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ADVANTAGES

# Very large information carrying capacity:
10 GBits / Sec over 9000 Km
= 1.4 Billion voice channels. kilometer
# Very low loss
* Large repeater spacing

* With optical amplifiers 10,000 km repeater spacing
possible

# Light weight and low volume
# Very little cross talk and secure

# Little electromagnetic interference .

Two important characteristics of any digital
communication system

# LOSS
# PULSE BROADENING
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e Optical fibers have revolutionized the field of
communication

e More than 80 million kilometers of fibers
world wide carrying traffic

e Two important characteristics of any digital
communication system

1. LOSS |
2. PULSE BROADENING

Ll O AL O

Optical Fiber

Repeater

To reduce cost

Repeater spacing should be large

=
Attenuation should be small

&
Pulse Broadening should be small



Loss of power in decibels

P
X =10 lo 1
g10 P2

_ 1

= a =10 1log2 ~3dB

= 3 dB loss = 50% Power loss

~ 1
"5 = 100 &

= a =101log 1000 =30 dB
Thus
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30 dB loss = Power loss by a factor of 1000
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Why Glass Fibers ?

Glass is a remarkable material which has been use
for at least 9000 years. The three most important
properties of glass are:

1.

Glass does not solidify at a discrete freezing
temperature but gradually becomes stiffer and
stiffer and eventually becomes hard. In the
transition region it can be easily drawn into a
thin fiber.

-Highly pure silica is characterized with

extremely low light transmission loss. Today,
in most commercially available silica fibers,
96% of the power gets transmitted after
propagating through 1 km of optical fiber.

. The third most remarkable property is the

intrinsic strength of glass. Its strength is about
2,000,000 Ib/in? so that a glass fiber of the type
used in the telephone network and having a
diameter of about 125 um can support a load of
about 40 Ib.

I-l6
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. What is pulse dispersion ?
| /—[ N

The two rays of light propagating in the fiber
take different times to reach the other end

PULSE DISPERSION
1 il m
Input pulses - Output pulses
Smaller possible

Larger pulsé dispersion =§» bit rate
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Parabolic Index Fiber ”

cove .
n C 'add \ 03

=nl=n2(1-2A) r>a 2

J

=
-

nZ(r)=n3[1—2A(g)2] 0<r<a

>
a r

Intermodal dispersion : (A7) ;= ml 2

2¢c

n~1.5,L=1km, A=0.01=>(Ac), ~ 1 ns/km

50 Mbits/s ¢ lodding
core

LI =7~ AA
\,/\;/\/

Pulses will remain
resolvable even after
about 10 km length
of the fiber.

Greater path length is compensated by
greater average velocity leading to
smaller pulse broadening.
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244 B APPENDIX 8

Figure B.3 shows a typical refractive index profile, obtained by Pearson
et al. (1969), in a 30 mole% Li,O, 15 mole% AlLO;, 55 mole% SiO, glass
rod of 1.90 mm diameter, during an ion exchange in a 50 mole% NaNO;,
50 mole% LiNO, fused salt bath at 470°C for 50 hr. As can be seen from the
figure, the refractive index profile is very nearly parabolic. The refractive
index at the axis of the rod is approximately 1.539.

The details of the experimental procedure can be found at many places;
see, for example, Kitano ef af. (1970) and Pearson er af. (1969).

B.2. The New SELFOC Fibers

The manufacturing process of the SELFOC fibers as discussed in Sec,
B.1 is not onlv time consuming but it also cannot be used for continuzous
fabrication of fibers. In a recent paper Koizumi er af, (1974) have reported
the fabrication of SELFOC fibers by a single continuous process, which
makes mass production feasible. Further, the refractive index gradient (i.e.,
the value of 2.} is so large that even if the fiber is bent randomly the
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Fig. 8.3 Measured refractive index profile of an ion-cxchanged rod, normalized to
4 maxinum of zero. The sofid line is a pirabola titted to the experimental points by
the lcast-squares method (after Pearson ef al., 1969, reprinted by permission).
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2
Az, = 2oL dr Al

c diy

Material Dispersion parameter

D, =A% __ 1 2dn
" LA Age dig
4 2
~ 10 Y Pgdiia d’n ps/km.nm
3/’LO dﬂo
(Ao is measured in 4m)
/
+10 B /’ .
Mataonial /
Disparsion /
CP‘/hm.nM) 'nl 1!.'1" \ ‘F L
; > A (pm)
/
/
/

-0~

For pure silica

D,, ~ —84.2 ps/km.nm (Ao ~ 0.850 m)
~ +2.4 ps/km.nm (Ao = 1.3 um)

~ +21.5 pskmnm  (4p ~ 1.55 4m)

2
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I Generation Optical Communication Systems (~ 1977)

