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Typical Dispersion of a Dielectric Material
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Rainbow (water dispersion)
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Optical Pulse Dispersion & Compensation

Pulse Broadening due to Dispersion

(a) Separate pulses at time f

Pulse shapes and amplitudes

Distance along fiber =———=

https://nptel.ac.in/content/storage2/courses/117101054/downloads/lect5.pdf
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Dispersion
Material Dispersion: Lights of different wavelengths travel at different velocities within
a given medium

Modal Dispersion: Exists in waveguides with multiples modes. Each mode propagates with
different velocity. Occurs even if the materials are dispersionless.

Waveguide Dispersion: Exists in waveguides with even with a single mode. This dispersion
occurs since modal B depends on frequency.

X1015 nc=1,nf=2.2,ns=1.5,h=1pm
3r {e/n )8 (e/ngh3 /. » ” " 2 Z
—a-. - L - -
g 25 iy
c 1 3 /. : ~ (c/n)3
é E 2 B . -, >
£ 5‘ >
2 1 g 1.5 ~ 2
o 3 -
) o -,
o e -
uq_.) = = . (TS 1 -,
o 0 Infrared | Visible ; Ultraviolet X-ray =
- =
Dir Oy O Lm £ 05 |
' = TE-modes
Angular Frequency, w = = =Th-modes
0 1 1 1 1
0 0.5 1 1.5 2
Propagation Constant, 8 (m™) <107

Prof. Elias N. Glytsis, School of ECE, NTUA 7



Classical Electron Oscillator Model

Simple Atomic Model
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Equation of motion for an electron
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Lorentz Force  Restoring Force m
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Classical

Simple Atomic Model
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Electric Susceptibilities,

P(w) = co [X'(w) = jx" ()] B(w) =

Classical Electron Oscillator Model
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Material B,

borosilicate crown

glass
(known as BK7)

1.03961212

sapphire

(for ordinary wave) 1.43134930

sapphire

(for extraordinary
wave)

1.5039759

fused silica 0.696166300

Normal Dispersion - Sellmeier Formula

n*(\) =1+

Bi)2
A2 —

1

Table of coefficients of Sellmeier equation

B,

0.231792344

0.65054713

0.55069141

0.407942600

Bs

1.01046945

5.3414021

6.5927379

0.897479400

G

6.00069867%10-3um?

5.2799261%1073um?

5.48041129%1073um?

4.67914826%1073um?
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G,

2.00179144x10-2um?

1.42382647%1072um?

1.47994281%1072um?

1.35120631%1072um?

G

1.03560653%102um?

3.25017834x10%um?

4.0289514x10%um?

97.9340025 pm?
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Group Index and Group Delay

For prOpf:lgth-mﬁ of ophcal pulzes thot contain a spread of wavelength
(n a dis perswa rmoseriol 4ha gmup veloaty instead c:sf +he ph;ue velacity

s of mjrcres.ja The c:nrc:up ve_‘lauhj i3 &Q-aned S

Vq = — " - ow -

9 Ix Where k= Zn(w
de _ d (1w ,' Contwy . wodn dn
Thee 37 & "““”)* SRl S GRS

T6 o instesd of w is used then; (4= freespac wc:;--reieng_-’rhj .

dn - dn dw _ (2”C>='§_'l'(__i._2wc
o dw o3 du o dw N 2

z .
dn _ _ 2 f-i_‘” ~p ‘(n-rwd” = _“...(h-i- Eﬂc(-l)é_"_"‘)=
clwo Ze oA c Jdu < A Amd oy
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= —(Nn-9 =<
C - gdg‘)
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Group Index and Group Delay

Then +the group velocity can be weiten as:

c - C

Vg = — = nC
dn _Adn
h-&-wdw I3 A-d_ﬁ Nj

wWhere 1,\13 (s tha group ‘ndex.,

The group delay g I5 defined on the £ime it 4akes B a pulse of

Light to travel a unit distana. Thearefore,

UB _dbﬁ"
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Group Velocity Dispersion (GVD)

A narrow optical pulse that contouns a spread of [_ﬂq1fq19nij;h5 AA
can Promﬂlgcﬁé L~ a di"iper“sive medium af Lam.a#h_ ' L A_J.:-f-er P-Y'C'Dflga:l:hbr‘-

he pulse widens by AT

at=L a(L) = LE(L) o

Doy = 2L o 4 (1)

VAN SPRRS
Coa= S 4 - é*_)-;LéEs:Lé n-aSn
d (LN _ ifdn _dn_ &\ _ A dn
=2 d,\(‘t_lg) T c\da da 9‘.3,;‘1) T < dx2
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Group Velocity Dispersion (GVD)

An eguivolent expression can be tound 1§ vg = %ik’- 't used.

A(1) o d(Lyds | d(skyde _ g ome)
5(#)_ dw\ vy /) d3) T dw dw 2 ey 2

°3
ThE?c'FDVE,
2 =
_ A dn ZTFC)::I K
D{’U"cax—'"(;\l dw?

