 —é 6 5 110 1‘5 210 2‘5 3|O 0 -3 —25—2 -15-1-05 0 05 1 15 2 25 3
X [um] X" [cm]

g o
After passing through the pupil mask gewm(z”) = rect (H—Cm> + rect (%) the field is

lem
1 3
gop () = gop (@l < g uflall) = 55 (" — 1lem) + :1£6 (z" + lcm) =
7
1 3
@ep (@) = 3 €XP {i27u x lem} + 4£ exp {—i27wu X lem}
Y
/ / /
" Z 1 , Z V3 , &
Qo) Gpp+ ()\f) 3exp{z WlOum}+ m exp{ ZZWlO,um}

so the output field and intensity are 3

& ( ’) | ( )] l + : cos | 2 723:, H ==
MIT 2.71/2.710 outl®) = |Gous(Z)| = 5 ¥ 755 ¥ 10
04/15/09 wk10-b-14 W - I I I




Example: band-pass filtering a binary amplitude grating
with tilted illumination

binary amplitude grating - pupil mask-
"l ] ] ] ] ] B B "I diffraction
orders
passing \|
0.75¢ 0.75¢ \\
) 3 blocked
& = ﬁ%%
® o05f S 05l /
3 & G o
V3 V3|v3[ 1 [v3 V3
0.25/ 025  OT Ar | 2r | 3 |27 4rm
0 230 2520 15-10 -5 0 5 10 15 20 25 30 0 3 25 215-1-05 0 05 1 15 2 25 3
X [um] X" [cm]
Imax — Imin 0.2f n ” n n ﬂ ﬂ n n ” " n ﬂ ﬂ | . band-pass filtered
Contrast V. = —— _ . . .
ey Lo 3 binary amplitude grating
3 N : I
02220 -0.0382 = o1l | with tilted illumination
~ 02220 +0.0382 g field: 1t harmonic
@ intensity: 2" harmonic
= 0.7062 0.1r (because of squaring)
contrast = 0.7
oo JUUVVVVVVVTVVY
MIT 2.71/2.710 0 30 2520 15-10 -5 0 5 10 15 20 25 30 III.-
04/15/09 wk10-b-15 X" [um]




Example: band-pass filtering a binary amplitude grating

e te
input transparency amplitude: 2" harmonic
binary amplitude intensity: 4" harmonic

grating “
- <]

1

wave
illumination

\ 4

&
~

i

diffraction orders diffraction orders
blocked passing

Consider the same optical system yet again, with a new pupil mask consisting of two holes, each of
diameter (aperture) 1cm and centered further away from the axis at £2cm from the optical axis, respectively.

What is the intensity observed at the output (image) plane?

MIT 2.71/2.710 =2 NUS -
04/15/09 wk10-b-16 I I I



Example: band-pass filtering a binary amplitude grating

binary amplitude grating —————— pupil mask:

— — . 1+

1t — — — — —

diffraction
orders

N
- 4TSN
g R R

30 -25-20-15-10 -5 0 5 10 15 20 25 30 3-25-2-15-1-05 0 05 1 15 2 25 3
x [um] x” [cm]

lg,(x")F [a.u.]

0.5F

Igt(x)lz [a.u.]

z" + 2cm i 2" —2cm')  so the field at the pupil plane to
lem the right of the pupil mask is

The new pupil mask is gpm(z”) = rect ( =

V35 65 (2" + 2cm)

gpp+(z") = gpp—(2") x gpm(a") = 7—0 (¢" — 2em) + 7

3 . 3 .
lts Fourier transform is  Gpp (u) = 2. xXP {i2mu x 2cm} + % exp {—i2mu x 2cm}

\/3 JJ, 3 3 433/
i intensi N= 1= T Iout (2') = == + = cos ( 27
so the output field and intensity are  gout (') 5 COS 2 = L) 52 T gz o08 o

MIT 2.71/2.710 NUS I B
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Example: band-pass filtering a binary amplitude grating

binary amplitude grating —————— pupil mask:

1t — — — — — — . 1k

diffraction
orders

_ | o / passing\
] blocked

@ 1uk
2r 3 2w

0.5F

Igt(x)lz [a.u.]
lg,(x")F [a.u.]

0.5r

| /
I o T

Al

-30-25-20-15-10 -5 0 5 10 15 20 25 30 -3-25-2-15-1-05 0 05 1 15 2 25 3

g1 T
(L

out®)

contrast = 1

intensity: 41 harmonic
o 0.01F

(because of squaring)
0.005r "
MIT 2.71/2.710 O 30 2520 15-10 -5 0 5 10 15 20 25 30

04/15/09 wk10-b-18 X’ [um]
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Example: binary amplitude grating through phase pupil mask
Tx . pupil " < T:c’

input transparency X2
binary amplitude =

grating m
- <]

wave
illumination

iffraction orders diffraction orders
blocked passing

We finally consider a pupil mask consisting of 3cm aperture placed
symmetrically with respect to the optical axis, and filled with a glass
transparency that is thicker by 0.25um in its central 1cm-wide portion.
This is known as a “phase pupil mask” or “pupil phase mask.”

What is the intensity observed at the output (image) plane?

The phase mask imparts a phase delay in the portion of the optical field
that strikes the region where the glass is thicker. The phase delay is

p=2r(n—1)~=2rx (1.5—1) x ——— = 5 in this case.