Parabolic Index Multimode Fibers Az; > ;1‘- ns/km

LED’s at 0.85 ym (A\p = 25nm) Loss ~ 3 dB/km
At ~ 84 ps/kmnm x 25mnm = 2.1 ns’/km

Bitrate ~ 45 Mbits/s — Repeater Spacing ~ 10 km

II Generation Optical Communication Systems (~ 1981)

Parabolic Index Multimode Fibers Az, ~ + ns/km

1
4

LED’sat 1.3 um (AXp ~ 25nm) Loss ~ 1 dB/km
Aty ~ 2.4 ps’kmnm x 25nm = 0.06 ns/km

Bit rate ~ 45 Mbits/s —> Repeater Spacing ~ 30 km

2~
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Plastic Optical Fibers (POF)
- n; = 1.49 (PMMA)
1 mm I©I 1 Polymethyl Methacrylate
n, = 1.40

NA =/1.492 -1.40% ~0.51
=i, =~ 31 (very large NA)

Easy splicing/alignment

Low loss windows at
570 nm, 650 nm & 780 nm

At 650 nm : Loss =110 dB/km

5000

T

11

E 2000

-
=
=
(=]

500
00

ATTENUATION (dB8/k
S
S

100

‘so { | d
400 500 (A1) 700 300
WAVLLENGTH (nm)

POF’s are expected to provide low
cost solution to short distance
communications (LAN’s)

GI POF —» ~ few hundred Mbits/s
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Schrodinger equation solutions

V =V(x)

¥(x,1) = y(x)e Et/h stationary states

2
d 2u |
t o+ L E -V (@) (x) =0
dx /7]
Vix) = -V x| < al/2
=0 |x| > al/2
Vx) V(x)
£>C I
' » > %
I 4 ~ 4-), ('lf‘ (‘1' .
€ o —P
Wix) - e+}“ COSAkx e » A—>0
For [2#Vea’ < 1 only one bound state
h 2
In 38.*\2_*&.1 ;
Vo < E <0 finite number of bound states

£ >0 continuum scattering states
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n = n(x) = E, =y @ P (18 modes)

d2!// k 2_2 0 7T A
2 [ n (x) ﬁ ]W(x) Z . = -
dx € a <
o
n(x)=ny; | x1<d/2 P
4 TL(%)Y - =T
= nyl x|>d/2 R, °F
———
———é ............. Ny« 7?— <N, = Discrete Guided Mades
B N 0
\__—/’-‘
f <n, =» Continuum Radiation
0 Modes
» X

~150, n, =148, d=39um

For A, = 1 um; ~ 1.497 (symm TE modes)

ko
s .
k_ ~ 1.488  (antisymm TE modes)



Field in the core

(wt— pz)

Ey = AcCoskKxe

(wt—pfz+kx) (wt—pFz—Kx)

=2 Ae +2 Ae

i(wt-Kk.r) Hot—kyx—kyy—k;z)

Plane Wave: e e

k., =¥x ; k,=0 ; &k, =p

cos 8 = k2 _ p = 0~3.6° (symmTE mode)
k ko n, .
~ 7.1"  (Antisymm TE mode)

Prdsm Rlm covpleng  experniment
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- Fiber Types

Core dia.: 100 - 200 pm

Step Index
Multimode Cladding dia.: 140 - 240 um
) NA: 0.2-0.5
Graded Index Coredia:  50-85um
Multimode . Cladding dia.: 125 pm
NA: 0.2
SinglemOde Core dia.: 9 pm

Cladding dia.: 125 pm



Step Index Fiber ral

T
Py —>
n n, O0<r<g
M r >aq
cos g o fe
E(r,g,z,t) = R(r) ¢/ 1~h2) LP, modes
sin /¢
Pzﬁ.m
R(r) = 475WLH O<r<a
= B K(WL) r>a
U= ViV1-b ; w= vJb
N
= 27 .2 2 v
4 Ao IV T b h = n
JI (U K, (W
U 1 (U) _ W (7)
Ji (U) W

= b = b¥)
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V = To a,/n? —n} < 2.4048 SMF
For the fundamental mode
996
b(V) =~ [11428 - —} . 15 <V <25
V
z’i -
b = = Elm+ b)) —m))
d?
b =b) =»> —— ﬁ
dw?
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SINGLE MODE FIBERS
SIF : Vo= 2—;’ a ny J2A < 2.4048
ny{—nN
A = ln2 2

Example: 5~ 4.8 um, n, ~1.45, A =~ 0.002

Celddling

. e
Fundamental Mode:
2002 it —
E~xde /w ez(a)t pz)
Phase Factor
w 1.619 2.879
T ® 0.65 + —5 + — ;0.8 <V <25
V V

Example : a~ 4.8 um, n,~ 1.45, A~ 0.002
Ao =1.1 ym = w =44 um
Ao =13 um = w 5.0 um
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, _ ifot—k(w)z]
E = W(r) et(wr—ﬁz) E = EO e

B(@) = % Mg k@) = % n(@)
1_dp - L.