Later k can be replaced by @ when the waveguide effects are also
beiﬁa considered,

Using the A and Gr parameters for ¥he spphire (A1,05) we
obtain the resulfs shown on page ?..The. same results For S0y and

Si0y doped with GeD; (Fiker core) are shown on poges 3 and 9
respectively.
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Group Velocity Dispersion (GVD)
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Group Velocity Dispersion (GVD)

Si0, with GeO,, Doping Case (Fiber Core)
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Group Velocity Dispersion (GVD)

The GvD M paizes +hr:n,_13h Zera ot +the z2rm material dizperszion wave-
‘EHBH"L. [Bet’s defire i+ as Jdo=a ). T+ is 5+rm'=3h+{'<:arwc:rd ta under:tang

that ng.s octcurs at an extremurm  of Ug (in khe grophs of pager T3

) . . , 1 .43 2
a1 tha mawrmuen ), This i becauie D=- :%ELE:G =i :TE=G :::‘-:—T:G
= Ng(ZApas) an exbremum = wUg i __d= 5 at an exbernum.
Mal.'.-'t.n=n}
THEFE'&’:’EJ far :{j"cllﬂ du&/’dj PO Llar'ha.:r w-:]_v-g_{eﬁ.aalrh_q +rovel
faster than sharker wavelengths, But sincy o= 51—(—1- ): _L d=w
o X U"j USIH

D< O when SY3/d, >0,

El'mi.lﬁ-rl-j. when 27 dp=g duafg:{ <0 ~ shaorter wg_veler}g{-hs

travel faster than Langer wavelengths, Agaun i f dus 2 g - oD>0,
A
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Waveguide Dispersion

Whenever light iz guided (n a wawvegwide tha modal (or intfermodal)
and the waveguide (or 1n+ram§dal} dizpersi occur. (n additian T 4ha
materiold disperzion. In a 5~'n9h—mﬂd& wareguwide the modal dispersion
does not exist. However, tha waveguide dispersion , even iF it iz nat ar 13w
s shill impartant since itcan shift the dispersion

the motenall dispersion,

-

el

characteristics of the wa-.regm‘de.
Optical Electronics 1n Modern COmmunica-

C AL Yariv, "

Tt can be shown
D parameter can be wriHen

tions] that the Group Yelowty Disgerzion

ln the ‘FOLLGwn'ng farm i

2 | 2
_ %[d_n) - dgﬁ*f)ﬂ] -

D = d A4 Jm
- _’Errc.l:clak ) (‘-{—)-_.l'_d”g
= a2 d“l dw1 "Us - Uﬁz_}\-
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Waveguide Dispersion

The malenal term can ke calcwiated uiing $ra Sellrnair coefficients ar
1t wonn done previcusly, The waveguide term though requdres the use
of the tramscndental eigenvalie equakon. Let F(w,f) =0 &his

eigervalue equaton. For exampla f3 the HEy mode

o)
flw,p) = wa 15Dy Ry g
Jo(xa) Kalge

where 14:\]‘_*‘;:5&_[3: ) a:m
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Waveguide Dispersion

?idw-i-—-a:r:&ﬁ::(:] = %z_ﬂ
dw > _Q*P 25/ dur

The derm ST.;EL that 12 needd can be obtained from:
I8 . é(i[‘) - 2(8)- 2 (_éﬁaw _
cla® - o \cha - o Uj L dia | a‘F;aP

d (28 2E _ d(2F)9F
dwl aw / 2P dwl 2B /4w

(f/2p)”

2
3 L

2%

where 28 au)ai _ i(i):: 3Pdu uia * g And
6= BM- 2 - L

T+ 13 worth mentioning that (n all the aloove

Sa.#-i:-Fi_J 'pfw,P} =0

exprestions w, B should ‘&Iwo.a,:,

i.e. theie corresponding eigenvolue equohion. Also

itz abvicus thot waveguide disperzion coleulabions amr tedious and can be

pevformad strckly rumercadly,
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Waveguide Dispersion

c”"-'::laddir'ug
w
- 27¢C
A
c/ncore
Zero
Waveguide |— — — —_—
Dispersion
HE,  (LPy) Mode
8
At +he (nflecton point EL’:D. But
dw
D= é(;_) i, g(; dw i(a)(,@)
T dA\U3/ T dwlug/ da dw | Uy a2
< (ﬁ*) (J:-) _ J°B
= chiu d'vl-’ z El.l..-.'lt
_ L dug dw ) dus [
- "‘L{j'i";j dA Uﬁ‘: durs

There%re) duafv.-_iu:.:c: ~> D=0 .
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Waveguide Dispersion

When C'”EfdA >0 = %ﬁo => longer wavelengths Yravel

foster than shorter wavelengths (frequondes below tre dashed Uina

[~ +ha "'I":1-':l.u'l"?.' of jalat= R 12 ). when ..ci'.;’f <0 =) %Ef O = shorter
- - [ :

