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SnellSnell’’s Laws Law

Figure 2.1 Light rays refracted and reflected at the interface of two media
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At the critical angle At the critical angle θθ2 2 = 90= 90ºº
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θθii >>θθcc  no light is transmitted and total no light is transmitted and total 
internal reflection (TIR) occurs. internal reflection (TIR) occurs. 

Figure 2.2 Total internal reflection at two interfaces, demonstrating the concept of 
a waveguide 

FresnelFresnel FormulaeFormulae

–– rr is a complex reflection coefficient is a complex reflection coefficient 
–– The reflection coefficient is a function of both theThe reflection coefficient is a function of both the angle angle 

of incidenceof incidence and the and the polarizationpolarization of lightof light
–– ‘‘PartialPartial’’ reflection and reflection and ‘‘partialpartial’’ transmission transmission 

ir rEE



Transverse Electromagnetic Waves, Transverse Electromagnetic Waves, or TEM or TEM 
waves waves 
–– The The electricelectric and and magneticmagnetic fields of an electromagnetic fields of an electromagnetic 

wave are always wave are always orthogonalorthogonal to one another, and both to one another, and both 
are are orthogonalorthogonal to the to the direction of propagationdirection of propagation

–– PolarizationPolarization is the direction of the electric field is the direction of the electric field 
associated with the propagating waveassociated with the propagating wave

H field

Plane of incidence (formed by the wave Plane of incidence (formed by the wave 
normal & the normal to the interface) normal & the normal to the interface) 
TE condition TE condition  EE field field ⊥⊥ Plane of incidencePlane of incidence
TM condition TM condition  HH field field ⊥⊥ Plane of incidencePlane of incidence

Figure 2.3 Orientation of electric fields for TE incidence at the interface between 
two media 
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θθii < < θθcc
–– Only partial reflection occurs and the Only partial reflection occurs and the 

reflection coefficientreflection coefficient is is realreal..
θθii >>θθcc
–– Total internal reflection occurs and the Total internal reflection occurs and the 

reflection coefficientreflection coefficient is is complexcomplex. . 
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PoyntingPoynting VectorVector
–– vector product of the electric and magnetic vector product of the electric and magnetic 

vectors vectors 

Reflected PowerReflected Power
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the electric and magnetic fields associated the electric and magnetic fields associated 
with a propagating wave be described with a propagating wave be described 
respectively as respectively as 
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Figure 2.4 (a) Propagation in a planar waveguide. (b) The relationship between 
propagation constants in the y, z and wavenormal directions. Adapted with 
permis-sion from Artech House Publishing, Norwood, MA, USA, 
www.artechhouse.com

101 sinθknkz =

101 cosθknky =

There will potentially be a There will potentially be a standing wave standing wave 
across the waveguide in the across the waveguide in the yy directiondirection
For a roundtrip in the For a roundtrip in the yy directiondirection

The total phase including the effect of the The total phase including the effect of the 
reflection at the upper interface and lower reflection at the upper interface and lower 
interfaceinterface

110 hnkhkyh

lut hnk 110

For consistency, this total phase shift must For consistency, this total phase shift must 
be a multiple of be a multiple of 22ππ

There will be a series of discrete angles There will be a series of discrete angles 
corresponding to integral values of corresponding to integral values of mm
Each solution Each solution is referred to as a is referred to as a mode of mode of 
propagationpropagation

mhnk lu110

The first The first TETE mode, or mode, or fundamental mode, fundamental mode, 
will be described as will be described as TETE00

HigherHigher--order modes are correspondingly order modes are correspondingly 
described using the appropriate value of described using the appropriate value of mm
The limiting conditions of The limiting conditions of mm correspond to correspond to 
the propagation angle, the propagation angle, θθ11, becoming less , becoming less 
than the critical angle at either the upper than the critical angle at either the upper 
or lower waveguide interface.or lower waveguide interface.



Symmetrical Planar WaveguideSymmetrical Planar Waveguide

TE PolarizationTE Polarization
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Minimum value of Minimum value of θθ1 1 = θθcc, , wherewhere
mmmaxmax

–– oror

Allowed Modes are Allowed Modes are m m = 0,1,2= 0,1,2,,……[[mmmaxmax]]intint

The Number of Modes = The Number of Modes = [[mmmaxmax]]intint+1+1
The lowest order mode (the fundamental mode, The lowest order mode (the fundamental mode, 
mm = 0) is always allowed (never cut= 0) is always allowed (never cut--off).off).
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Figure 2.5 Propagation in an asymmetrical planar waveguide 

TE PolarizationTE Polarization

There is not always a solution for There is not always a solution for mm = 0= 0
Especially when the waveguide is too thin (Especially when the waveguide is too thin (hh is too small) is too small) 
or the refractive index difference between the core and or the refractive index difference between the core and 
the claddings is too small.the claddings is too small.
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Let Let nn11 = 1.5, = 1.5, nn22 = 1.49, = 1.49, nn33 = 1.40, = 1.40, λλ00= 1.3 = 1.3 μμmm, , 
and and hh = 0.3 = 0.3 μμmm, , mm = 0 (Silica waveguide)= 0 (Silica waveguide)

Figure 2.6 Solution of the eigenvalue equation for m = 0 

Let Let nn11 = 3.5, = 3.5, nn22 = 1.5, = 1.5, nn33 = 1.0, = 1.0, λλ00= 1.3 = 1.3 μμmm, , 
and and hh = 0.15 = 0.15 μμmm, , mm = 0 (SOI waveguide)= 0 (SOI waveguide)

Figure 2.7 Solution of the eigenvalue equation for m = 0 (silicon-on-insulator) 

TE Polarization in a Symmetrical waveguideTE Polarization in a Symmetrical waveguide

MonomodeMonomode conditioncondition
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The propagation constant in the  z The propagation constant in the  z 
directiondirection kkzz is often replaced in many texts is often replaced in many texts 
by the variable by the variable ββ

The effective index of the mode The effective index of the mode NN ((nneffeff))
101 sinθknkz = 101 cosθknky =

11nN 0Nkkz == β

Range of Range of ββ

Range of Range of NN
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