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Optical Fiber

Optical fiber as waveguide
- Maxwell’s equations in an optical fiber

. H is the magnetic field [A/m] [xH :>{+6D:6D
(Ampere’s circuital law, no current in fiber) ot ot

. Eis the electric field [V/m] xg=_98
(Faraday’s law of induction) ot

. D is the electric flux density [C/m?] HD=0=0
(No free electric charges in fiber)

. B is the magnetic flux density [V-s/m?] LJ[B=0
(No free magnetic charges)

« Relate the fields to the properties of the material

. P is the polarization field density D=¢,[E+P
- The electric permittivity £0=8.851012[ AEB/\DT}
- The magnetization is zero in a fiber B=/, [(]H +]}a()

- The magnetic permeability ,uozl.26106[ AEm/\@
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Optical Fiber

Wave equation
- Fourier transform equation

E(r ,w):me(r t)exd jat) d

E(r ,t):%T [ Elr ) exd-ja) do

- Useful proprieties of Fourier transform

f{aE(r,t)}:_jw[E(r,w)

ot
f{exp(j Qt)E(r ,t)}:E(r wtjQ)
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Optical Fiber
Wave equation

- The wave equation — step index fiber

2
DxDxE:—IuO%(DXH) ,Uog £E+P (;I-ﬁaT_ 0—

« By using the Fourier transform of E:
E(r )= E(r Yexitit) d ; P(e)=[" P(t)lexpict) t=z,5(«)E(c)
. x Is the susceptibility
- The wave equation becomes

-~ W _ . W =~
DXDXE:?[CH )((a)))E:?gr E
. £ Is the relative dielectric constant  (dimensionless)
- The dielectric constant is related to [ i ac)’
the refractive index n and the loss a &30 JZ)
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Optical Fiber

Wave equation

= The frequency dependence of n(w) is referred to as material
dispersion
- We use the vector rule

~/

DXDXE:D(DI --)—D2E= ~-0%E

. Itis assumed that the medium is homogeneous

« Finally the wave equation reads (using wave number kﬁ%
and neglecting losses)

TPE+n(w) R2TE=0
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Optical Fiber
Cylindrical coordinates - review

' Vi=—e, + ——e, + —
Coordinate f st Tag% T 5% |
system (r,,z) notations:
‘ 1a(r4,) 194, 44,
- V-A=— + — +
O/\ roar r dg¢ az orad f = Vf
: 1 1 div4=V-4
: Cere Cadsng ;er €s :ez rot A=Vx A
| Pira.x) v X A o a a a lﬂpf :vﬂf
: ' or dd dz
:| " lf Ar FA¢ Az
| . 10/ 4 1 42 e
- — sz——- ToaET w il"—f + "'5_'_{ + _-i
Fori. ar rc do az
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Optical Fiber
Optical fiber modes

- Solution of electromagnetic wave equation:
- Harmonic wave — vectorial form with cylindrical coordinate

E(r.¢.zt)=E,(r g)&xp j(wi-83)]
H(r.@,z,t)=H,(r ¢)@xp[ j(w[ﬂ—ﬁﬁ)]
— waves are to propagate along z axis:

- B(w) is propagation constant (in direction of propagation),
determined from boundary conditions

s ¥
Fiber
s core
F
/

axis
— Vs
Direction of wave propagation
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Optical Fiber

Optical fiber modes

- Boundary Conditions:
. Tangential components of E and H continuous between
core and cladding
. If the components of E, and H, are not coupled
together for the EM field, then the solutions for the various
modes can be obtained for E, =0 or H, = O:

- H, =0, E, # O0: transverse electric mode (TE)
- E, =0, H, # 0: transverse magnetic mode (TM)

- The boundary conditions determine the possible values
for B(w)

Fiber Optical Communications — AWT 9
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Optical Fiber

Optical fiber modes

- General solution of the wave equation in cylindrical
coordinates (r, @, 2 ) :

. SIX components: . ( oE 0 OH
E, ,E,, E, H ,H,  H, Er:—l(ﬁ :  HO9 j

- E, , E, are coupled X

Substitution method for )
transverse components (E,, E,, Hy, H,) H =—— J [ 6HZ_Ea) Ezj
2

to solve system equations r
(Maxwell’s eq.) with cylindrical

__J(BoH, E,
coordinates: H,=- 2( te
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" J
Optical Fiber

Optical fiber modes
- The longitudinal component E, of wave equation:

10/( 2E 1£2EZ 0°E, 22 ME =0
r ar(r or j+r2 0¢° i 0z° (o) &,

«) In the core(r<a
”(“)):{::Ea)g in :he cladéling()r >a)

- The same equation is obtained for the H,-component
« Assume that the cladding extends to infinity

« Modes are solutions of the wave equation
. Satisfy the boundary conditions (between cladding and core)
- Do not change spatial distribution as they propagate
- Modes can be TE (E,=0), TM (H,=0) or hybrid HE or EH
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Optical Fiber

Optical fiber modes
- The boundary conditions at z=0 determines whether E, or H,
are excited
- E, =0 transverse electric (TE) mode
- H, = 0 transverse magnetic (TM) mode
- E, and H, # 0 hybrid mode, EH or HE (higher contrib to transv. fld)

= Solving the wave equation (z component) for the modes (using
separation of variables method)

