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Chapter 2

Geometrical Optics Method
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In the geometrical optics method, the intensity and 
propagation direction of the light are taken into account, 
but ignoring the wave (phase, polarization) effects.
The ray represents light propagation path.
Main contents:

• Starting from The Ray Equation, discuss one-dimensional and 
two-dimensional non-destructive optical waveguide, yield the 
basic rules of light propagation directions, as well as the 
classification of light (constraints).

• In one-dimensional and two-dimensional optical waveguide, 
there is one and two ray invariants describing light propagation 
directions respectively, which correspond to "traditional" and 
"General" law of refraction (Snell's law).
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1.The Ray Equation

In geometrical optics, the trajectory is determined by the 
ray equation:

S is the distance along the light trails, n(r) is the spatial 
distribution of refractive index, r is radius vector
The ray equation is yielded from：

• Maxwell equation when λ → 0.

• Fermat's principle
• Snell's law(treat n(r) as n slices and use 

Snell's law at every boundary)
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Fundamental theory

When the medium is homogeneous isotropic，

shows the ray (Vector r’s end track)is straight line.
In non-homogeneous medium , the light will be 
bent, and point to the high refractive index 
region obeying refractive index rule.
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2. Light in one-
dimensional waveguides

planar optical waveguide
• Semiconductor optoelectronic device
• LiNbO3 waveguide device
• Planar Lightwave Circuit (PLC)

basic structure of one-dimensional planar 
optical waveguide 

• Consisting of multi-layer planar 
dielectric waveguide structure,

• refractive index changes in the 
direction perpendicular to the 
dielectric boundary surface.
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Step refractive index
• 3-layer uniform one-dimensional planar optical waveguide
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symmetrical structure： n2 = n3
asymmetric structure： n2 ≠ n3

const
ds
drn =

βθ == constn zcos Snell’s law

yields

θ: the angle between Incident light and the interface (or z axis) 
β: the invariant describing light propagation direction



There is obviously a critical angle

• when θ<θzc，total reflection，forming constraint light；

• when θ>θzc， partial reflection，partial refraction。

Numerical Aperture(NA)：describing the ability to collect light 

incident. NA is defined as：the sine value of constraint light’s 

maximum acceptance half-width  angle(measured outside the  

waveguide, index=n0). For step index :
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Total reflection condition
θ>θc12>θc13

transmission constant

coherence emphasis condition

characteristic equation
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3. Light in two-
dimensional waveguides

Meridianal light, Precession light
2 invariants describe characteristics in meridian 
plane and precession characteristics 
respectively.
Circular section fiber as an example
Step Index
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intermodal dispersion
maximum time delay: transfer time difference between Shortest 
and longest path
Shortest path:L
Longest path:               ,

Maximum time delay（Transmission optical pulse broadening）
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Transmission capacity limitation
Transmission optical pulse broadening caused by 
dispersion.
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Graded index fiber
motivation:

• Intermodal dispersion is the major constraint on multimode fiber 
transmission 

• Mode number in multimode optical fiber depends on the optical fiber 
core diameter, numerical aperture (relative refractive index), as well as 
optical wavelength

• the shorter (longer) the wavelength, the larger (smaller) the mode 
number

• Reduce modes to single mode is a method to  increase fiber optic 
transmission capacity 

• Difficult to make such a small diameter core fiber at an early time.
• Grade-index fiber is proposed to decrease the intermodal dispersion.
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refractive-index profile
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α

a-- core radius ，α=1~∞
when α»10，approaching step index
when α=1，triangular form（ Dispersion-shift ）
when α=2，Square law distribution(Parabolic form)
Δ--relative refractive index difference

Two types of fiber core diameter: 50um and 62.5um



Intermodal dispersion 
Intermodal dispersion has a direct relationship with α.
Intermodal dispersion becomes zero when the refractive-index 
profile is hyperbolic secant form.
For graded-index fiber, intermodal dispersion becomes the smallest 
when α=2(1-Δ)：
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Transmission capacity limitation is: 

B—signal bit rate，
L--transmission distance，
c-- light speed in a vacuum



Light propagation
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Further Reading

光波导理论与技术，李玉权，人民邮电出版社，

第三章
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Thank You！
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