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ﬂISZEgV ENYI ) .
mUNIVERSITY Outline — General Properties

Department of Telecommunications

« Modeling of light
= photons
= electromagnetic waves
= geometrical opfics
= field theory
« Optical networks
= USE
= Topologies
= elements
« Standards

Basics of Optical
Telecommunications 2016
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E‘UNIIS%I%IRSITY QOutline — Fibers

Department of Telecommunications

* Properties of opftical fibers
= geometry
= Modes
= aftenuation
= dispersion
= fabrication
* Nonlinear effects
= Brillouin scaftering
= self-phase modulation
= Ccross-phase modulation
= four-wave mixing
= Raman scattering

Basics of Optical
Telecommunications 2016
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E‘UNIIS%I%IRSITY QOutline — Lasers

Department of Telecommunications

Operation of lasers
= Properties
= gpplications
« Atomic energy levels
« Population inversion
« Energy bands in solid states
* Heterojunctions in semiconductors
« Quantum well lasers
« Vertical cavity surface emitting lasers
« Lasers as sources in optical felecommunications

Basics of Optical
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ESZEQ%ENYI Outline — Amplifiers,
e UNIVERSITY regenerators, detectors

Department of Telecommunications

« Amplifiers

« Erbium doped fibers

= Raman amplifiers

= Semiconductor optical amplifiers
« Dispersion compensation

= Dispersion shifted fibers

= Dispersion compensating fiber

« Compact dispersion compensation
« Detectors

= PIN

= APD

Basics of Optical
Telecommunications 2016
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E‘UN?%I%IRSITY Qutline — Modulators, switches

Department of Telecommunications

« Physical basics
= electroopftic effect
= Mmagnetooptic effect
= Acoustooptic effect
= elastoopftic effect
= Thermoopftic effect
= Bragg grating, Bragg mirrors
= INnferferometers
* Modulation
« Switching

Basics of Optical
Telecommunications 2016
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E‘UN?%%RSITY Oufline — Splitters, mulfiplexers

Department of Telecommunications

« Splitting
= photolithography channels
= fused fibers
= INnterferometers
« Filtering, multiplexing, demultiplexing
= Prism
= grafing
= Bragg layers
« WDM

Basics of Optical
Telecommunications 2016



EVE__SZE}'S%%ENYI Outline - Solifon
@ UNIVERSITY communication

Department of Telecommunications

« Nonlinear effects in fibers

« History of solitons

« Korteweg—deVries equations
« Envelop solitons

« Solitons In opftical fibers

« Amplification of solitons — optical soliton transmission
systems

Basics of Optical
Telecommunications 2016
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E‘UNIIS%%RSITY Modeling or light

Department of Telecommunications

Photon model
« particles with energy hv,
¢« pbosons
« yseful In
= quantum mechanics
= particle physics

= Telecommunications
electron excitations: lasers, detectors

Basics of Optical
Telecommunications 2016
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E‘UNIIS%%RSITY Modeling or light

Department of Telecommunications

Electromagnetic wave model

« the Maxwell equations describe the behavior
C = (upeg)~'7? velocity of light in vacuum
v = (ue)~'2 velocity of propagation in materials
refraction index: n = (weg,)~'7?

used in optical felecommunication

= modeling the fiber as waveguide

Basics of Optical
Telecommunications 2016
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ma UNIVERSITY

Department of Telecommunications

Geometrical optics
* rays
* Snelius—Descartes law

N, sina = N, sinf

« reflection and
tfransmission

Basics of Optical
Telecommunications 2016

Modeling of light
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E‘UNIIS%%RSITY Modeling or light

Department of Telecommunications

Field theory
« force carrier particle in electromagneftic interaction

« particle-like excitation — some say, It is a spread out
field unit that generates and
collapses

« similar to gluons, W, Z bosons, and
the Higgs bosons — they are
generated due to spontaneous
symmeiry breaking

# I By Joel Holdsworth (Joelholdsworth) -
Usefu | I n Non-Derived SVG of

1_. | h . Radiate_gluon.png, originally the work
of SilverStar at Feynmann-diagram-
= pOr IC e p ySICS gluon-radiation.svg, updated by
joelholdsworth., CC BY 2.5,

| Te | e C O m m U n iC C] ﬂO n S — n O'I' ye'l' https://commons.wikimedia.org/w/ind

ex.php?curid=1764161

Basics of Optical
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E.EUNIIS%%RSITY Networks

Department of Telecommunications

Levels

Intercontinental — exclusive, silica cables

long haul continental — almost exclusive, silica
national backbones — almost exclusive, silica
regional backbones — mostly optical, silica

local - still lot of copper, but FITX increasing, silica or
plastic

Indoors — rare, mostly plastic optical cables
Intra vehicle — rare, plastic (glass is not suitable)

Basics of Optical
Telecommunications 2016
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E.EUNIIS%%RSITY Networks

Department of Telecommunications

Topologies

« |Intercontinental to regional backbones — reserved
doule ring, mesh
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E.EUNIIS%%RSITY Networks

Department of Telecommunications

Topologies

« |Intercontinental to regional backbones — reserved
doule ring, mesh
Local ' Backbone connections

« local—mostly free  centers

Double ring
(self-correcting)

Basics of Optical
Telecommunications 2016 15
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E.EUNIIS%%RSITY Networks

Department of Telecommunications

Topologies

« Intfercontinental to regional backbones —doule ring
(reserved), mesh

* local — mostly tree (PON)
* Indoors — mostly star
* Infra vehicle — tree or bus

Basics of Optical
Telecommunications 2016
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Department of Telecommunications

Passive optical networks (PON)

: Opto-
Splitter coupler /5
< > ONU | &L 5/
= : o
- S Subscriber
Central OLT
with DFB

Subscriber

Subscriber

Basics of Optical
Telecommunications 2016 17
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‘DFD‘*DWD‘*DFD‘ \
- | 5 5 . 7
-
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Department of Telecommunications
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ma UNIVERSITY

Department of Telecommunications

Center

Subscriber units

Basics of Optical
Telecommunications

2016
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[INSZECHENYI Cable TV networks
= UNIVERSITY

Department of Telecommunications

station

PSTN

Basics of Optical
Telecommunications 2016 21



[INSZECHENYI WDM in PON access networks
= UNIVERSITY

Department of Telecommunications

WDM
MUX/DEMUX Ay

Basics of Optical
Telecommunications 2016
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=2 UNIVERSITY

Department of Telecommunications

Elements
« Passive
= fioer
= Splitter
= Mmultiplexer/demultiplexer
= dispersion compensator
= SWitCh
« Active
= SOUrce, detector
= amplifier
= Modulator