E,(r.@,2,t)=AF,(r)F,(¢) F{2)Ft)
and obtain
F(2)F,(t)=exq j(at-B3)| ; F,(p)=exq)jmip)
- The equation for F, is the Bessel’s equation

2
o nzms—ﬂz-%uﬁ:o with k=g’
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Optical Fiber

Optical fiber modes - the Bessel functions

= In the core (r<a, n=n,), Bessel's !

eq. has bounded solutions J,, for E:zj

B < ky'ny = Ky, so that 04l /

Jo(x) | Bessel func. of
the first kind
Ji(x)

—_hx J (pH)OR - ( pH)OR

F,(r)=AD, ( pr) N
where 02|
P=+/ klz_,Bz , k1 =277n1//] 0.4}
- In the cladding (r > a, n = n,), I
Bessel's eq. has bounded solutions wl|  Modified Bessel func.

of the second kind

K, for B> Ky, =k, , so that " Nk Ko (o) exif~(qm)].
F,(r)=CIK, (qx) o
where 001}
q:\/m : k2:277n2//1 UU:;E
- K., is exponentially decaying 1e0s!

0 1 2 3 4 5 6 7 8 9 10
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Optical Fiber

Optical fiber modes - Solution
Expressions for E, and H, are:

. core r<a (K -B*-m*/r3>0 = p’=k*>B*, k=2am/)
E,(r<a)=A, ( pE)@xq jmig)exp j(at-L3) ]
H,(r <a)=BL,( p&)Exy jmig)exp j(at-L3)]
» Cladding r>a ﬁ(nz[ﬁj—ﬁz—mz/rz)<0:> q*=B*~k,’, k,=2m,/A
H,(r>a)=DIK,(qE)@xp jmig)exp j(at—L2) |
E,(r>a)=CIK,(qm)@xp jmip)exp j(at—L2)

where , A, B, C, D are arbitrary constants that form a system of
four homogenous equations — the characteristic equation :

Jo(PE) Kr'n(qm))}[%k12 Io(P) |- Kr'n(qm))}(ﬁmjz( 1, 1)2

plJ,(pd) K, (o p,(pmd) ‘X, (qm)| L a /{p*
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Optical Fiber
Optical fiber modes

= only values p and g that satisfy this equation will satisfy the
boundary condition

= combining the definition of p and g we get normalized
frequency relationship

VZ:az(p2+q2) = az(lqz—kzz):(ZHa)z//f@f—nQ

= V is the normalized frequency and governs the number of
propagating modes

- Single mode condition: =0 ; =k n,

= cutoff frequency V < 2.405

Fiber Optical Communications — AWT 7 15
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Optical Fiber

Optical fiber modes

o How to find the modes for a particular fiber:

= Given the fiber geometry: the core radius a, the core index n,, and
the cladding index n, and the operating wavelength k,,

« Foreachm=0, 1, 2, 3,... solve the characteristic equation to find the
allowed values of 8, thus determining the spatial dependence of the
fields

« For a given value of m, there can exist multiple solutions, which are
enumeratedas: n=0, 1, 2, 3,...

« For a given value of V, there exist solutions up to some maximum
values of (m, n) (propagating modes), beyond which no solutions exist
(cutoff modes)

« For each mode (m, n), substitute p or g to find the specific
propagation constant 8,,,(w)

« Each mode has a specific, wavelength-dependent propagation
constant

Fiber Optical Communications — AWT 16




Optical Fiber

Optical fiber modes - The mode family

- For m = 0O either H, or E, are zero
- These are called TE,, and TM,, modes

- The other modes are hybrid modes; EH_,, or HE

- The lowest order mode is HE,,, which exists for alll
wavelengths

- A simulated HE,, field is seen to the right
- E,and E, are shown by the arrows
- E, is shown by the color

= The longitudinal (z) component is much

smaller than the transverse
- Essentially linearly polarized:

Fiber Optical Communications — AWT A.E 17
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Optical Fiber

Optical fiber modes - The mode family
Fiber end view al transverse
electrical field vectors for A
4 lowest-order modes of 9
step index fiber

First set of
. Cutoff condition for T

Some low -order modes

T™g HE3;
m Modes Cutoff condition

O  TEgy, THop Jon(Pa) =0
1 TE4,, THy, J1,(pa) =0

>2 EHm,n J mn(pa) - 0
HE : E}
mn (%ﬂ}]m( p@):p—_lJm( pE)

Fiber Optical Communications — AWT A.l 18



" J
Optical Fiber

The effective index (mode index)
- amode is uniquely determined by its propagation constant (3;
- the propagation constant must lie in the interval k,'n, < B <k, ny

- itis defined a mode index (or effective index ) as ﬁé%o

- each fiber mode propagates with an effective refractive index: n

. this value is between the core and cladding index: N, <N<n

- the effective index
gives a measure
of the mode et S 0 eakly confined mode
confinement :

HE,, mode

11 1 »
intensity

Fiber Optical Communications — AWT 19
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Optical Fiber

Normalized frequency
. . . 21T > 5 W
a The normalized frequency is defined V:7@ N —n, =—[@l[l,v2A
C

o The normalized propagation constant is as

b:(ﬁ_nz)/(nl_nz)

1.0 T T T T T T "

All modes except HE,; _ osf-
are cutoff g
for V < 2.405. é 06~
The nr. of modes, M, in § oaf
multimode fiber : E

