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7. Optical Fiber 

7.1 Electromagnetic wave guided in an optical fiber 
  Cylindrical coordinate system: 
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EMW in optical fiber 

wave equations: 
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EMW in optical fiber 

Bessel differential equations: 
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Bessel functions 
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EMW in optical fiber 

: TE or TM   axial symmetry 
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7.2 Eigen value equation 

boundary conditions:       ,        ,       ,         are to be continuous at r=a. zE zH ϑE ϑH
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eigen mode in an optical fiber: TE and TM mode 

(1) 0=n const=Θ )(θ







=







=







=







−=







=







=

≥

r
a
wK

aw
njCH

r
a
wK

aw
jDH

r
a
wDKH

r
a
wK

aw
jDE

r
a
wK

aw
jCE

r
a
wCKE

ar

r

z

r

z

'
/

'
/

'
/

'
/

0

2
20

0

0

0
0

0

0

ωε

β

ωµ

β

θ

θ







−=







−=







=







=







−=







=

≥

r
a
uJ

au
njAH

r
a
uJ

au
jBH

r
a
uBJH

r
a
uJ

au
jBE

r
a
uJ

au
jAE

r
a
uAJE

ra

r

z

r

z

'
/

'
/

'
/

'
/

0

2
10

0

0

0
0

0

0

ωε

β

ωµ

β

θ

θ

lTM 0

lTE0

0
)(
)('

)(
)('

0

0

0

0
2
2

2
1 =+

wwK
wK

uuJ
uJ

n
n

0
)(
)('

)(
)('

0

0

0

0 =+
wwK
wK

uuJ
uJ



7-8 

eigen mode in an optical fiber: hybrid mode 

weakly guided approximation 
0≠zE: hybrid                and 0≠n 0≠zH(2) 
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With the help of Bessel function’s equalities, all the modes can be  
included in the following characteristic equation. 

mlLP
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7.3 Guided mode 

Normalized frequency: 
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7.4 Group velocity and wavelength dispersion 

group velocity: 
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waveguide dispersion 

β changes as wavelength changes due to 
confinement variation into waveguide core. 
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total dispersion 

total dispersion: wm σσσ +=

(1)normal dispersion (GVD>0, σ<0): 

(2)anomalous dispersion (GVD<0, σ>0): 

vg increases as a wavelength 
becomes longer.  

vg decreases as a wavelength 
becomes longer.  
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7.5.1 Nonlinear effect (SPM) and soliton 

optical Kerr effect: 2
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(1)normal dispersion region (GVD>0): 
tg is larger for shorter wavelength 
                 (at higher frequency)  

rising edge : faster 
trailing edge : slowly  

pulse broadening 

(2)anomalous region (GVD<0): 
tg is larger for longer wavelength 
                 (at lower frequency)  

rising edge : slowly 
trailing edge : faster  

pulse compression 
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7.5.2 Nonlinear effect (FWM: Four Wave Mixing) 

caused by an optical Kerr effect (third-order nonlinearity) 

frequency

pump

probe idler

frequency

pump

probe idler

FWM: Four Wave Mixing  
2 pump + probe  idler 

DFWM: Degenerate Four Wave Mixing 
2 pump (with same λ) + probe  idler 

bad news 
FWM produces a spurious light that 
could have the same wavelength 
as a signal to be transmitted in 
WDM. 

good news 
FWM can be used as a wavelength 
converter. 
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7.5.3 Nonlinear effect (Raman effect) 

Frequency shifted light is generated due to Raman effect: 
          λ(ω)  λ+ ∆λ (ω−∆ω)  
         −∆ω : molecular vibration, optical phonon energy 

Stimulated Raman effect in optical fibers: 
optical gain at a wavelength region approximately 100nm-longer 
than a pump wavelength  
     utilized as an optical amplifier 
     can be tuned, in principle, at an arbitrary wavelength 
     fiber itself is a gain medium 

pump
gain

wavelengthλp λp+100nm



7-17 

7.5.4 Nonlinear effect (Brillouin scattering) 

Wavelength-shifted light is generated: 
   shifted by the frequency corresponding to acoustic phonon energy 
 
acoustic phonon  compressional wave 
                             periodic variation in refractive index 
                             red-shifted scatted light 
                                 (propagating in backward) 
 
coherent and intense incident light 
                             Stimulated Brillouin scattering (SBS) 
 
power transfer from incident light  
to scattered light 
      suppresses transmission power 
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