Basics of Optical
Telecommunications 2016
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Department of Telecommunications

* rays

Filbers
Geometrical optics
i |
« Snelius—Descartes law |
N, sina = N, sinf
n,
« reflection and : n
fransmission | :
|
B
|
|
n, <n,

Basics of Optical
Telecommunications 2016
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o UNIVERSITY Fioers

Department of Telecommunications

Geometrical optics
« fotal internal reflection — no fransmitted light

Basics of Optical
Telecommunications 2016 25
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== UNIVERSITY I\/\Odeling of the fiber
Department of Telecommunications
The fiber
core
125um
250um
primary
cladding protective
Basics of Optical CcOod h N g

Telecommunications 2016 26
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Department of Telecommunications

Modeling of the filber

Index profiles

fibar croan saction

flber refractive Index proflle

Basics of Optical
Telecommunications

cora: 100 um
cladding: 140 um

care: 50 Lm
dadding: 125 um

cora: 8.3 um
dadding: 125 um

®°C

step-Index
muliimode f1ber

2016

gradeddndex
mulimade fiber

Index
mingle mode fiber

27
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E‘UN?%%RSITY Modeling of the filoer

Department of Telecommunications

Waveguide (cylindrical) with possible propagating
modes

« solution of the electromagnetic wave equation with
cylindrical boundary conditions

= Bessel (and Hankel) functions along the radius
= propagating waves along the axis

Basics of Optical
Telecommunications 2016 28
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E‘UN?%%RSITY Modeling of the filber

Department of Telecommunications

Mode field diameter
« ligth slightly ,,penetrates” to the cladding

Basics of Optical
Telecommunications 2016 29
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E‘UN?%%RSITY Modeling of the filoer

Department of Telecommunications

Geometrical optics point of view.
« ray bouncing in the cylinder, reflecting (or bending)
at the boundaries

SING ~ Negre
siny Ny,
SiNd=n,-siNy - e

:n2

cladding

siny = sin(90°—a) =
= cosa D

Basics of Optical air
Telecommunications 2016 30



SZECHENYI : :
E‘UN?%%RSITY Modeling of the filoer

Department of Telecommunications

Geometrical optics point of view.

« ray bouncing in the cylinder, reflecting (or bending)
at the boundaries

SING ~ Negre
Siny nc1ir
SiNd=n,-siNy - e

SiNd = N, - COSa.

:n2

cos’a.=1-5in°a cladding

. _ . . 9
sind = N,V 1—-sin%a —

Basics of Optical
Telecommunications 2016 31
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E‘UN?%%RSITY Modeling of the filoer

Department of Telecommunications

Geometrical optics point of view.

« ray bouncing in the cylinder, reflecting (or bending)
at the boundaries

sind = n,v/1-sino

_____________________________

: n,
sina, =—=
nl

:n2

cladding

5 2 2
SINd,. = NA = \/n] =
Basics of Optical ﬂoir ~ ]
Telecommunications 2016 32
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E‘UN?%%RSITY Modeling of the filoer

Department of Telecommunications

Geometrical optics point of view.
« numerical aperture Sind, = NA = \/n]Q h ng

acceptance angle =7

cladding

Basics of Optical n z]
Telecommunications 2016 33



SZECHENYI : :
E‘UN?%%RSITY Modeling of the filoer

Department of Telecommunications

Geometrical optics point of view.
« numerical aperture Sind, = NA = \/n]z h ng

:n2

cladding

Basics og)ﬁ&eptqnce cone n. = ]

Telecommunications 2016 34
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E‘UN?%%RSITY Properties of the filoer

Department of Telecommunications

Fiber attenuation
« absorption — cumulative

= (1 —a)t

= depeds on the composition
* scaffering — cumulative

= Rayleigh scattering

T (] 9 S)L macrobending Power
. AL — 4
« coupling losses — at the ends A —
« pbendings bl

Basics of Optical N i’
Telecommunications 2016 microbending
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E‘UN?%%RSITY Properties of the filoer

Department of Telecommunications

Total attenuation of silica — atfenuation peaks

OH
apsorption

= eaks ~. , 1380
£ 950 2 /‘
B 1
O,
e . ) .
UV absorption / Apsorption
+ ~
. Rayleigh scattering ~AL™ =~ <N !
. T | | | | | T~~~ I
800 1000 1200 1400 1600 1800

Basics of Optical

wavelength [nm]

Telecommunications 2016 36
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E‘UN?%%RSITY Properties of the filoer

Department of Telecommunications

Total attenuation of silica — optical windows

\ « 1st window,  first generation
e around 850 nm, 2.5-3.5 dB/
*\ 850 e 2nd window, minimal dispegsien

M around 1310 nm, 0.36
N e 3rd window, minimal
N

arou

loss [dB/km]
/

1310

0.1__ ~~L~~~

| | | | 1 | e~

800 1000 1200 1400 1600 1800
Basics of Optical WOVG'GﬂgTh [nm]

Telecommunications 2016 37
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E‘UN?%%RSITY Properties of the filoer

Department of Telecommunications

Fiber dispersion

The spreading out of the light pulses as they
propagate in the fiber. (ps/km)

« modal dispersion
« chromatic dispersion
= material dispersion
= Waveguide dispersion
« polarization mode dispersion

} Afchr — ATrm’r + Ang

Atgrg = Ao + Al ” + AL

total —

Basics of Optical
Telecommunications 2016 38
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E‘UN?%%RSITY Properties of the filoer

Department of Telecommunications

Modal dispersion
« multfimode fibers

« different characteristic velocity for different
propagating modes

inelenani ofi e Way s different:
Geomeincal epiics polni of View)

Basics of Optica
Telecommunications 2016 39
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mm UNIVERSITY

Department of Telecommunications

Properties of the filber

Chromatic dispersion

b
”’

material dispersion <~
7’

chromatic

zero at dispersion

1310 nm

dispersion [ps/nm/km]