—~
~

(nf‘”zz)(Znaj_V_z
2 LA ) 2

Normalized frequency V

Fiber Optical Communications — AWT A 20



Optical Fiber

Power distribution - multimode fiber step index
o Important parameters: core diameter and numeric aperture

a P Increase with normalized wavelength
a P=P,, +P

core clad

P P

core :1_ clad

P P

P

clad ~ 4

P 3/M

Fiber Optical Communications — AWT A.EP 21
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Optical Fiber

Graded index Fiber structure

r

a Variable refractive index r\’
o . . | n, 1-20 — where fr<a
« r radial distance from fiber axis n(r)—< a
+ a core radius n,=n~1-2A=n(1-A) whereasr

= n, refractive index of core s 5
= N, refractive index of cladding A—nl _?2 ~h =N,
- a shape of index profile 2n; N

- A the index difference

( z
o Variable NA NA(r):<\/”z(r)‘”zzzNA(O)\/l‘&j when €r<a
\ 0 whexxr
NA(Q)=\/n*(0)-r =n'2A

a
a The number of modes for graded index fiber M :mazkzan

Fiber Optical Communications — AWT A 22
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Optical Fiber

Summary MMF

a Guided Modes

= total internal reflection
= additional phase condition

a Mode theory
= E is not totally confined in the guide
« E decays exponentially outside the guide

« E is stationary (sinusoidal variation) in the transversal direction
within the guide

« Higher-order modes penetrate more in the cladding
= Solution of the wave equation given by Bessel functions

- [ takes discrete values defined by the boundary conditions
(determined by the characteristic equation)

= Condition for single-mode operation (V<2.405)

Fiber Optical Communications — AWT 23
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Optical Fiber

Single Mod Fiber (SMF)

- Single-mode condition — the value of V at which the TE,; and
TM,; modes reach cutoff ( J,(V)=0 — V<2.405)
VA Vid

- Core radius can be estimated with: a= =
21/ -2 @i\ 2A
- Supports only the fundamental HE,; mode;

- The mode index: ﬁ=n2+b(nl—n2)=n2(1+bA)
- Approximation of normalized propagation constant for V=1.5= 2.5:
b(V)=(11428- 0.9960/)’
- SMF filed characteristics (for A<<1)
- z-components of the E/H fields ( HE,;; mode) are quite small

- corresponds to meridional rays

- E, or E, component is dominating and are independent of ¢
- This mode is essentially linearly polarized (HE,;; = LPy; )

Fiber Optical Communications — AWT 24
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Optical Fiber

Single Mod Fiber (SMF)

- For transversal evaluation component, using (X, y, z) coordinates,
setting: E, =0 < H, =0 (mode linearly polarized along the x axis):

e -| Bl pm)/ 3 pB)exi(iB2) ; (rsa)

B (Ko pm)/ Ko pa))exejBz) ; (r>a)

Hy:nZ 50///0|'x
E,=H,=0

- The same fiber support another

mode linearly polarized along the
y axis (E, =0 <~ H,=0).

¥y LY

Hotizontal mode Vertical mode

- SMF supports two orthogonally polarized mode, on X and Y axis,
and have the same mode index (m=0) .

Fiber Optical Communications — AWT 25
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Optical Fiber

SMF - Fiber Birefringence

= an ideal single-mode fiber with a perfectly cylindrical core of
uniform diameter has orthogonally polarized modes (LP)

= real fibers have variations in the core shape and experience
nonuniform stress such that the cylindrical symmetry is broken.

- The LP-mode degeneracy is removed
- The fiber is birefringent with a “slow” and a “fast” axis (x or y)

- The degree of modal birefringence is defined by: Bm :‘ﬁx —ﬁy‘

- Birefringence leads to a periodic power exchange between the two
linear polarized components
. The period, (the beat length), 0

is given by L; :/]/ B, % _'A

The state of polarization changes along
the fiber length from linear to elliptical, and then back to linear (periodically).

Fiber Optical Communications — AWT 26
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Optical Fiber

SMF — spot size (Mode Filed Diameter — MFD)

- The amplitude distribution of E for HE;; mode in the transversal

plane is: E(r):EO[cUO( pe) / I p@)) U EoeXF(_rZ/W?))

It is approximated with Gaussian shape
The fraction of the power contained in the

core can be obtained with

E2(r)mdr
r:R:ore:.OE(() _1

Rotd 'ooEf(r)mdr

J0

- EXp: for V=2 _ [75%
forV=1 - 'd20%

Fiber Optical Communications — AWT A
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Optical Fiber

SMF — spot size (Mode Filed Diameter — MFD)

spot size (MFD) is diameter (2w,) of amplitude distribution
at a level e (13.53%) from the peak

MFDzzwozz\/j:Ez(r)m?’or/I:Ez(r)md

- Approximation of MFD for 1.5<V < 2.5 Core diameter
————— - f_}E{]
W =3 :
—9=0.65+1.61% 2+ 2.87T®° pr "',.fjﬁf
a diameter
2W;

- most telecommunication single-mode fibers are designed to
operate in the range 2<V<2.4

Fiber Optical Communications — AWT A 28
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Optical Fiber
SMF — Dispersion
- Intermodal Dispersion is absent in SMF because the energy of
the injected pulse is transported by a single mode.
(intermodal dispersion is explain as different paths followed by
different rays in the geometrical-optics description and as different
mode indices associated with different modes, in the wave theory)

- Group Velocity Dispersion (D) group velocity is different for
different frequency components.