Vg do vg B dw

p o Blk—ny B = g[{,z +(n,—n,)b(V)]

neﬂ'

_ 2 2
V -?a,/nl — nj

1 _dg _nm m—n d
Vg - dw C i C dV(Vb)

Waveguide Dispersion

_ L g, d|1 L d? Ad,
T= =>At, =1L ——m[—]A/L ~ "_n2A[V?j“V7(bV)}T

At n, A d*
D, = ¥ o~ - 22 5100 [ SV /km.
LA 34 X i 2 (bV)]  ps/km.nn

Lt

A~ 1n micrometers
0
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d’ 2B

N . 2
= VdV" (bV) ~ o [V = _,io_anﬂsz]

2
s
277 a" n,(2A)

V =1.9)

D, ~ - 127/:2a2 X 10‘ ps/km.nm

a~4um , A =13un = D ~-7 ps/km.nm
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Wavelength (pm) —»

. DSF

SYMBOL A %) Ahelpm) Za{pm)

e 027 113 8.2
(o] 0.78 1.06 L6
i | | | |
1.2 1.3 14 15 16 17
WAVELENGTH | pm

Miya et al. , Electron. Letts,, 15 (1979) 106

Kimura, in Optical Fiber Transmission (Ed. K. Noda)
North Holland, Amsterdam, 1986
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AllWaveT# Fiher

Eliminates Water Peak to Open the 5th Operating Window
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Propagation of a pulse

We first consider superposition of plane waves

¥(z,t) = [4(w) 1 H@2] 4, By
¥(z=0,0) = [A(0) & do

_n(c..

1 .
A@) =5 [¥(z=0,0) 7 gt
(Frequency spectrum)
Example: Gaussian Pulse

""'tz/ 702 la)ot
Y(z=0,)=Ce e

Ct, (w - 0)0)2 2'02
A(w) = = exp[-— 4 }
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W(z1) = “"’ff““’A(m)ei[m—k(w)z] i

@ _'i Aw

: dk 2
k(@) = k(oo) + 7 (0-w,) + %jwlg (@ — @, )
0
. 1o, 1 o
~ k(wy) + ng+ 2aQ
where Q = 0 - o,
1 d’k 3 2
—= & a = — =N dn
vg da) dow Z'IT'C'. d'}"’
0=, =, o
Thus ,
. z 2
Moyt —k(wy)z] iHQr1-5-) +5a2Q7]
¥ ~e T 1dQ A(Q) e ¢
Phase Factor Envelope Function

. CTy 1 2.2
Gaussian Pulse : A(Q) = expl — 4 750
I [ 4 %o ]
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Y(z,t) = ()

[c(z)/ 7]

D(z,1) = wot + K'(t —"‘;Zi;)z ——%tan_l(%_qzﬁ)—k_oz
0

w(t) = % = Wy +2x(t—%) DK = 1_226222)
4 2_2
1(z) =1 [1+ ] -
To

,
If d2n/dig >0 = x>0  (Positive Chirp)

For < fé (Leadingedge), () < w, (redshifted)
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- For > 7§ (Trailingedge), @(2) > @o (blue shifted)

1

R

Al

I

J \!=|..
i

—>tume




Dispersion Compensation

* More than 70 million km of CSF (with
A~ 1310 nm) already laid (currently
operating at A, ~ 1310 nm)

e However, the fiber has lowest loss at

1550 nm; also efficient amplifiers operate
around 1550 nm

® The CSF’s have D ~ 16 ps/km-nm at
ko ~1550 nm

* How to use existing CSF’s at 1550 nm?

- Through Dispersion Compensation
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Disperscon Compensaling Kber

a(%.)
>
dﬂaw\a—t@r‘
?“o( )"'M) g
s .S . . .
-2.5'0‘ (.§2S l;ﬂ' I:S"TS' I_*G
D
(PSfom ~2707
nw) N
~290
_3l° A

Aerraliow ~ ©0.7 &8/

Disparscon ~ -293 p5/km -nm~
( 1SS0 nen)

Ret: Hawbof o ad.  OFC (99¢  Poak

D rod Lna poper D¢

4~} sz



a2 = a - s L

Y

H

1 ExXr X R

PRk 1%

1z

18°

11: 1%
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CSF DCF
A 0000 {>/\,Q,Q_J\
TRANSMITTER EDFA . RECEIVER

