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3.1 Complex expression of waves
3.1 �������

• Uc(r, t) = A(r) exp { - j ( ω t - φ(r) ) }

=U(r) exp ( - j ω t ) 

• U(r) : Complex amplitude ����

U(r)   = A(r) exp { j φ(r) }

• A(r) :  Amplitude ��

• φ(r) : Phase ��

• I(r)�Intensity 	


I(r) = < | Uc(r, t) |2 > = | U(r) |2 = A(r)2

Re{ Uc(r,t) }

t

φ(r)/ω

Re{ U(z) }

z

φ(z)

3. Optical imaging systems
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Appendix "#	$%	&'(%�����)* z = z0

φ(x, y, z0) : Phase at z = z0

(Surface of equal phase)

Complex amplitude at z = z0

U(x, y) = A(x,y) exp {  j φ(x,y) }

Wavefront
��

Vectors normal to the wavefront
= Light-rays

z



Complex amplitude modulation ������

Incident light

object Transmittance t(x, y)

U(r) U'(r) = t( x, y ) U(r)

Amplitude modulation

Δ : optical path length

Transmitted light
Distorted wavefront

transparent object

Incident light

U(r)

(ex. Plane wave)

φ ( x, y )= 2 π Δ( x, y ) / λ
U'(r) = A exp{ j ( k z0 + φ( x, y ) )

Phase modulation

Amplitude transmittance t(x,y)      →→ U'(x, y) = t(x, y) U(x, y) 

• if ω1 ≠ ω2 ,  < cos { (ω1 - ω2 ) t + φ } > = 0 

for the observation time >> 2π / ω

I(r) = A1(r)2 + A2(r)2

� incoherent (temporal)

• if ω1 = ω2  , � coherent

I(r) = < | U1c(r, t) + U2c(r, t) |2 > 

= | U1(r) + U2(r) |2

= A1(r)2 + A2(r)2 + 

2 A1(r) A2(r) cos (φ1(r) - φ2(r) ) 

� (Partially coherent)

Coherence
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• Interference of two wavefronts

U1c(r, t) = A1(r) exp { - j ( ω1 t - φ1(r) ) }

U2c(r, t) = A2(r) exp { - j (ω2 t - φ2(r) ) }

I(r)  = < | U1c(r, t) + U2c(r, t) |2 >

= A1(r)2 + A2(r)2

+ 2 A1(r) A2(r)  < cos { (ω1 - ω2 ) t − (φ1(r) − φ2(r) ) } >

3.2 Interference
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Michelson Interferometer

Beam Splitter
Extended 
light source

Reference 
Mirror

Mirror

Optical Path Difference (OPD)

OPD

Interference Signal

0
When white light source is used, interference signal can be observed 
only when OPD ≈ 0
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Scalar diffraction theory 
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3.3 Diffraction and wave propagation
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Spherical wave is approximated by quadratic wave:

Fresnel approximation- ."/012

Spherical wave

Paraxial approximation
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Fresnel diffraction



d1 d2

P1 P
�L1 L2

L2�P2 Fresnel Diffraction
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P1�L1 Fresnel Diffraction

L1�L2 Phase modulation by lens
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3.4 Imaging through a lens system
3.4 "	3456789

Transformation of wavefront Spherical wave  → Plane wave
Spherical wave  → Spherical wave

P1 P2L

P1: Input ,                                        P2: Filter (Fourier plane),                                   P3: Output

P3L

f ff f

Optical Fourier transform and Coherent optical filtering

When d1 = f and d2 = f , 
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Wavefront at P1 and P2 planes

1111112222 ),(),;,(),( dydxyxUyxyxhAyxU � �
∞

∞−

=

Object Image

θ1

θ2

θ1

3.5 Impulse response (PSF) and transfer function of a lens system
3.5 �������	
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Imaging by a lens system
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h'(ri) = 0  for 220.1=
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2J1(πz)/ πz, | 2J1(πz)/πz|2
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Impulse response of a circular aperture

θ ����
(Working distance)

NA = n sin θ

p

p sin θ = λ NA
ap

λ
≥

NA = 0.25
λ = 500nm
a = 0.61

p ≥ 1.22μm
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NANAD

do λλλ
61.0
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Numerical Aperture (���)
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Rayleigh limit

��������� (Diffraction limit)

3.6 Resolution of a lens system
3.6 	
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Defocus / Depth of focus ����������

For δ < Diffraction limit, 
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c
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λλ
δ == 61.0

Depth of focusDepth of field

δ : Resolution

Depth of focus
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Demo: http://www.matter.org.uk/tem/depth_of_field.htm
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Depth of focus
(When do is large, i.e.,  di ≈ f )

Depth of focus

For δ < Diffraction limit, (di ≈ f ) F
D

f
λ

λ
δ 22.122.1 ==

Depth of focus
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