- material dispersion D,, (the dependence of h on w)

- waveguide dispersion D,, (the mode behavior, which
makes [ depend on w)
D=D,,+D,,

- Higher-Order Dispersion
- Polarization-mode dispersion

Fiber Optical Communications — AWT 29
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Optical Fiber
SMF - Dispersion, gqualitatively
« Different wavelengths (frequency components) propagate
differently (with different speed)

« A pulse has a certain spectral width and will broaden during
propagation

1.458 ¢

1.456 +
| 20
g 1.4'—547 g
+ 1.452 % 10
- 5 E
o 1.450 - 0 o
= - E - 0
= 1448 ¢ = 5
- - £ & g
= 1.446 | o 10
£ 4 m

1.444 +
-20

1.442 +

T ) T S — " -0 - - = } ! ! f i
!"wn.a 0.7 08 09 10 1.1 1.2 1.3 14 15 1.6 1.7 1100 1200 1300 1400 1500 1600
Wavelength (um) A (nm)
The index of refraction as The dispersion in SMF (red) and
a function of wavelength different dispersion-shifted fibers
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Optical Fiber

Propagating waves, phase velocity

a The electric field in (X,y,z) coordinates Is written as

E(r.t)=Re(XE,y(x y) 2z 1)Cexpj 5,z jart)

o The field is polarized in the x-direction
o Eyy (X, Yy) describes the mode in the transverse directions
o A(z, t) is the complex field envelope

o B, IS the propagation constant corresponding to w,
Each frequency component w of the A(z, t) propagates according to

(in the Fourier domain): ,5(2, a)):ﬁ(O,a)) @XF( j,BZ)

[ﬂ(z,a}):TA(z,t)@xp(jwt) d:u] whereA| @)=A{A 0}

— 00

Each spectral component of a pulse propagates differently.

Fiber Optical Communications — AWT 31
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Optical Fiber
Propagating waves, phase velocity

a Shows that the power spectrum, which is proportional to |E(w)|?,
will not change during transmission for specific z.

o The propagation constant, 3, is complex:

n o]
pley=" ;/Z“L(“’)+j”(z“’)=/i(w)+ﬂm(w)+j£2“’)
a is the attenuation

- dny, is a small nonlinear, power dependent change of the refractive
iIndex

a Dispersion arises from S, (w)
- the frequency dependence of B, and a is small

Fiber Optical Communications — AWT 32
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Optical Fiber

Phase and group velocity

a For pulses with Aw << w, (quasi-monochromatic approximation)
expand B, (w) in a Taylor series around the carrier frequency w,

with notations: Aw=w-w), and,&’m:OI AL
daw™

w=a

B ()= ﬂo+ﬂlmw+ VB(0a) + VB () +..

/ /o
}/ }/ GVD  Dispersion slope (rel. to .

o A monochromatic wave propagates with the phase velocity
)
p
8
>
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Optical Fiber

Phase and group velocity

o The propagating field is
E(zt)=E,dog B, z-wy)
a The phase velocity is V, :%/,30

o A pulse E(t) at z = 0 will propagate as

a6 _
E(z,t)—E(dwz t

o I.e. It moves with the group velocity

|3 = kﬂllz f o~ g
A / o .
Q) / "
1 — dﬁ % i I A
v - ﬁil. k=

v, dd),.,
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Optical Fiber
SMF — Group Velocity Dispersion (GVD)
- Each frequency component has its group velocity v,
v, =1/(dB de=c/m
where n, Is the group index given by: N, :n+w[(jdn/da))
- For Aw spectral width of the pulse, the extent of pulse
broadening for a fiber of length L is:

AT:d—Tma):i L ma):L@mw:Lﬂzmw:—d L [AA=DLIAA
dw dew!| v def Al v

g g
where GVD parameter 3,=d°B/dar

- D is called the dispersion parameter and is expressed in units of

ps/(km*nm) 5 dl 1 G
a2

Fiber Optical Communications — AWT 35
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Optical Fiber
SMF — Group Velocity Dispersion (GVD)
Each spectral component of a pulse has a specific group velocity
The group delay after a distance L is

T=— = —Ld'B
v, dw
The group velocity is related to the mode group index given by
v = 1 ¢_ ¢ _ ¢
g_ __ - — —
B0, @ @
dw dw dA
Assuming the spectral width Aw, the time pulse broadening is
dT d| L d2,6’ d’B
AT=—-IAw — [[Aw=L——Aw=LLG,[Aw
dw da)(vgj e P S

where B, is known as the GVD parameter (unit is s?2/m or ps?/km)
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Optical Fiber

SMF — Group Velocity Dispersion (GVD)

Measuring the spectral width in units of wavelength (rather than
frequency), we can write the broadening as:

AT—i L [AA=DIAAL
dA

Vg

where D [ps/(nm-km)] is called the dispersion parameter
D is related to 8, and the effective mode index according to:

— 2
D=— chﬁz 27:2C d( 2n 2dn+wgzl_n2
A dco(v dw dw
The dispersion parameter has two contributions:

material dispersion , DM: The index of refraction of the fiber material
depends on the frequency

waveguide dispersion , DW: The guided mode has a frequency

dependence
Fiber Optical Communications — AWT 37
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Optical Fiber

SMF — Group Velocity Dispersion (GVD)