(a)
'.Dy“ﬁ ~542 ps/om.an

Lbcl: ~ .4 Rm

INPUT

AFTER SOkm

SmV/div

AFTER EQUALIZER

L ] i

560 lps 7 divl

(a) A Schematic of dispersion compensation scheme in a conventional
single mode fiber (CSF) system operating at 1550 nm using a
dispersion compensatory fiber (DCF). EDFA is an erbium doped
fiber amplifier. (b) A typical result showing the performance of a

dispersion compensator for 2.5 Gb/s bit pattern [Poole etal, JLT, 12,
1746 (1994)].
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Variation of the mode index and D with wavelength for the refractive index
profile of the dual-core DCF shown in the inset [Thyagarajan, Varshney, Palat,
Ghatak and Goyal, " A novel design of a dispersion compensating fiber", IEEE

Photonics Tech. Letts. 8, November 1996].
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10 mW laser beam
Aegr = 50 (Lm)?
= I = 20,000 W/cm?

With very low input optical powers (~ 10
mW) one can generate very high intensity
levels (~ 20 kW/cm?) over very long

interaction lengths (~ 100 km)

Non linear effects are relatively easy to

observe using guided wave optics.
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Self Phase Modulation (SPM)
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Self Phase Modulatlon (SPM)
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352 Optical solitons

Fig. 16.8:  Experimental
5.9 pr, 2 uW 10 ps arrangement for achieving :

pulse compression. With

nput pulse output pulse
A this arrangement an input
v 3m optical fiber pulse of 5.9 ps was
— compressed 1o 90 15 using
spectral broadening through
- 200 f5. 20 kW ditfraction SPM in the optical fiber and

wrating pulse compression using a

grating-prism arrangement.
[Amer Nikolaus and

prism . '
Grischowsky (1983).] :

compressed pyise ¢ 1

¥ §5-cm optical tiber
v
(a}
80 fs, 10 kW diffraction
(frequency prating
tunable)
N
comprassed pulse #2 prism
{b)

5.8-ps
—_— pulsewidth

baseline
input pulse
(c) {d)
200-1s 90-1s
j ™ pulsewidth —= | pulgewidth
compressed pulse »1 compressed pulse #2
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Nonlinear Schrodinger Equation

E(z, t) = e'r[wot k(wo) ] f(z,t)

Phase termEnvelope term
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Moving Frame
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In the moving frame
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Propagation in absence of dispersion and non-
linearity (a = 0, I' = 0)

6.f(zaT) — 0
Oz -
. z
= f= folT) = Fo (t—;)
g

. sopagation in presence of dispersion only (T =0)
0)

8f(zT) 1 8f(zT)
—1 — — X =
0z 2 oT?

0

f(Z,T) — /A(Q) ei(QT—%a{ﬂz) d



Propagation in presence of nonlinearity

~2IB D L nppe ) =0
0z

a\f1* _

0
0z

= Py = Fe- 2]

Vg

f(z,T) = fo(T) e i¢=T)

P T

Vg

In presence of dispersion and nonlinearity we
get the soliton solution

A

Vg

f(2,T) = Egsech

419 F=
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Elliptic core fiber

A

E =Xx wykycos(wt-pf:z)

E =y w(xy) cos (wt-p,z)

Beat Length L = _<*
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FIBER — OPTIC CURRENT SENSOR
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POLARIZATION MA|NTAINING

FIBERS

Most  fiber optic systems rely oupon
detection of opHical pulses in a
Pho+ode‘f‘ec+or that is independent of
OF-l{ca.ﬂ polarization or phase. However,
applications in
Blar;metric & Interferometric sensors,
coherent OPHc.a.] Communim}-Iom‘:}:};

;;f"
'requ.ire +hat Iz €

SOP (state of POfo.Yiza-fﬂ'on) be

'main‘tainecﬂ for distances r‘anjinj
from ~ 100 meters ( for sensSor

applications ) t6 ~ (00 pm ( for

coherent COMmmunication S)/sf‘ems}.
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=> coupling  between x amd Y
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40 lecture course on FIBER OPTICS

Basic characteristics of the optical fiber
Numerical Aperture and attenuation; Pulse dispersion-in step
index and graded index optical fibers: ray analysis

Material dispersion

Modes of optical waveguides

Single mode fibers

The Gaussian approximation for the fundamental mode & loss
calculations at fiber joints; far field pattern

Interplay of waveguide & material dispersion
Conventional single mode fibers, Dispersion shifted fibers &
Dispersion compensating fibers, Non-zero dispersion shifted
fibers, Dispersion management

Design of a fiber optic communication system

Special Topics

Nonlinear effects in Fibers
Self Phase Modulation, Soliton Propagation

Erbium doped fiber amplifiers

Fiber optic devices
~ directional couplers, fiber polarizers

Fiber gratings

Fiber optic sensors
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