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Propagation in Fiber

= Light propagates by total internal reflections
at the core-cladding interface

= A light ray traveling in fiber must interfere
constructively with itself to propagate successfully

= Each allowed ray is a mode



i TR R4

Multimode fiber: multiple rays follow different paths

reflected path
direct path

R DK, HTHHEE. e KEEBE
BL~500 MHz-km, &EH T REEEE RS

Single mode fiber: only direct path propagates in fiber
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Fiber Fundamentals

Attenuation
Dispersion

Nonlinearity

Distortion

Transmitted Data Waveform Waveform After 1000 Km
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i L 4R Glass Purity

Fiber Optics Requires
Very High Purity Glass

Window Glass 1inch (-3 cm)

Optical Quality Glass 10 feet (~3 m)
Fiber Optics 9 miles (~14 km)

Propagation Distance Need to Reduce the
Transmitted Light Power by 50% (3 dB)



i The Electromagnetic Spectrum
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Optical Spectrum

W‘ A A A L A
. Light 850 nm
= Ultraviolet (UV) 980 nm
- Visible Lo nm
1480 nm
= Infrared (IR) 1550 nm
= Communication wavelengths TS

= 850, 1310, 1550 nm
= Low-loss wavelengths

C=fxA

' Wavelength: t
= Specialty wavelengths aveleng A (hnanometers)

Frequency: terahertz
= 980, 1480, 1625 nm : / f( )



Optical Budget

Basic Optical Budget = Output Power — Input Sensitivity

Pout = +1dBm R =-25dBm

Budget = 26 dB

Optical Budget is affected by: Example:

= Fiber attenuation H'E#H#E3dB, R4 = 4LE5dB

= Splices TG RFERI TR A 4 18dB

= Patch Panels/Connectors 1.31um: L=18dB/(0.35dB/km)=51.4km
= Optical components 1.55um: L=18dB/(0.2dB/km)=90km

= Bends in fiber
= Contamination (dirt/oil on connectors)
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 Chromatic Dispersion

Different wavelengths travel at different speeds
Causes spreading of the light pulse

- ro

e Polarization Mode Dispersion (PMD)
Single-mode fiber supports two polarization states
Fast and slow axes have different group velocities
Causes spreading of the light pulse
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i Dispersion Induced Dgradation

A

LEI

Interference J

= A pulse spreads as it travels down the fiber

= Inter-symbol Interference (ISl) leads to
performance impairments

= Degradation depends on:
= laser used (source spectral width)

= bit-rate (signal spectral width and temporal
pulse separation)

= Different fiber types
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Dispersion causes pulse distortion,

pulse "smearing" effects

Higher bit-rates and shorter pulses are less
robust to Chromatic Dispersion

Limits and

10 Ghps ‘ ‘

60 Km SMF-28

40 Gbps ﬂ

4 Km SMF-28 !
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Example
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» Self-phase modulation (SPM)
SPMiE RS, Bk WAMCRIRAR, JhilT
» Cross-phase modulation (XPM)
XPM¥HTHT, ThEesmsk., WM, HKEM, Wome
» Four-Wave Mixing (FWM)
ThE# K, WKBHR, BEKER, bk
» Stimulated Raman scattering (SRS)
DIREBK, HRER, SAz08K, BEBEEL-2W
» Stimulated Brillouin scattering (SBS)
ThEM K, R, Brillouinfil®, X &E#EfESLEW, BE2~5mW
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Optical Fiber Communication System

Wavelength
A, (pm) Fiber Source Detector
0.87 Multimode step-index Si
LED AlGaAs p-i-n
1.3 Multimode graded-index Ge
Laser InGaAsP APD
1.55 Single-mode InGaAs
Input Signal || . Q - | Signal o Qutput
signal > processing Transmitter Fiber Receiver processing signal
Multiplexing Connectors Demultiplexing
Modulating Splices Demodulating

Encoding Decoding
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i Light Source Characteristics
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Modulation

m Field Modulation

» Amplitude modulation
m Frequency modulation

m Ditficult to implement in optical trequency band




Intensity Modulation

m [ntensity Modulation

H E::IS}? to illlp]&lllﬁllt

'y Ij

(a) (b)



Pulse Code Modulation (PCM)

m PCM —sampled, quantized and discretized in bits

L1
Signal I/ 1 1' | 4 kH
I 1 1 z
| | |
1 1 1

—=125 s |=—
il 8000 samples/s
signal | samp
t
A
PCM signal —=]|=— 15,625 us 64 kbis
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Keying of PCM Signals
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Digital Communication System

m Bit-rate-Distance product: LB,
m B : bit-rate in bits/s, L : distance
m Bit Error Rate (BER) BER = 3p; + 3p,

m Receiver Sensitivity P, = hvfgBy
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Receiver Sensitivity

1 01 1 0

1

a o 1

Transmitted
hits
Received
photons ‘ 00
1 01 00 00
Reproduced
bits
Error

(a)

BER
L~

10-9

(b

=3




Design Strategy

m Power budget

Transmitter [ 1} {1} {1] Receiver

Receiver sensitivity
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Design Strategy

m Power in dBm units

2 = 10log,o P P in mW 2 in dBm

m Power budget
P —-P —-P —al =2, (dB units)