The total dispersion D is the sum of the waveguide and material
contributions:

D=D, +D,

An estimate of the dispersion limited bit-rate is:

D|BAAM<0.5

where - B is the bit-rate,
- AA the spectral width
- L the fiber length

Fiber Optical Communications — AWT A. 38
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Optical Fiber
SMF — Material Dispersion
- Material dispersion occurs because the refractive index of silica
changes with the optical frequency. It is related to the characteristic

resonance frequencies at which the material absorbs the
electromagnetic radiation

- It is well approximated by the M B.of
Sellmeier equation : n*() :1"'2 —
j=1 wjz —w

where w; Is the resonance frequency , B is the oscillator strength
For silica: B;=0.6961663, B,=0.4079426, B;=0.8974794

A;=0.0684043 ym, A,=0.1162414 pm, A;=9.896161 pym
_27'[ dnzg _ 1 dnzg

==
A dw c dA

n,, Is the group index of the cladding material

Fiber Optical Communications — ANT 39
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Optical Fiber

SMF — Material Dispersion
- approximation for A €[ 1.25-1.66 ] um

1.49 .
Dy =12Zé1——/] ZD)
A 1481

- A,p zero-dispersion
wavelength.
-Ap =1.27 —1.31 ym

r
Normal Y Anomalous
3

—k
. B
e |
T T

Refractive Index

for pure silica:
Ap =1.276 ym

1.44 | 1 1 | i |
0.6 08 1 12 14 1.6
Wavelength (um) A 0
A5 depends on the core radius a and the index step A

The dispersion parameter D, is negative below A, (normal dispersion)

and positive above that (anomalous dispersion).
Fiber Optical Communications — AWT A 40
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Optical Fiber

SMF - Waveguide dispersion

The waveguide dispersion arises from the modes’ dependence (V)
on frequency
D, = zm N, VIZ(Vb) L dn,g o(Vb)
r12w dv’®  dw d\/

n,,: the cladding group index 1.2 1
V: the normalized frequency

d (Vb)

27T
V= 7a n—n; ~—an N 2A
b: the normalized waveguide index

p="""2
n—n,

Fiber Optical Communications — AWT A 41




Optical Fiber

SMF — Waveguide Dispersion

- Dy, Is negative in the wavelength range 0-1.6um

- D,y depends on the core radius a and the index step A.

w
Qo

M
o

o

. Dispersion [ps/(km-nm)]
o

—
o

1.1

Fiber Optical Communications — AWT A.EF
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Wavelength (um)
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Optical Fiber

SMF — GVD dispersion management

- adjust D, for
-dispersion-shifted fibers
b=D, +D,, =0
for A,5,=1.5um

- dispersion-flattened fibers

for Ainrange of 1.3t0 1.6 um
(used for telecommunications
systems, due small

optical loss — 1.55 um).

- dispersion-decreasing fibers

where GVD decreases along
the fiber length.

- dispersion-compensating fibers

relatively large magnitude

Fiber Optical Communications — AWT A
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E
n
10—
g Standard
3‘1 Dispersion flattened
c
o0
-
a
-4 Dispersion shifted
(]
-10f -
-20 | | | 1
1.1 1.2 1.3 1.4 1.5 16

Wavelength (um)

. GVD is made normal and has a
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Optical Fiber

SMF - Index profiles of different fiber types

- Standard single-mode —

fiber (SMF) 7 a=42um 8, = 0.25%
a=45um A =035%
| a, = 0.12%
Matched-cladding Depressed-cladding

- Dispersion - shifted B 0y = 3.1 ym

a=22um a;=4um .
Fiber (DSF) 83 120% BmISum o [) &= ro%

|8, =02%
by i ] Triangular with
o' Step-index —{ o .,  annular ring

- Dispersion - flattened, _

3um a, =34 um
. a;=47um -
Fiber (DFF) * a, = 0.76% 8, = 052%
A,l - 0.45% °’| :I]J_L _ﬂ—!:l:ssq
Double-clad oo
a, - Q’Il.dmplﬂdld
or W MG a,l.— ‘!' 13 MG
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Optical Fiber

SMF — Higher-Order Dispersion
The dispersive effects do not disappear completely at A=A, (D=0)

Because D cannot be made zero at all wavelengths within the
pulse spectrum centered at A, — Higher-Order Dispersion.

- Differential-dispersion

dD (2’ ., 4
S:d/] :(Azj WB-F?WZ

21c)’ | _dig

7) Wg , ’Bj_dcuj

- Typical value in SMF

is 0.07 ps/(nm? -km).

- Important in the WDM system
D|, =SIAM - |S[BAI*L<0.5

Fiber Optical Communications — AWT
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Polarization -mode dispersion (PMD)

An optical fiber is always slightly elliptical:

Different index of refraction for x and y polarization, difference= An
o Changes along the fiber < >

o Changes with frequency optici ’_‘ ‘ é
Pulse -
o Changes with time . __ 2

* b
ThIS Ieads tO: Differential Group Delay
The state-of-polarization (SOP) of the signal in the fiber is random

Different delay for different polarizations, L L

differential group delay (DGD) ArT=———= L‘,le —,Bly‘: LIAS,

VQX ng

DGD acting along varying axes leads to polarization-mode
dispersion (PMD)

- Dp is the PMD parameter o :(Aﬂl) /Zch:Dp\/E
(typical value is 0.05 —1 ps/vkm)
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Polarization -preserving fibers
Polarizing effects of conventional / polarization-preserving fibers

Unknown output

Unpolarized input (random coupling between all
conventional the polarizations present)
Polarized input Unknown output
polarization- Unpolarized input Unknown output
preserving Polarized input Polarized output

- The fiber birefringence is enhanced in single-mode polarization-
preserving (polarization-maintaining) fibers, which are designed to
maintain the polarization of the launched wave.