Basics of Optical
Telecommunications

wavelength [nm]

~~~~~ 1200 1400 1600

—y
—y
—~—y
—y
—y
~—y
—y
—~—y
—y
—y
—
-~y

dispersion

2016 40
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E‘UN?%%RSITY Properties of the filoer

Department of Telecommunications

Chromatic dispersion shifting

shiffed

material dispersion. <~ chromatic
= 7 dispersion
A\é 7
c zero af
§ other A
% ) wavelength [nm]
2 1000 1400 1600
O —
SR - : :
FEEEE - shiffed waveguide

0 " dispersion
) careful fiber ==-__ _

geometry planning

Basics of Optical
Telecommunications
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E‘UN?%%RSITY Nonlinear effects

Department of Telecommunications

Nonlinear effects

« Brillouin scattering
self-phase modulation
Cross-phase modulation
four-wave mixing
Raman scattering

Basics of Optical
Telecommunications 2016
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SZECHENYI ) -
E!UNI%%RSITY Nonlinear effects In fibers

Department of Telecommunications

* Brillouin scafttering:

= ACcoustic vibrations caused by electro-magnetic
field
(e.g. the light itself, if P>3mW)

= AQCOUStIC waves generate refractive index
fluctuations

= SCaffering on the refraction index waves

= The frequency of the light is shifted slightly
direction dependently (~11 GHz backw.)

= longer pulses — stronger effect

Basics of Optical
Telecommunications 2016
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mUNIVERSITY Nonlinear effects In fibers

Department of Telecommunications

Raman scafttering:

= optical phonons (vibrations) caused by
electromagnetic field and the light can
exchange energy (similar to Brillouin but not
acoustical phonons)

Stimulated Raman and Brillouin scattering can be
used for amplification

Self-phase and cross-phase modulation
Four-wave mixing

Basics of Optical
Telecommunications 2016
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Department of Telecommunications

« Four-wave mixing

mixing terms 1550 - x /\ 1550 + 2x
‘J | ,

A

P10 mW

1550 1550 + x

/

Basics of Optical
Telecommunications 2016

45



SZECHENYI ) -
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Department of Telecommunications

+ (Pockels effect:

= refractive index change due o external
electronic field

= An ~ |E| - alinear effect)

Basics of Optical
Telecommunications 2016
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mUNIVERSITY Nonlinear effects In fibers

Department of Telecommunications

« Kerr effect:

= The refractive index changes in response o an
electromagnetic field

s AN =K A | E | 2
= light modulators up to 10 GHz

= CON cause self-phase modulation, self-induced
phase and frequency shift, self-focusing, mode
locking

= Can produce solitons with the dispersion

Basics of Optical
Telecommunications 2016
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Department of Telecommunications

« Kerr effect:
« The polarization vector

3 3
Lij E/ +SOZZXUK J

Pockels ;‘ Corr

« If E=E_ cos(wf), the polarization in first order is

Moo

P = so(x(‘) + x(e’)\Emf)- E_cos(wf)

Basics of Optical
Telecommunications 2016 48
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E!UNI%ERSITY Nonlinear effects In fibers

Department of Telecommunications

« Kerr effect:
P=¢, (X(]) + X(S)‘EQ‘Q)‘ E(DCOS((DT)
= The susceptibility

_ 0.3 G P
X=1"+ E,|

= The refractive index

3
A= n0+8—nox \E\ =Ny + N,

= N, IS mostly small, large infensity is needed (silica:

N,~1072°m2/W, | =10°W/cm?)

Basics of Optical
Telecommunications 2016
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E!UNI%%RSITY Nonlinear effects In fibers

Department of Telecommunications

« Gordon-Haus jitter:

= O fiming jitter originating from fluctuations of the
center frequency of the (soliton) pulse

= Noise In fiber opftic links caused by periodically
spaced amplifiers

= the amplifiers infroduce quantum noise, this shiffs
the center frequency of the pulse

« the behavior of the center frequency modeled
as random walk

Basics of Optical
Telecommunications 2016
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E!UNI%ERSITY Nonlinear effects In fibers

Department of Telecommunications

« Gordon-Haus jitter:
« dominant in long-haul data transmission
s ~[3
= CAN be suppressed by
* regularly applied opftical filters
« amplifiers with limited gain bandwidth
= Ccan also take place in mode-locked lasers

Basics of Optical
Telecommunications 2016
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[N SZECHENYI

== UNIVERSITY Faprication of fibers
Department of Telecommunications
incoming tube:
« Vapor deposition, ususally gas mixture cladding  soot
starting from the cladding

= Cleaning

« burning SiCl, + dopants
INn oxigen inside the
cladding

= preform collapsing — slow
heating of the cladding
and the glassy soot——>
they melt together ana
collapse into solid rod

see: https://www.youtube.com/watchev=uSnjo5tOGQA

Basics of Optical http"
AW
Telecommunications 2016 g u

AVAVA an ar2iafa

Fiber.htm
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E‘UN?%%RSITY Faprication of fibers

Department of Telecommunications

« Fiber pulling from preform

= quartz furnace at the top
of the pulling fower

= forming of a droplet
« droplet pulls the fiber

= after achieving the
sutficient diameter/length
the gob Is cut

= reel pulls the fiber

Basics of Optical

g e http://www.madehow.com/VoIume—l/OptlcaI—53

Fiber.html
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E‘UN?%%RSITY Faprication of fibers

Department of Telecommunications

http://www.orc.soton.ac.uk/silicafibrefaciliti  a
es.html

| _ http://www.laserfocusworld.com/articles/prin
g L t/volume-49/issue-12/features/optical-fiber-
- manufacturing-stack-and-draw-technique-
creates-ultrasmall-diameter-

. . endoscopes.html
Basics of Optical - - P
Telecommunicatior ~ - 2016 54
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E"UN?%%RSITY Cable production

Department of Telecommunications

« From reels of fiber
with primary coating

« S7 twist

* sheath extrusion

« various fillings

* various protective
layers: armors,
jackets, sheaths

* various strength
memiers

* ripbon or cylindrical

ES

i w»

Basics of Optical -~

Telecommunications 2016 www.indbolanews.com, 55

www.spiktelintl.com, www.cables-cgp.com
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E"UN?%%RSITY Cable production

Department of Telecommunications

Central Strength Member

_.-Optical Fibers

- Flexible Buffer Tubes
T (2.7mm)

Water Blocking
~" Blnders

_.» Strength Yams
z .~ Rlpcord

Armor
~"{corrugated steel)

Jacket
~"{polyethylene)
. Water Blocking
~"" Tape
_.~Ripcord

\4 y Armor . Central Strength Member
Double \ > " (corrugated ste

—
—

Armored =—
Loose Tube ==
(SPSP) =

_.Optical Fibers
Jacket -

+"(polyethylene)

_-Flexible Butfer Tubes
© {27 mm)

.~ Water Blocking
Binders

.Strength Yarns -
Basics of Otical ~Ripcord www.conductix.com, http://surplus-
asics oroptica Dielectric - - ) i i
Telecommunications ' oose Totc OB o fiber.com/new-draka-fiber-cable/,
.~ (polyethylene) www.hydro-cable-systems.com
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http://surplus-fiber.com/new-draka-fiber-cable/
