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Polybahn at ETHZ
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Reflection at air-metal interfaces

mirror scatterer
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ε and  n



𝜕𝜕𝐴𝐴
𝜕𝜕𝑧𝑧

 ≈ 𝐴𝐴 𝑧𝑧+∆𝑧𝑧 −𝐴𝐴(𝑧𝑧)
∆𝑧𝑧

   ⇒. A(z+∆𝑧𝑧) = 𝐴𝐴 𝑧𝑧 + 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

 ∆𝑧𝑧

~0

A(x,y,z) is the slow varying envelope

Wave equation 

Beam Propagation Method (BPM) in free space



Paraxial Angular Spectrum 

Paraxial plane wave:

Convolution Theorem:

G, F and H are Fourier transforms of g, f and h 
respectively

Note that Fourier Transform of the exponential is:  



In free space paraxial BPM = Fresnel diffraction 
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BPM Angular Spectrum

Fresnel Diffraction 
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Beam Propagation Method



BPM Pseudocode
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Propagation profile for 1mm

Plane wave input with λ=532 nm cropped by 96 µm by 96 µm rectangular aperture.
Λ=12 µm.

𝑒𝑒𝑗𝑗𝜋𝜋 cos(2𝜋𝜋𝜋𝜋/𝛬𝛬)



Amplitude Phase
Propagation z=10 µm

Propagation z=1 mm

Amplitude Phase
Propagation z=50 µm

Amplitude Phase

Amplitude Phase
Propagation z=0
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Plane wave input with λ=532 nm cropped by 96 µm by 96 µm rectangular aperture.
Λ=12 µm.

∆𝑛𝑛
Thickness ≈λ/∆𝑛𝑛 Propagation profile for 1mm



Amplitude Phase
Propagation z=10 µm

Propagation z=1 mm

Amplitude Phase
Propagation z=50 µm

Amplitude Phase

Amplitude Phase
Propagation z=0



Comparison of propagation profile for 1mm

ThickThin



Exercise 1

BPM code
GRIN lens at variable step size 
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Single lens imaging simulation
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Thin lens simulated by a quadratic phase multiplication:

f = 500mm

5mm
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The image is reproduced 
(inverted) at 2f away from the 
lens

Single lens imaging simulation
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Same scheme as earlier, only the lens is 
now finite

The resolution of the image is worse than 
before.
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Same scheme as earlier, only the lens is 
now finite

The resolution of the image is worse than 
before.



Object size vs finite aperture lens (not far 
field)

D=500μm

D=1mm
D

D=1.5m
m

Lens diameter 2mm
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Object size vs finite aperture lens (not far 
field)

D=1.8mm

D=2mm

D=2.5m
m

Lens diameter 2mm
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Dlens=6mm

Dlens=2.7mm

Dlens=2.5mm

Object resolution vs varying lens aperture
Object side 0.3mm
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Dlens=2mm

Dlens=1.5mm

Object side 0.3mm

Object resolution vs varying lens aperture
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Ideal thin lens – 2D BPM
F=120µm

Θ=0°

Θ=15°
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Physical implementation with quadratic surface

F=120µm, 
t=16µm

Θ
=0

°
Θ

=1
5°

2D BPM 2D COMSOL
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Simulation of a thick lens using BPM

2mm 10cm
Exaggerated lens size 
(real thickness = 3mm)

f = 450mmλ = 800nm

collimated beam

diverging beam
(higher angles)

Thin lens

Thick lens

Thick lens



Exercise 2

Shape of ideal, thin lens 
versus thick thick lens 
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