- Polarization is preserved because the two possible waves have
significantly different propagation characteristics. This keeps them
from exchanging energy as they propagate through the fiber.
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Polarization -preserving fibers

- Polarization-preserving fibers are constructed by designing
asymmetries into the fiber. Examples include fibers with elliptical
cores (which cause waves polarized along the major and minor axes
of the ellipse to have different effective refractive indices) and fibers
that contain nonsymmetrical stress-producing parts.

Elliptical-core fbe@ @ bow-tie fiber

The shaded region in the bow-tie fiber is highly doped with a material
such as boron. Because the thermal expansion of this doped region is so
different from that of the pure silica cladding, a nonsymmetrical stress is
exerted on the core. This produces a large stress-induced birefringence,

which in turn decouples the two orthogonal modes of the singlemode fiber.
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SMF — Commercial fiber

Characteristics of several commercial fibers

Fiber Optical Communications — AWT A.EP&

Fiber Type and Acti Azp D (C band) Slope §
Trade Name {“mz} (nm) [ps/(km-nm)] [psf{km-nm?}]
Corning SMF-28 80 1302-1322 16to 19 0.090
OFS AllWave 80 1300-1322 17 to 20 0.088
Draka ColorLock 80 1300--1320 16to 19 0.090
Corning Vascade 100 | 13001310 18 to 20 0.060
OFS TrueWave-RS 50 1470-1490 26t06 0.050
Corning LEAF 72 1490-1500 20to6 0.060
Draka TeraLight 63 1430-1440 55t010 0.052
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Chirped Gaussian pulses

A pulse is said to be chirped if its carrier frequency changes

linearly with time dw_.onst =<

dt TS

continuous wave (E ): E(r t)=R €{§<F(x y)Az t)CexpjB,z- ja)ot)}
- Gaussian pulse - field A(Ot):AOeX[E—;K A jC)E/T, )2_
- intensity |A(O%)| Aoexpg ll-jC[C[/T)
— A, Is the peak amplitude

— C is the chirp parameter
— T, Is the time at 1/e of maximum power

- after Fourier Transform '5( ) A 277T2 —w2T2
1+ jC 2(1+ jC)
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Chirp frequency - Time-bandwidth product
- full width at half of 1/e - maximum (FWHM) Teyum =24/ IN(2T,=1.66 9,

32T 2 _ 2_ __. ]

A(C)"")‘ZZCOHSI@< ~9 1o |- constrex T, Jexp T, C
(1+jC) (1+C?) (1+C?)

J1+C?

In exp(_li)—zrzo; :Ir&) = —a)ZTOZ:—(lkCZ): A w= T

Spectral width is enhanced by a factor of /1+C?

For C=0, (Aw-T,=1) the pulse has the narrowest spectrum and is

called Transform -Limited (pulse with lowest duration that is
possible for a given optical spectrum of the pulse < for given

pulse duration Transform-Limited pulse are that with the
minimum possible spectral width).

Af ooy Ty =20N2/ 7/ H+C2= 0.4 4/ 3C?3
.



Optical Fiber
A linearly chirped pulse

Frequency increases with time Frequency decreases with time

Light electric field
Light electric field

Time time

L4
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Chirped Gaussian Pulses Width and Spectra

Fulse Shape of Chirp Gaussian Pulse Spectra of Chirp Gaussian Pulse

Intensity (a0
Spactra Intansity (a.0.)

Hormalized time (LT Farmalized Freguancy (fF)

Intensity pulse shape and spectra for Chirp Gaussian Pulse.

Fiber Optical Communications — AWT A.l
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Chirped Gaussian pulses

We introduce € = z/L, where the dispersion length L, =T2/|3,
In the time domain the dispersed pulse is

by (€)= (1+5Cé)" +¢”

_H _(1+jC1)[ﬂ2 J ¢ — 2
A< t)= \/Eex{ 2T 7p? +2arcta 1+Cfﬂ gi(j,)ér(i;)(lm )f

The output width (1/e-intensity point) broadens as

ot 3]

A Gaussian pulse remains Gaussian during propagation
The chirp, C,(¢ ), evolves as the pulse propagates
If (C-B,) Is negative, the pulse will initially be compressed
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Broadening of chirp -free Gaussian pulses

Short pulses broaden more quickly than longer pulses
(Compare with diffraction of beams)
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Broadening of linearly chirped Gaussian pulses
5 - - : 4 . - : —

Broadening Factor
Chirp Parameter

0 05 | 15 2 0 0.5 1 15 2
Distance, szD Distance, ;:fLD

For (C B,) <0, pulses initially compress and reaches a minimum at

. o T 1
z=|C|/(1+C%)L,at which C,=0and 7™ =——"—-=
V1+C? Ao,

Chirped pulses eventually broaden more quickly than unchirped pulses
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Broadening of linearly chirped Gaussian pulses