http://surplus-fiber.com/new-draka-fiber-cable/
http://surplus-fiber.com/new-draka-fiber-cable/
http://surplus-fiber.com/new-draka-fiber-cable/
http://surplus-fiber.com/new-draka-fiber-cable/
http://surplus-fiber.com/new-draka-fiber-cable/
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http://www.hydro-cable-systems.com/
http://www.hydro-cable-systems.com/
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http://www.hydro-cable-systems.com/
http://www.hydro-cable-systems.com/

N SZECHENYI
E—":"UNIIS%%RSITY Cable types

Department of Telecommunications

« Indoor
= Patch, Switch, Pigtail
= FITH loose cables
« QOutdoor
* loose or fight
« ribbon or cylindrical
= Air
* self sustaining or not
= Undreground, or underwater
* drmored or not

Basics of Optical
Telecommunications 2016
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I N RRsrTy Connectors

Department of Telecommunications

« PC or APC
« ferrule
« cylindrical or rectangular housing

Basics of Optical
Telecommunications 2016
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E‘UNIIS%I%IRSITY QOutline — Lasers

Department of Telecommunications

Operation of lasers
* Properties
« applications
« Atomic energy levels
« Population inversion
« Energy bands in solid states
* Heterojunctions in semiconductors
« Quantum well lasers
« Vertical cavity surface emitting lasers

Basics of Optical
Telecommunications 2016
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E‘UN?%%RSITY Properfies of lasers

Department of Telecommunications

« Monochromatic light — small bandwidth
« Small divergence — narrow and directed beam

« Coherent beam — all photons have nearly the
same phase

« Usually not too high power, but
« High power density
« Not an effective energy transtormer

Basics of Optical
Telecommunications 2016
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E‘UN?%%RSITY Applicafion of the lasers

Department of Telecommunications

« Materials processing — cutting, drilling, welding, heat
freatfing, ...

« Reading optical signs — CD, barcode, ...

« Graphics — printers, color separators, printing plate
makers, ...

« Laboratory, measurements

« Medicine — bloodless scalpel, tumor destroying, ...
« Military — farget designators, finders, ...

« Telecommunications

Basics of Optical
Telecommunications 2016
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EEUNI%%RSITY Operation of lasers

Department of Telecommunications

What is needed for laser operation
« Laser gain — an optical amplifier
« Optical resonator — positive feedback

K

optical power of the light
reflection before reflection: @
afterreflection: (1-7)@

Basics of Optical
Telecommunications 2016
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EEUNI%%RSITY Operation of lasers

Department of Telecommunications

What is needed for laser operation
« Laser gain — an optical amplifier
« Optical resonator — positive feedback

AAAﬂ

new photons arise

: o o reflection
optical gain in the amplifier:
Basics of Optical P —> qu’

Telecommunications 2016
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EEUNI%%RSITY Operation of lasers

Department of Telecommunications

What is needed for laser operation
« Laser gain — an optical amplifier
« Optical resonator — positive feedback

LVVVVVVV

W -

(1-7,)@

Basics of Optical
Telecommunications 2016 64



SZECHENYI ;
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Department of Telecommunications

In equilibrium the gain and the losses have 1o be the
same: the power of the light varies as

P

Basics of Optical
Telecommunications 2016 65



SZECHENYI :
E‘UN?%%RSITY Atomic energy levels

Department of Telecommunications

The solution of the Schrodinger equation
HY = EY

results in - gquantized eigenenergies
- corresponding wave functions

2nd excited state

st excited state

ground state

Basics of Optical
Telecommunications 2016
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E‘UN?%%RSITY Atomic energy levels

Department of Telecommunications

If a photon of energy
hv=E —E_

Intferacts with an atom, an electron can be excited
from energy level E.. fo level E,

E ., photon absorption
— relative rate:

photon = E. roo=
/\/\/\(\/\{ an'fm(]_fn)'p(hv)

Basics of Optical
Telecommunications 2016 67




SZECHENYI :
E‘UN?%%RSITY Atomic energy levels

Department of Telecommunications

An excited electron from energy level E,, can relax to
a lower from energy level E,, releasing a photon of
energy

hv=E —E_
N spontaneous emission
—relative rate:

: s

£, photon - o =i ’fn(]_fm)
random
direction .

= spontaneous lifetime

Basics of Optical
Telecommunications 2016 68
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E‘UN?%%RSITY Atomic energy levels

Department of Telecommunications

If a photon corresponding to the energy
hv=E —E_

interacts with an atom which has an excited electron
at energy level E,, it can stimulate the electron o
relax fo level E,

F stimulated emission
rmﬂSﬂm — anfm (‘I B fn )/O(h V)

E
ohoton " 2 photons —
AAA same direction,
same phase

E o
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Stimulated emission can take place long before the
spontaneous lifetime.

Stimulated emission:
one photonin —— two photons out

The opitical amplifier can be a collection of atoms
with [ots of electrons excited to the same state (with
long spontaneous lifetime).

Basics of Optical
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Light Amplification by Stimulated Emission of Radiation

The resonator is usually much longer than the
wavelength.

=

S Upper Laser Level

Lower Laser Level
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In equilibrium, the relative rates

stim

Fon =T +1,

mn nm nm

Thus the photon density at energy hv

relative
occupation
probability
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In thermodynamical equilibrium, the population of the
states follow Boltzmann's law

E;
N =N, -e
——> the relative occupation probability is
E -E,.
explti - )
thus "
plhv)= B
an - €XP kT Bnm

Basics of Optical
Telecommunications 2016 73



SZECHENYI - .
E‘UN?%%RSITY Population inversion

Department of Telecommunications

Comparing the resulting photon density with the
black body radiation

; \
,O(h V)= 4h | 4
2 hv
C -(exp—]j
I(BT an — Prm
" > A, 4h ye
p(h V): EmlE Bnm c*
an°exp . < _Bnm
kT )
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In thermodynamical equilibrium, the population of the
states follow Boltzmann's law

Ei
N =N, e
&
If B,.,=B.,,, the relative rate
B of absorption in equilibrium
=3 IS much higher than that of
stimulated emission
E p—.
E ............. ..
Basics of Opticalrn .................. > N .
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Somehow the number of electrons in the upper laser
level is increased >

population inversion occurs.

=
| The particles are not
B INn thermodynamical
T equilibrium
= .
Basics of Opticalrn ............... > N .
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Population inversion is generated by
« exciting the electrons to a

level with short spontaneous lifetime tE
apove the upper
laser level: pumping S PL