1

'v\JC.l'JE'iEr‘ua‘l"f‘:E Travel -Fu:uiirer ﬁ“haﬂ. }Gﬁaer mgfe{e-na-i- s,

Dispersion

50
Material .
Dispersion £
. c
~
Total Dispersion .:Ec . . . =
Zero at 1.28 um g_ T Waveguide DISperSIO} /
| \ c O \ L~
.g / 1
3 o<
2 / / Total Dispersion
- / ,></
/ Group Velocity Dispersion
-50
. Hecht, “Understanding Fiber Optics”, LaserLight Press, 5t" Ed., 2015 1 Hm 1.3 um 1.6 pm

Wavelength

C. R. Pollock, “Fundamentals of Optoelectronics”, Irwin, 1995
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Refractive Index

Dispersion Shifted Fiber

' Fiber Axia End View of Fiber
(not to scale)

Outer Core

Outer Cladding

&

Inner Cladding

E. Hecht, “Understanding Fiber Optics”, LaserLight Press, 5t Ed., 2015

Commeon Dispersion-Shifted Profile
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Refractive Index ‘ \
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Claddi
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v

n
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ny -

n,

Claddin
n, . ‘I:i_
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V

https://wiki.metropolia.fi/display/Physics/%28M%29+Dispersion+in+Fiber+Optics
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Optical Pulse Propagation

Let's assume a Gowssian pulse (in bime) at some pain# z (=)
(nride o Lucnvegg_..jcie Csmameode') . The electric €reld of 4+ha puiss_

can ke expressed a3

: . lia . . ) . L
E(xy,z=0,+) = EaBx,u) e'z(r) Aot {.e__,{imafz )y

The frequency spectrum of E(%y,2=0,4) is given by

» . _ R LrEAE . *1' £
S AT
s

Eas '€E&h~;5) T e

V2

- 1 [m—wu)lrz

=

In +he above i+ s astumed #nat Eixy) correspords to one waveguide mo-
de. Now each spectral cormponent of E s cropagaded by distance =

asidening Q propagation constan+ ﬁ(m}:
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Optical Pulse Propagation

e

LBy E jwt
J R

E(Vu"ﬁ}zih) = E{:I,«j =0, W) e e dw

)
Usually it iz asiumed thoat B (W) (s 2 smooth functian of w and

con e expanded in 2 Taylor zeries with only tha first 4neee termns:

[3{*4.1} o Blwed + fm-m.:“,-ﬁ-} m-knazd P‘”}

= P[WG} -+ {“U*LU“) F’Fﬂ“" Ji{'m‘mﬂjl]:z Fz

wWheee B, = 1a{dua’d§)‘]mn = LXUE{_LLJ-:} and Bz is reloted +o +he dispersion
2z
parameter D = - 3:;:‘:- (-E-EL) at Da = wo
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Optical Pulse Propagation

ca ) 11 8% 1 exp - Coma
[t +(aT/)? ]”1 2 (T2 +{A7))

- (A >
EKP{ J( t/r){l:——faa) E EKP{J{_mQtaFQEJ}

2 [t3+-(at)]

E (y,2,4)=

where . At = ﬁ?}/‘c , Po=Plwe), wga=R,Z .
The first term correspords to the pulse
&mFU%Qde which haoy been decreaed by [1+ {ﬁt/‘t)"]lu and depends on
B, and tha distanc z 4raveled.
The second 4erm correspends ta tha pulie envelope. The peak of tha
oulse reaches % st tima Tge = {31Z=%’u3a . This veveals +hat the
pulse peak (envelope) propagades with +he group veloa'ty. Furthermare,
the pulse holfl width hos been incresued from T to given kby

!

I ;
T = ["EE-'- &tzj l.—. [Tz-ﬁ-(ﬁgf/'c )1]”1 Therefore, the pulse hos been broodened,
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Optical Pulse Propagation

The third 4erm represents o -Freqa.-.z'm:n:j modulation. The inslantaneous

frequency of the pulse i

A X
W = we + 2% ﬂ:.)
T \Nrp2p At

when ]32 >o (b=- [;-%)?«2 <0, %93/, o ) the $FEQLQHC%
at a fized = increases lineardy with time(positive linear chirp), TF

B.<o (Db>o0 ) é“'Sfd,\ <0O) the -FYEQ'ﬂhlﬁCij decreases linearly with time,
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Optical Pulse Propagation

Si0, -z (M) =0, A, (um) = 1.5, 7 (ps) = 0.01, k | (ps/km) = 4878696.7279, k (ps?/km) = -27.9474
T T T

1 T T T T T
0.5 .
o
[
ic 0O
1]
-0.5 .
-1 1 1 1 | L 1 1 1 1
-10 -8 -6 -4 -2 0 2 4 6 8 10

Normalized time, t/T
Si0, -z (m) = 0.01, A, (um) = 1.55, 7 (ps) = 0.01, A7 (ps) = -0.027947, 7_, (ps) = 48.787, D = (ps/km nm) = 21.9118
T T

0.5¢ F’H ‘H -

Il

-1 1 1 1 | 1 1 1 1 1
-10 -8 -6 -4 -2 0 2 4 6 8 10

Normalized time, (t-rgo)Ir (ps)
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