Fiber Optical Communications — AWT A.l

08

02

Chirp Gaussian Pulse C=-2

o2

Chirp (GHz)

B2 > 0:Normal

P2 < 0: Anomalous

Initial Blue: Red: Blue: Red:
or C=0 | Slower Faster Faster Slower
C>0 Leading: Red
Narrowing first then
Continue Widen widen
C<0 Leading: Blue
Narrowing first then Continue Widen
widen
Variation of Broden Factor, beta2= 26.66
4 I T

Broden Factor (T/TQ)

F -+ ———— 43— __ ™

0 0.5 1 ;
Mormalize Distance (z/LD)

1.5 2
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Chirped Gaussian Pulses C=0, £=-21.66

Propagaion of Chirp Gaussian Pulse C=0, beta=-21 .66 Propagalon of Chirp Gaussian Pulse ©=0 and Bala=-21.55

1
08
0.6

Mormalized distance (ziLD)
MHomaized distance [Z/L0]

Kormaized time (6T mormaized ime (6T

Propagation of Chirp Gaussian pulse
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Chirped Gaussian Pulses C=0, £=-21.66

Propagaion of Chirp Gaussian Pulse C=-2, beta=-21.66

MNormalized distance (z/LDY)
Maormalized distance (z/LD)

Mormalized time (tT)

Propagation of Chirp Gaussian pulse

Fiber Optical Communications — AWT A.EF

Propagaion of Chirp Gaussian Pulse C=-2 and Beta=-21.66

1

0.8

0.6

04

0.2

Mormalized time (4T)
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Chirped Gaussian Pulses C=0, £=-21.66

Propagaion of Chirp Gaussian Pulse C=2, beta=-21.66

1 : : Propagaion of Chirp Gaussian Pulse C=2 and Beta=-21.66

04

0.z

Mormalized distance (z/LD)
Mormalized distance (z/LD)

MNormalized time () Mormalized time (UT)

Propagation of Chirp Gaussian pulse
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Non-Gaussian pulses

- Only Gaussian pulses remain Gaussian upon propagation;
- Not even Gaussian pulses remain Gaussian if f; cannot be ignored;
- In these cases, the RMS-pulse width can be used,;

[tr{Az) ot
=0T )
1Az ot
- 0, can be calculated when the initial pL;IZ:e IS known
Example 1: An unchirped rectangular [ }( Lj ]

0 -0 —

pulse will, in presence of only 8,, broaden as

Example 2: An unchirped Gaussian

pulse will, in presence of only ,, broaden as af,:aj[l{l_ij ]
D

Fiber Optical Communications — AWT
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Chirped Gaussian pulses in the presence of 3,

B e e A
10 & >
Higher order dispersion g z-o-\:&’g -
gives rise to oscillations o8 o :
and pulse shape : Pl '
0Sf P 3
changes) Az T)‘z : :
04
o2t A%
0. a1 3 4 4 :'
4
T 0

a_z(l+cm)1(ﬁztj1(/3341%2)}2 T

ol 20 208 20?8
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Chirped Gaussian pulses in the presence of 3,

- Using a light source with a broad spectrum leads to strong
dispersive broadening of the signal pulses.

In practice, this only needs to be considered when the source
spectral width approaches the symbol rate

For a Gaussian-shaped source spectrum with RMS-width o, and
with Gaussian pulses, we have

ezt ol ool

where V, = 20,0,
V , << 1 when the source spectral width << the signal spectral
width
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Limitations on bit rate, incoherent source
If V, >> 1 (the light source spectral width is much larger than the
signal spectral width, as for LED) we obtain approximately

02:J§+(,82L0w)2505+(D LU),)2
A common criteria for the bit rate is that ~ o<T,/4=1/(4B)

For the Gaussian pulse, this means that 95% of the pulse energy
remains within the bit slot

In the limit of large broadening  4B[D|Lo, <1

g, Is the source RMS width in wavelength units.

Exp: D= 17 ps/(km nm), g, =15 nm = (BL),,,, = 1 (Gbit/s) km
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Limitations on bit rate, incoherent source

In the case of operation at A = A, B8, = 0 we have
o=0Z+1/ ZEQBSLJj) ’ 5002+(SL0 f) i
With the same condition on the pulse broadening, we obtain

8BIS|Lo;<1

The dispersion slope, S, will determine the bit rate-distance
product

Exp: D=0, S=0.08ps/(km-nm?), o,=15nm =
(BL)max = 20 (Gbit/s) km

Fiber Optical Communications — AWT A
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Limitations on bit rate, coherent source

For most lasers V, << 1 and can be neglected and the criteria
become , neglecting B;:

o’ :002+(,6’2L/(20w)) 2 =g +0;

The output pulse width is minimized for a certain input pulse width
giving
4BL]|B,|L<1

Example: B, = 20 ps?/km — (B%L)max = 3000 (Gbit/s)? km
500 km @ 2.5 Ghbit/s, 30 km @ 10 Ghbit/s

If B, = 0 (close to A): 02=U§+(,33L/(400))2/25c7§+0§

For an optimal input pulse width, we get
o?=02+(BIBJL) "<0.324
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Limitations on bit rate, summary

Bit Rate (Gb/s)

10° ¢

10
Fiber Length (km)

10°

10*

A coherent source improves the bit rate-distance product

Operation near the zero-dispersion wavelength also is beneficial...