« from the pumping level the electrons T\
relax to the upper ¢ ULL
laser level, which has longer AVAVAVAVA SR
spontaneous lifetime
« electrons accumulate at the upper S i
laser level
s GS
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Population inversion

Three-level laser

{E

pumping level

upper laser

level

lower laser
level =
ground state

Four-level laser

pumping level

upper laser

£
h

level
AVAVAVAVA SN

lower laser

)

N\

|
E_ __level

(

e iground state

Basics of Optical
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Population inversion

Inverse population can be generated by

« special filters
« electrical pumping

« direct electrical discharge
« radio frequency field

¢« eleciron beam

¢ P-N heterostructure

« optical pumping
« chemical pumping
*+ nuclear pumping

Basics of Optical
Telecommunications
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In solids the atomic niveaus broaden >
energy bands are formed

= Vibrations (and rotations) in the crystal
= momentum dependence of energy levels
= Splitfing of degenerate states, ...

conduction band

bandgap — no electrons are

allowed
Basics of Optical .

Telecommunications ° 2016
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The Fermi level is the highest energy level occupied by
electrons:

« Fermi level in the conduction band =— meidl
« Fermi level in the gap —— insulator

E 4 E .
eSsamess— — T EF

_________ E.

insu%’ ductor)
Basics of Optical
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At non-zero temperature, the Fermi level is noft strict,
the occupation probability will follow Fermi-Dirac
stafistics ]

f(E)=

1+ exp -+

Basics of Optical
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Energy bands in solid states

So if an insulator has a bandgap o K, T,

room?’
considerable amount of electrons can be present in

the conduction band:

conduction
E band

...................................................

.........

.................

.......

insulator

semiconductor

Basics of Optical
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In a crystal the energy levels depend on the eleciron’s
wave number Kk (quasi momentum):

E : = :
cC.b c.b
Indirect direct
gap gap
V. V.D
K K
momentum conservation No momentum to be taken

—> No photon emission —> photon emission
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Charge carriers can be injected to semiconductors by
doping:

«group V atoms: electrons n-type

*group lll atoms: holes o-type
Et £
conduction band
p-type localized /’-_— --—---F
= |D — acceptor/donor n-type
jE=s — levels
L. vdlance band
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If Nn-type and p-type doped semiconductor layers are
brought in contact,

« the positive and negaftive charge carriers near the
junction can recombine

« photons can be emitted
« potential barrier builds

Nno recombination

B Te .

> X
Basics of Optical
Telecommunications 2016
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If Nn-type and p-type doped semiconductor
layers are brought in contact,

* the recombination stops, unless external bias is
applied > |EDs

recombination possible
active region

P s s e e o e e . ----E.F.:...........
- T
E e e s e s e s men SRR < o o« o o o000 cesooscssscssssescsscsssecsessssosssessessssescsssenseesessed

Fo
ﬁ > X
Basics of Optical
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Heterojunctions In
semiconductors

If Nn-type and p-type doped semiconductor
layers are brought in contact,

* the recombination
sfops, unless
external bias
Is applied

LEDs >

*« 1 ns—100 ns

Basics of Optical
Telecommunications

opt

A SUPER-LED

ELED

I:)opt

/

V
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The simple heterojunctions have some disadvantages

« due to the relafive large spaftial dimension, high
current is needed for creating sufficient population
Inversion

* the heat generated by the current is very high,
destroys the device

Solution:
restrict the high current density region into small
region > double heterojunction

Basics of Optical
Telecommunications 2016
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The double heterojunction localizes the population
iInversion info a small region of space applying two
different materials with different bandgaps A, and
AY,

active layer

Basics of Optical
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The semiconductors of the double hetero-junction
have different refracfive indices n, and n, (nof just
different bandgaps A;, A,)

¢ active layer
N

the laser beam is

n od boososscosscosocoteecrr e EERUUNUNONUNUNNON| . .
] / \ also localized In

M, direction x
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The double heterojunction localizes the population
inversion and the laser beam info a small region of
space

— less heat

slectrode
subsirate, p-type doped

PEIYPEAY

active layer, A
n-type, A,

substrate (n-type/undoped)

Telecommunications 2016
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Materials grown upon each other should have similar
grid distance in order not to produce strain or
dislocations in the crystal.

examples %

P-GaAs, p-InGaAsP,...

p_GOO7A|03AS, p‘lnP, ce e
Gapo:AlqosAS, INGAASP,...
J n-GOO'7A|O'3AS, ﬂ-mP,...

/

N-GaAs, n-InP,...
Baslcs of Optical
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Thin layers of semiconductors have to be grown on
each other with very accurate layer thickness:

« metal-organic chemical vapor deposition
* molecular beam epitaxy

Basics of Optical
Telecommunications 2016

94



[INSZECHENYI Heterojunctions in

@ UNIVERSITY semiconductors

The mirrors placed parallel to the plane plotted
fhe light propagates parallel to the layer

The cleaved facelets of the
X1 stripe are usually sufficient
reflectors.

e " -

The optical properties of
the cleaved facelets are
\WAVA not controllable during the

1' AN V/\
’VY ,/ _ fabrication process

light /

Bagcs of Optica
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The population inversion can be restricted in the other
dimension, too:

elecirode -

stripe electrode restricts
the current flow

/

_ the populatfion
Inversion fakes place
In a small stripe inside
the active layer

Baslcs of Optical
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With special geometry the laser beam can be
localized, as well as the population inversion

refractive index n<n,
"7

the low refractive index

the high refractive index
field is a waveguide

the n-p junctions do
\/ not allow current
P outside of the stripe

Bagcs of Optical
Telecommunications 2016
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With special geometry the laser beam can be
localized, as well as the population inversion

the thinner the layer, the
less modes can
propagate

1

the thinner the layer, the
less current is needed for
~ sufficient amount of

inverse-populdtion
elliptical beam charge carriers

/

Bagcs of Optical
Telecommunications 2016
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For proper optical confinement single waveguide
mode is hneeded ——  the higher order modes
have to be cut off.

This requires thickness

