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Impulse response (PSF) and
transfer function of a lens

system

Image formation by a lens system
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Image formation by a lens system

*In the image formation by a lens system, high-
frequency component is blocked by the lens
aperture.

* Then it works as low-pass filtering, and the
resolution is limited.

*In most cases, it can be modeled as a linear
shift-invariant system, and characterized by the
impulse response, called “point spread function
(PSF).”



Impulse response of a lens system
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The input-output relationship becomes
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Let us define  ho(x;,v;) = Mh(xi,yi) = F{P(Ad;x, Ad;y)} = P¢ (l_dllfl_dl)

w;(x, i) = f f he(x; — %o, Vi = Fo) Uom (Ko, o) dXodFo = he(xi, yi) * Uom (i, Vi)

Convolution

Coherent imaging case

Impulse response: h(x;, y;)

Coherent case

The point spread function (impulse response) of an
imaging lens system is the Fourier transform of a pupil

function.

INPUt: wop (%o, Fo) = 3o (32,32)

-- Complex amplitude of the magnified object.
Output: w;(x;, y;) -- Complex amplitude of the image.
Impulse response (PSF): hq(x;,y;) = F{P(Ad;x,Ad;y)}

-- Fourier transform of the pupil function

By Netweb01 (Own work) [CC BY-SA 3.0 (http:

GFDL (http://www.gnu. htmi)], via Wikimedia Commons

Incoherent case

Each point source at P, plane does not interfere with the light from
other point sources at observation plane.

Intensity distribution at P, plane: I,(x,,v,) = [u,(xs, ¥o)|?
Ton (X0, ¥0) = |qu(x0'ya)|2

Intensity distribution at P; plane: I;(x;, v;) = |u; (x;, vi)|?

Li(x,y) = f j |h(x; = X0, ¥i = F)I? Iom (R, o) dZodF, = [RCxi, ¥ * Lon (xi, vi)



LiCxi, yi) = hy ey yi) * Lom (X, yi)
hi (i, yi) = |R(x; — %o, yi — Fo)I? = |F{P(Ad;x, Ad;y)}|?

Incoherent imaging case

The point spread function (impulse response) of an imaging
lens system is the Fourier energy spectrum of a pupil function.

Input IOM(xoxyO) M2 O(JICV? }1:;)

-- Intensity of the magnified object.
Output: I;(x;, y;) -- Intensity of the image.
Impulse response (PSF): h;(x;, ;) = |F{P(Ad;x, Ad;y)}|?

-- Fourier power spectrum of the pupil function

Fourier transform of the
impulse response

Frequency response j

(Transfer function)

Coherent imaging case

He(u,v) = F{he(x;, y1)} = F{F{P(Ad;x, Ad;y)}} = P(—Ad;x, —Ad;y)
F{circ(r)} =jinc(2mp) = h(z%p) (Fourier-Bessel transform)

J1 : Bessel function of the first kind, order 1.
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Incoherent imaging case

H,(u,v) = F{h; (x;, yi)} = F{F{P(Ad;x, Ad;y)}*}

= j j P(U,v) P*(ii +u, ¥+ v) dii d¥ (Autocorrelation)
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Optical transfer function (OTF)

Frequency response of an incoherent imaging system
after normalization is called OTF. OTF is commonly
used for the characterization of an optical imaging
system.

H;(u,v)

OTF(U, 'U) = m



Modulation Transfer Function Resolution of a lens system

- Rayleigh criterion -
Contrast of output image (U,V)

il

M= Contrast of input image (u,V) /\ “ /A\V/ \
MTF = | OTF | ‘ /\I\ { \
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#u,v) : Phase transfer function (PTF)
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Rayleigh limit L =127t

(Diffraction limit)

Impulse response of a circular aperture Estimating the resolution of a lens system
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Rayleigh limit (image plane)

Ad,

Ad, L
L=122— — Objectplane —=122—-=1.22 24,
D M DM

D

Airy Disk

22



Example

F-number of a lens system F = g

d, =20m F=2
Lens diameter D = % = 10mm
L, = 122’1d" =1.22 05X 1070 x 20 _ 1.22 x 1073
o= LésTpm =L 10x10-3 [m]

Object larger than = 1.22mm can be resolved.