Z_ is the power of the source (dBm)
« is the fiber loss in dB/km
2. is the splicing and coupling loss (dB)
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Under Attenuation-limit Conditions
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Dispersion Limit
m For Multimode Step-Index Fiber

LB “1
0 2A

m For Multimode Graded-Index Fiber
€1

m For Single mode Step-Index Fiber

1

LB, =
" 4|D,lo,




Dispersion Limit

m Dispersion-limited maximum length

o, =1nm
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Overall Consideration
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Capacity and Repeater Spacing

1st Generation MME Repenerator

LEDT,Q—blg—'D—b O WO WA 1O 3[R | 5010100 Mbps
10km
2nd Generation
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MM | O QN O N1 O WNT O 3] Ry 100Mipsto
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—>
Jrd Generation
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i Erbium Doped Fiber Amplifier

Isolator Coupler Coupler Isolator

Erbium-Doped
Fiber (10-50m)

A “simple” device consisting of four parts:

= Erbium-doped fiber

= A pump laser (to invert the population).

= A coupler

= An isolator to cut off backpropagating noise
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Energy Level Diagram of EDFAs
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EDFA Gain—Flattening
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= Passive equalization
= Add dopant: fluoride based EDFA
= Broadband filter (LPFG)
= Hybrid pump (980nm, 1480nm pump)

= Active equalization
= Acousto-Optic Tunable Filter (AOTF)



i EDFA 7 X+ (Noise Figure)
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Raman gain coefficient (x 10 m/W)
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EDFA vs. Raman Amplifier

s EDFA - Lumped Amplification

Transmission
Am Am
[-E& span h P

Signal \
level

= Raman Amplifier - Distributed Amplification

Pump lasers ~ ITansmission  pyump lasers
span
> P -

Signal
level
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Negative Dispersion Fibers

= Dispersion Compensation Conventional Fiber
. By joining fibers with CD of ——
opposite signs (polarity) and — =] — e
suitable lengths an average Negative Dispersion Fiber
dispersion close to zero can be ——
obtained; the compensating — > () —
fiber can be several kilometers
and the reel can be inserted at Bizms i
any point in the link, at the

receiver or at the transmitter

= Dispersion compensation |
devices (chirped fiber Bragg i
gl‘atlngS) 1.55

microns

Wavelength




Dispersion Compensation

1

Total Dispersion Controlled

+100
0
-100
-200
-300
-400
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Transmitter (km)

Cumulative Dispersion (ps/nm)

Fiber Cable

Transmitter |, ‘/- l — \ m
Dispersion 1 I *
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Attenuation (dB/km)

B4 B H(WDM) — 46 M e sk

ITU Channel
Spacing
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WDM Transmission System
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ITU Wavelength Grid

EREREEEERAREN

1

1530.33 nm v~ 1553.86 nm M
0.80 nm

195.9 THz N 193.0THz  V
100 GHz

= ITU-T A grid is based on 193.1 THz (1552.52nm)
+ (25, 50, 100, 200) GHz
= It is a standard for laser in DWDM systems



Optical Transmission Bands

Band Wavelength (nm)
820 - 900

1260 — 1360

“New Band” 1360 — 1460
S-Bano 1460 — 1530
C-Band 1530 — 1565
L-Bano 1565 — 1625
U-Banc 1625 — 1675
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Summary

.. Multichannel
- Operation 1n the . ATET Tue
Multimode L““'] l‘f_‘;fhiﬂmsh low loss window of ;ﬂ“‘“ doped Wave Fiber and
fiber-optic | o Capnoo 0.2 dB/km @ 1550 amplifiers Comning Large
wavepgnides & 1[;'1{} nm but high (EDFAs) @ 1550 Optical Core
(il nm -
=5dB/km dispersion @ 1550 nm deployed. Fiber reduce
attenuation nm fiber FWM
Early 80s Mid to Late 80s | Late 80s to Early 90s
] . >
Early T0s Multi . _ Mid 90s Mid 90s
ew sion ; ;
Room Fabry-Perot : ﬁ Multi Dptlca.l Solitons,
1310 nm lasers  |Development of 51"'{_ ted dispersion
temperature : yields Zero WDM @1550 nm. <ation
GaAs LEDs and sigle frequency dispersion & Number of Compen
multimode FP DEB 1310 mm
1550 nm and 0.5 channels and
and 1550 nm -
Lasers @ 330 dB/km loss channel spacing
nm 1310 om limited by fiber
four-wave nuxing
(FWM)
< -4 -4 > >«

1st Generation 2nd Generation Jrd Generation 4th Generation 5th Generation



Summary

1st Generation Re
MME generator
D N Nt NI N [P
10 km = ’ v
4+
2nd Generation
SMFE
1.31 pm MM L,LJL,: -] pL O 3[R | Few 100 Mbps to
Laser T, 50 km 1.7 Gbps
Jrd Generation e
1.55 um SM -] ..: -, p: O IR | 25GHpsto
Laser T, 100 km 10 Gbps
4 >
4th Generation
SM DEFB
Laser T, (k) SMF EDFA % | 25 Gbpsto
SM DFB O .> ) 10 Gbps per
R, | wavelength.
Laser TI [1'1:’ 1007z kkm Sto 128
SM DEB N o R, wavelengths
Laser T, (A3
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Summary
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