- A
2\/ng2 B

or less. For A= thel.3 um, d<0.56 um.

(ny and n. are reflective indices of waveguide and
’rhe claddlng)
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If the waveguide is too thin, the light spreads out of it
—> the loss increases.

For confining the population inversion thinner layers
would be needed.

Solution: the waveguide and the active layer are not
the same — Separate Confinement Heterostructure

N@iR)
active layer

waveguide J L
Basics of Optical : : g 3
Telecommunications 2016 Y 100




[INSZECHENYI Heterojunctions in
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@ UNIVERSITY semiconductors

If the waveguide is too thin, the light spreads out of it
—> the loss increases.

For confining the population inversion thinner layers
would be needed.

Solution: the waveguide and the active layer are not
the same — GRaded INdex SCH (GRINSCH)

. ; ‘
. . .
. . .
. . .
. .
. .
. o .
.
.
. . .
° . . .
. . .
. . .
. . .
. . .
. . .
. . .
. . .
. . .
.
.

waveguide
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If the active region is thin enough, ~10 nm
. only few layers of atoms in the active region
. quantum well is formed

The solution of the Schrodinger equation of guantum
wells:

. electron in a potential well in the x direction
I, free electron gas solution in the yz plane

) ?k,? +k,?)
2m

Basics of Optical
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Quantum well lasers

The solution of the 1D potential well problem:

V(x) 1

W, (X ) Vs (X )‘

Basics of Optical

Telecommunications 2016
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The solution of the 1D potential well problem:
« the Schrodinger equation

h 6?

2m Oox> %(X)+ Vo%(x): E%(X) X < —%
h O°

marvi-e)  oxc
h O° W

o 7 Vel Vowsx)=Eys(x) - x>

Basics of Optical
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« fthe boundary conditions:

V(x) 1

w W
W](_E]—Wz(_ij
oy, W\ _ 0y, W Oy, (W) _oys (W
OX [_QJ_ OX (_Ej OX (2j_ OX (2)

—W/Q W/Q X

Basics of Optical
Telecommunications 2016 105



SZECHENYI
EEUNI%%RSITY Quantum well lasers

Department o f Telecommunications

The solution of the differential equation system:
yr(x)= A expli- x)

w,(x)=a,sin(k-x)+b, cos(k - x)

Ws(x) A eXp( )

with
- \/Qm(vo_E) 2mE
B h A
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« For VO=1 a.u., w=40 a.u., E=0.0029 a.u.;

Y (X) =a, sin(l< : x)+ b, cos(l< - X

P S PP PP SOPPPTR U RUPUUUIESPPTP s  SEO pupPu O U e SO PPN

el R B

I B
11111

| M
..,,,,1muu:uumijjijiiiiiji

om0 0 DOEREE
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« ForVO=1 a.u., w=40 a.u., E=0.0115 a.u.;

Y (X) =a, sin(l< : x)+ b, cos(l< - X

RRUUIEY JEnT
,,,,,,,
’

oennn \ /02020 DOEXTes
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« For VO=1 a.u., w=40 a.u., E=0.0259 a.u.;

Y (X) =a, sin(l< : x)+ b, cos(l< - X

T el T R T g
BT bl R B
P S S A S
L AN A
!
4

i [RTVITTRITTNS. RTRTTETOITORPO PO

)
™
\\0
LA

oY\ /0 |\ O
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« For VO=1 a.u., w=40 a.u., E=0.0460 a.u.;

Y (X) =a, sin(l< : x)+ b, cos(l< - X

T

G mt e S il Bl e Dl Gl

T\ |\ POEXTEE
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« ForVO=1 a.u., w=40 a.u., E=0.0718 a.u.;

Y (X) =a, sin(l< : x)+ b, cos(l< - X

...........

oenen |\ |/ DoEETes
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« ForVO=1 a.u., w=40 a.u., E=0.1035 a.u.;

Y (X) =a, sin(l< : x)+ b, cos(l< - X

[EXEEERTERTAEREERERRRASY. SARKRRRRRRRSRRORRORRT™Y IXNRRRTSOOVEN CERRFYIISTIREIVRIPRRRCTY] CIVEITTIREIY PEIPYIPTIVEIPRIPRIUNIST’Y IECIVRIRINY. TRPTRTTTCIPTIPTPRIPRTIvTN

S AT

P T T ol S T T

)= A oot YRV B - . oo
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The energy versus quasi momentum function:

S

Basics of Optical
Telecommunications 2016 113



SZECHENYI
QUN?%%RSITY Quantum well lasers

Department of Telecommunications

If the free electron gas is restricted to Two or less
dimensions, the density of states behaves different
from the 3D case

g(E)|

Basics of Optical
Telecommunications 2016 114



SZECHENYI
QUN?%%RSITY Quantum well lasers

Department of Telecommunications

If the free electron gas is restricted to Two or less
dimensions, the density of states behaves different
from the 3D case

positions adjustable via
D(E) d (well thickness)

Basics of Optical
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If the free electron gas is restricted to Two or less
dimensions, the density of states behaves different
from the 3D case

. 1D “
Q)

dN ]
QfF)- dE JE_E

J

positions adjustable via
d (well thickness) ’

150 E
Basics of Optical \ 1 g
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The absorption spectrum is also different for 2D
electron systems from the bulk case:

« 3D:
aocJhy—A

« 2D:
the absorption spectrum is steplike with resonances

at the frequencies corresponding to the energy
differences

better absorption spectrum, transparency.

Basics of Optical
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Usually a single quantum well (SQW) is too thin for
confining the light
multiple quantum wells (MQW) with barrier layers can

be applied:
ahililils N
SCH-MQW GRINSCH
UL NW
X X

Basics of Optical
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The quantum well lasers have higher threshold than
the bulk lasers, but they also have higher gain,
pbetter fransparency.

Quantum wells based on GaAs perform well, low |oss,
high gain

Quantum wells based on InP have higher loss (Auger
recombination,...)

a strain in the QW layers improves the performance
of QW INnGaAsP lasers

Basics of Optical
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In the Auger

recombination the

energy which is released

via an electron-hole ‘j :
recombination is

apsored by an ofher

electron, which dissipates e.g. CCCH
the energy by process

generating lattice
oscillations (phonons) HH B
/\ -
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In the Auger

+ E
recombination the
energy which is released
via an electron-hole C.B.
recombination is
apsored by an ofher

hole, which dissipates the e.g. CHHL
energy by generating Process

laftice osclillafions
(ohonons) HH B
/'\ LH B
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In the Auger
recombination the
energy which is released
via an electron-hole C.B.
recombination is

apsored by an ofher

hole, which dissipates the e.g. CHHS

energy by generating Process

lattice oscillations

(ohonons) Wi
SO.B. LH.B.

Basics of Optical > I(
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Quantum well lasers

Quantum wells cause
splitting in the
conduction band, lift the
degeneracy of the
heavy hole and light hole
bands, and distort the
shape

——> Similar effective
mMass (curvature) means
more effective
population inversion
(smaller threshold)

Basics of Optical
Telecommunications
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HH2
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V
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Quantum wells + tensile
strain lifts the light hole
bands

—> TM mode C.B.

<

The split off band is also
depressed

—> |ess Auger