> ®
=
Ot
=
B

MIT 2.71/2.710

==NUS 1] Hw
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Example: binary amplitude grating through phase pupil mask

binary amplitude grating - pupil mask passing _
L — — — — S —— — ' diffraction diffraction
1 S 0.75f orders £ \/—§ i ﬁ £ orders
s, blocked 47 | 27 3 2 AT plocked
_E 0.5
0.75} 0.25 o .
; 0 @ L= L —
= 4 -3 -2 1 0 1 2 3 4
o x” [em]
X 05f
=) pif-
E, oiral delayed
0.25f ;E 0
S N N |
0 | L | L | L | L | L | L | _pi_ i
-30-25-20-15-10 -5 0 5 10 15 20 25 30 -4 -2 -1 i} 1 2 4
X [um] x” [em]
I b e o oY v o
This pupil mask is gpm(z”) = L, iilGem=< |28 <BBcww = gt ( ) — 1) rect (1 )
e, if |z”| < 0.5cm & e
1!
{Since elf/2 — z} = rect (3:2 ) (¢ — 1) rect (;;m) :
so the field at the pupil plane z f /3
{0 the right of the pupil mask is 9PP+(@") = gpp—(2")xgpm(a") = 26 (2")+ 2 6 (z" — lem)+ —5 (z" + lcm)
and the output field and N o , 2 2’
= — _— Iou — — T = 2
intensity are Gout (7') g T R 7 10pm () 3 + 27r2 T 224 7Tloum

MIT 2.71/2.710
04/15/09 wk10-b-20

compare with slide 14 (low-pass filter without phase mask) III



Example: binary amplitude grating through phase pupil mask

binary amplitude grating -

1+ e — e e e e e
0.75}
El
s,
R 05f
S
0.25|
0 —30 25 -20-15-10 <=5 0 5 10 15 20 25 30
X [um]
T i
Gontrast ¥ = SRaE =R _ 02
Imax+Imin g
_0.1871—0.1111 | = 15|
v e g =
_c)o
= 0.2548 0.1F
compare

MIT 2.71/2.710
04/15/09 wk10-b-21

with slide 14 (low-pass filter without phase mask

pupil mask 1
' diffraction diffraction
S 075 orders £ \/_§ E ﬁ £ orders
8, blocked 47 27 3 2m 4T plocked
s 05
o
o
0.25F
0 0
0 . L] L .——
-4 -3 -2 -1 0 1 2 3
x” [cm]
pir
o) delayed
S pi2-
=
o 0
2
S N I
O
. —pi- .
-4 -3 -2 -1 1 2

x” [em]

>

N—"

-30 -25 -20 -15-10 -5

NG
X' fum]

10 15 20 25 30

binary amplitude grating
filtered by
pupil phase mask

field: 15t harmonic
intensity: 2" harmonic
(because of squaring)

e i




The Point-Spread Function (PSF) of a low-pass filter

T:x \ @ pupil 2"/ & T:v
& mask \Qc‘}
input transparency O >

ideal point source

wave
illumination

A

ideal ideal truncated wave converging
(infinitely wide) (infinitely wide) plane wave to form the PSF
spherical wave plane wave at the output plane

Now consider the same 4F system but replace the input transparency with an ideal point source,
implemented as an opaque sheet with an infinitesimally small transparent hole and illuminated with a plane
wave on axis (actually, any illumination will result in a point source in this case, according to Huygens.)

In Systems terminology, we are exciting this linear system with an impulse (delta-function);
therefore, the response is known as Impulse Response.
In Optics terminology, we use instead the term Point-Spread Function (PSF) and we denote it as #(x’ ,y").

The sequence to compute the PSF of a 4F system is:

= observe that the Fourier transform of the input transparency d(x) is simply 1 everywhere at the pupil plane
= multiply 1 by the complex amplitude transmittance of the pupil mask

= Fourier transform the product and scale to the output plane coordinates x’ =ulf,.

= Therefore, the PSF is simply the Fourier transform of the pupil mask, scaled to the output coordinates x’ =uif
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Example: PSF of a low-pass filter
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The pupil mask is gpm(z”) = rect (ch

) . If the input transparency is 8(x), the field at the pupil plane to the

right of the pupil mask is gpp+(z”) = gpp— (2") xgpm(z”) = 1xrect <3cm

> = @op (a0 = (R cmlsine (o < Scm) .

The output field, i.e. the PSF is

/

aal z' X 3 cm

Gonfal) = Bilah) — Een <v> = (3 c¢m) sinc (0.5,um X 200m> = (8 cm)aine <3.3§,um> '

The scaling factor (3x) in the PSF ensures that the integral [|4(x’ )|2dx equals the portion of the input energy
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Example PSF of a phase pupll filter
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The pupil mask is gem(z”) = rec
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, — L) zect .
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The PSFis  h(z') = Gpu ()\f) = (3 cm) sinc (3 3?’)/1111) + (¢ —1) x (1 cm) sinc (1Zm) ;

ot = [osne (5 -ome (5)] -+ e ()]

sinc (2')
3 sinc (0.3 2’) — sinc (x')
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Comparison: low-pass filter vs phase pupil mask filter
PSF: phase pupil mask filter

PSF: low-pass filter
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