...but may lead to problems with nonlinear signal distortion

Fiber Optical Communications — AWT A.EP
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Super-Gaussian pulses

* Super-Gaussian pulses are flat-top and can be used to model NRZ...

— ...but more accurate modeling is preferred 1+iC { f ]Em

— Ifm=1= We recover the Gaussian A0.7) = 4y exp| - 2 T
1]

— Ifm> 1= The shape is more rectangular

Numerical simulation shows:

- B2 = —20 ps?/km

* Super-Gaussian has:
— Smaller bit rate-distance

[ product...
2 — ...due to more problems
= with dispersion...
=
= — ...due to the sharper
edges
* A small chirp can be
beneficial:
-6 -4 -2 0 2 4 6 R
— C=1isoptimal

Chirp parameter, C
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Dispersion compensation
|" I"m -'i
:811 L) :
eer By J h o | —Pj |
| L, i
b '

Dispersion is a key limiting factor for an optical transmission system
Several ways to compensate for the dispersion exist

— More about this in a later lecture...

One way is to periodically insert fiber with opposite sign of D

— This is called dispersion-compensating fiber (DCF)

— Figure shows a system with both SMF and DCF

— The GVD parameters are B,, and B,,

Group-velocity dispersion is perfectly compensated when
B,,/; + B,,/, =0, which is equivalent to D,/, + D,/,=0
GVD and PMD can also be compensated in digital sighal processing (DSP)
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Example of practical fiber

Multimode Fiber Transmission Distances

- The possible transmission distances when using fibers with
different core sizes and bandwidths for Ethernet, Fibre Channel,
and SONET/SDH applications

Table 3.3 Transmission distances n meters in multtmode fibers using an 850-nm VOSEL

J0-lm cove g2 J-itm core

Application Data rate (Gh's) S00MHzkm 2000 MEz km 160 MHz km 200 MHz km
Ethemet 1 550 860 220 275

10 g2 300 26 33
Fibre Chamne! 1 500 860 250 300

2 300 500 120 150

10 82 300 26 33
SONET/SDH 10 83 300 25 33
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Examples of Specialty Fibers

Table 3.4 Examples of specialty fibers and their applications

specialty fiber npe

Application

Erbiom-doped fiber
Photosensitrve fibers
Bend-msenszifive fibers
Termination fiber
Polanzation-preservmg fibers
High-mdex fibers

Fhotomie erystal fibers

Crain meedmm for optical fiber amplifers
Fabrication of fiber Bragz sratings

Tightly looped comnections m device packages
Termunation of open optical iber ends

Pump lasers, polanzation-sensifive devices, sensors
Fused couplers, short-A sources, DWDM devices

Switches; dispersion compensation

Fiber Optical Communications — AWT
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ITU-T Recommendations for Fibers (1)

Table 3.2 Recommendations for fibers used in telecom, aoeess,

and enterprise networks

ITU-T rac. no.

Title and description

.651.1 (Ediion 1, July 2007);
Addendum (Dec. 2008)

G652 (Edition &, Nov. 2008)

(.653 (Edition 6, Dec. 2006)

(.654 (Edition 7, Dec. 2004)

Title: Characteriztics af a 3071 25 im multimode graded mdex
optical fiber cable for the optical access network

Dazenpiion: Gives the requirements of a siliea 307125 m
mulimede mraded mdex optical fiber cable for uze m the 330-nm
or 1200-mm regions, sither indrvidually or simmltaneously

Title: Characteriztics of a Single-Mode Optical Fiber and Cable
Dazenpion: Discusses smzle-mods fiber optimized for O-band
(13 10-nm) uze, but which alzo can be uzed 1 the 1350-nm reznon
Title: Characteriztics af a Disperzion-Shifted Smgle-Mode Optical
Fiber and Cable

Deazerption: Discusses smzle-mods optical iber with the zero-
dispersion wavelength shifted mto the 1550 nm region. Describes

chromatic dispersion for the [460-t0-1625-nm range for CWDMM
applications

Title: Characteriztics of a Cur-Off Shifted Single-Mode Cptical
Fiber and Cable

Deazernpion: Underzea applications; discusses single-mode optical
fiber with a2 zero-dispersion wavelsngth around 1300 noo and with
cutoff wavelength shufied to arowmd 15350 nm
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ITU-T Recommendations for Fibers (2)

ITU-T rec. no.

Title and description

(7.655 (Edition 5, Now.

(.656 (Edition 2, Dec.

.657 (Edition 2, MNov.

2009)

1006)

2009)

Title: Characteriztics gf a Non-Zeve Dizpersion-Shifted Single-
Mode Optical Fiber and Cable

Dezcripion: For appheations m long-han! links; descnbes single-
mode optical fiber with chromatic dispersion greater than zero
twoughout the 1530-10-1565-nm wavelensth range

Title: Characteriztics of a Fiber and Cable with Non-Zeve
Dhzperzion for Wideband Optical Iransport

Dezcrnipion: Low chromatie dispersion fiber for expanded WD
applications; can be used for beth CWDM and DWDM systems
throuzhout the wavelength remion between 1460 and 1623 nm

Title: Characteriztics gf a bending lozs insenzitive single-mode
optical fiber and cable for the acceszs nehwoark

Dezeriphion: Addresses uze of single-mode fiber for broadband
acoess networks; mcludes 155ues such as sensihivity fo tight

bending condifions for m-bulding use
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