recombination, higher
carrier density Is possible

LH.B.

HH
SO.BN\, HH2

Basics of Optical > I(
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Quantum well lasers

Quantum wells +
compressive strain
depresses the light hole
bands, and further
reduce the heavy hole
band’s curvature

——> [E modulation and
further decrease in
threshold level

Basics of Optical
Telecommunications
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The high gain of guantum wells make possible 1o
place the resonator above and under the active
region:

] \ aperture

|

electrodes
Bragg reflectors

(multiple)
quantum well
sfructure

Basics of Optical
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The confinement of population inversion in the y and z
dimensions is necessary

- = fched /al f
= DBR - etched mesa/air pos
s PP s VCSEL
NDBRT//——= aperture usually at
the bottom
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The confinement of population inversion in the y and z
dimensions is necessary

the etched regions are
regrown epitaxially

(e.g., high Index nipi
layers — passive
anfiguide region)

N DBR —— buried regrowth
- VCSELs

Basics of Optical
Telecommunications 2016 128



SZECHENYI
N2 VCSELS

mm UNIVERSITY

Department of Telecommunications

Since the reflectors are grown upon the diode
sfructure

* the resonator length is much shorter than the edge
emiffing lasers’ cavity (less modes)

* the properties of the reflectors can be monitored
during the growth
> very good reflectance can be produced

* It Is easier to couple the VCSEL's light info an opftical
filber

« |laser arrays can be produced

Basics of Optical
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LED VCSEL
Critical dimensions produced Critical dimensions produced lithographically

lithographically Narrow beam emission
Lightbulb-like emission Narrow spectral emission
Incoherent broad spectral emission Edge-emitting Laser

Critical dimensions produced
mechanically

Wide, astigmatic emission

Narrow spectral emission

T o
Soda, Iga, Kitahara and Suematsu 1979;
Axel Scherer and Jack Jewell, 1988

Basics of Optical
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low electric power consumption

capability of on-wafer testing

« simplified fiber coupling and packaging

« longitudinal single-mode emission spectrum
« suitabillity for 2D-array integration, mul’ri—fiber

compatibility

hitp://www.wsi.tum.de/Research/AmanngroupE26/AreasofResearch
/SurfaceEmittingLasers/tabid/110/Defaultf.aspx,
hitp://www.photonics.com/Product.aspx¢PRID=2125T,
Basics of Optical http://atlas-service-enews.web.cern.ch/atlas-service-enews/2009
JEIECOMMUNIGALOTS /news S%ews_vesel.php, www.thorlabs.de,

L



N SZECHENYI
E:EUNIIS\}'ERSITY VCSELs

Department of Telecommunications

The high gain of guantum wells make possible 1o
place the resonator above and under the active
region:

] / }\ aperture

electrodes

Bragg reflectors

(multiple)
quantum well
Bas sfructure
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IS a sfructure formed from
multiple layers of alternating materials with varying
refractive index. Each layer boundary causes a
partial reflection of an optical wave. For waves
whose wavelength is close to

4xthe optical thickness of the layers,

- the many reflections
combine with constructive
Interference, and the

layers act as a high-quality
reflector.

= =
o ®
L 1 i

Reflectivity

o
N
. 1 .

0.0

Basics of Optical
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a) S periods

Basics of Optical
Telecommunications
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C. J. Hepburn : Temperature Dependent Operation of
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Layers

VCSELs

metal contact
p"GaAs contact layer

upper Bragg reflector
30 periods p-AlGaAs/GaAs

f_,.-confinement layer 120 nm AlGaAs

/~quantum well 8.0 nm InGaAs
,,f_, -QW barrier 8.0 nm GaAs
Z#~ — quantum well 8.0 nm InGaAs

Basics of Optical
Telecommunications

hitp://en.wikipedia.org/wiki/Vertical-cavity_surface-emitting_laser

2016

QW barrier 8.0 nm GaAs
quantum well 8.0 nm InGaAs
confinement layer 120 nm AlGaAs

lower Bragg reflector
17.5 periods n-AlAs/GaAs

n-GaAs substrate
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« (Galn)(NAs) on GaAs
substrate 1.31um,

« (InGaAl)As,
(InGa)(AsP), and * 15
(AIGa)(AsSb) on InP
1.31uym and 1.55um e

GaAs-AIGaAsS system: APt

R S|m||0r ICIH]CG COnSTCInT ittingLasers/tabid/110/Default.aspx

« Sfrong variafion of the refractive index on Al
conceniration

« Selective oxidation of Al

- . AlGalpAs/inP

Wavelength (um)

S.
2
>
o
-
T
c
w
%
]
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=

S|

=
o0

1.10

80 °C

=

e
=
=

Fower [m)
—
[s]
F:: —
(1] ]
[ (&g}
Threshaold current (maA)

o

- 100 °C

g

4 6 8 10 10 20 30 40 50 60 70 O
Current (mA) Temperature (°C)

BTJ-VCSELs at 1.55um

R elative Inten:

http://www.wsi.tum.de/Research/AmanngroupE26/A
reasofResearch/SurfaceEmittinglLasers/tabid/110/Def
70 — ault.aspx

1305 130 135 1320

Wigvelength (nm)
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2

]
e
uik]
[ |
[
nsd
=
—_
o

HzZ)

=T
R (e

Damping rat

|a=ation r

Re

1.0
(¥ A

hitp://www.wsi.tum.de/Research/A
manngroupE26/AreasofResearch/Su
rfaceEmittinglLasers/tabid/110/Defa
ult.aspx

back-to-back measurement at 5 and 10Gbit/s
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The multimode MPO and other mulfifiber systems’
sources are usually VCSEL arrays

40 or 100 Gb/s data rate

www.elpeus.com,
www.connections.rdm.com
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The multimode MPO and other mulfifiber systems’
sources are usually VCSEL arrays

o 0N 8 22 T = —_—
ok, b % 1.‘,,,:/‘/__//_./_//4//_/(({:;_- AL NS e
" o gy ! o \ - f

3 B \ N
AR E
S8 RE B! =
i
i N\

Gan et al. Radiation-Hard/High-Speed VCSEL Array Driver

Basics of Optical
Telecommunications 2016 140



SZECHENYI
E.EUN?%%RSITY MPO compafibility

Department of Telecommunications

Eye diagrams

10 Gb/s small form-
factor pluggable
SFP+ fransceiver @ 5
Gb/s with optical

loopback / VCSEL
- I | X P | driver@ 5 Gb/s
e | bl Ml o1 10 Gb/s SFP+
‘X . . " - receiver

One channel active/
all channels active

Gan et al. Radiation-
Hard/High-Speed VCSEL
Array Driver
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The confinement of population inversion in the y and z
dimensions is necessary, It can be achieved by

lon iImplantation

Selective oxidation

Etched mesa — with or without regrowth
Buried Tunnel Junction

Basics of Optical
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« Amplifiers

« Erbium doped fibers

= Raman amplifiers

= Semiconductor optical amplifiers
« Dispersion compensation

= Dispersion shifted fibers

= Dispersion compensating fiber

« Compact dispersion compensation
« Detectors

= PIN

= APD

Basics of Optical
Telecommunications 2016
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The 4f (5f) orbitals of the rare earth metals are special:

« the electronic structure is [Xe]4fN-15d1652 or
[Xe]4fN6s2

1. [ H He

o | Li

Na

K

Rb

Cs

Fr |Ra|Ac
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The 4f (5f) orbitals of the rare earth metals are special:

« the electronic structure is [Xe]4fN-15d1652 or
[Xe]4fNés2

« they are usually 3+ ions

« 5s525p¢ orbitals have larger radius, than the 4f
> [solafing “sphere” > atom-like
behavior

* energy spectrum of very narrow bands if the
insulator is doped by lantanoids

Basics of Optical
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The 4f orbitals of the rare earth metals Is split by atomic
forces and the crystalline field

25+1 LJ

—
— = = =

-
-
—-—

spin-orbit coupling,

Basics of Optical eTC .
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The 4l,5/,,%,5,,(GS) transition in Er** ions belong to
photons of wavelength ~1.5 um

« two main pump regions: 1480 nm and 980 nm with
significant absorption

« large gap between the two lowest level 45, and
11 /2 > large lifetime of the 4,5/, (~10 ms,
depending on hosts), mostly radiative Tronsifion

« Three-level system
* concenfrafion quenching
> shorter lifetime

.

Venkataranaman: Optical Amplifiers
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The 4l,53/,,%,5,,(GS) transition in Er** ions belong to
photons of wavelength ~1.5 um

4
|H/2

4
1372

1480 nm 980 nm 1531 nm

4
l15/2
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EDFA

Application of EDFAS

OLT l@ @

EDFA

A4
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EDF
Input signal optocoupler @ Output signal
f . @ =
—
pumping
7
laser
EDF
Input signal @ opfocoupler  output signal
e o ® >
- I
pumping <
<7
laser

: optocoupler EDF  optocoupler
Input signal P > @ B = Output signal

= . ® >
4 I
= <4
/74 pumping /74
Basics of Optical laser laser

Telecommunications 2016
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Based on stimulated Raman scattering

-the pumping photon gives
part of ifs energy to the fiber

-energy relaxes as phonon
-better for end amplifier
backward pumping is usudl

Signal
MM

MY

Amplified Signal

--}
Venkataranaman: Optical Amplifiers Phonon |
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Based on semiconductor heterojunctions, but Not In

Venkataranaman: Optical Amplifiers

laser mode

preventing laesr mode by antireflection coating
and carefully chosen cleave angle

electrically pumped

best for in-line
amplifier, compact

sfrong nonlinearity
larger noise

smaller amplification
smaller bandwidth

Basics of Optical
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An optical regenerator consists of
« amplifier

« dispersion compensator
Dispersion compensators can be

« dispersion shifted fibers — no need for dispersion
compensators

* regular fibers
= dispersion compensating fibers
= Bragg grated fiber and circulator

Basics of Optical
Telecommunications 2016
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input signal

dispersion on a
standard fiber

waveleght dependent mirror:
circulator UV exposition generated

Bragg grating

distorted sig

k—> compensated signal

Basics of Optical
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Receivers produce electrons or other charge carriers
from photons.

Requirements:

« Large efficiency
= decreasing reflection — connection
= INncreasing detecting area - PIN

= decreasing the recombination of the
generated charge carriers — APD

+  Low noise

«  Compatibility

« Quickresponse

«  Wavelength selectivity (not necessarily)

Basics of Optical
Telecommunications 2016
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«  Quantum efficiency: n=J//e®: the rate of the
photons and the arising charge carriers

« Sensitivity: R=en/hv: current arising from the
Incoming power in the detector

« Bandwidth: depends on the charge carriers’
crossing fime in the empty

« Noise:
= dark current
= Shofnoise

Basics of Optical
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Sensitivity (A/W)
1 —
quantum efficiency = 1

7
7
e
7

InGaAsP

1500 Wavelegth (nm)

Basics of Optical
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pre- main

OSNR amplifier amplifier

: photo 0.1
AW etector é :

Receiver sensitivity: received optical power necessary for 10° BER
Quantum limit: 36 photons/bit, practically ~1000 photons/bit

Basics of Optical
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Reverse bias empty layer between p and n
Electron-hole pairs arise due to photon excitations

free
. A electrons
potential \@ e 6

bCﬂTIeI’ L A S S . T

@ ® O_ | .

free
holes

Basics of Optical em pTy |Clyel’
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PIN fotodioda

i

-4

n T
RT

potential i
barrier

® @

free
holes
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I A
Avalanche:

due to the large
voltag, large
electronic field

one electron can be
accelerated so that its
Kinetic energy can
generate more
electron-hole pairs

S

e
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s UNIVERSITY
l]= “
L
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. o ImsbtmrE I
m.\g _‘f

| Tiee W
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« Physical basics
= electroopftic effect
= Mmagnetooptic effect
= Acoustooptic effect
= elastoopftic effect
= Thermoopftic effect
= Bragg grating, Bragg mirrors
= INnferferometers
* Modulation
« Switching

Basics of Optical
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Modulation methods

External

« Inferferometer

« absorption

« reflection

Direct

« Infernal modulation of the laser current

Basics of Optical
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« Driving current is modulated

’regmp\era’rure

Basics of Optical 1-
Telecommunications
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« Laser driver

| l
Pop’r
setfing comp. ﬁ/ |
A
B~

laser
monitor diode "_
Basics of Optical
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« Distortion of the pulse

Nominal end

Pop’r 1 A
overghl']o’rr\ early folling/
v TAY

100%
90% - VA A

not total
cancellation

10% -

S . ) | t
rising time falling time

al begin

Bla\'.lSICS of ptlcal
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direct modulation

B

external modulation

i

Vs

Mod.
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Opftical property changes due to electronical field
changes

Types
* Index change
= linear — Pockels
= quadratic — Kerr
« activity change - electrogyration
+ absorption change — electroabsorption
* gap change - Frank-Keldysh (bulk semiconductors)
— gquantum confined Stark (g-wells)
+ liguid crystals

Basics of Optical
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Electrooptical materials
- L|NbO3
- BOT|O3

By Cadmium at English Wikipedia - Transferred
from en.wikipedia to Commons., Public Domain,
hitps://commons.wikimedia.org/w/index.php?curi

d=2527511, By Ahellwig - created with Povray 3.6,
CCBY-SA 3.0,
hitps://commons.wikimedia.org/w/index.php?curi
Basics of Optical d=163749
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Opftical property changes due to magnetic field
changes

* Index change
« Faraday rotator
« CdMnTe, CdMnHgTe, TAGdG, ...

Basics of Optical
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Opftical property changes due to density or strain
changes

* Index change

= A plezoelectronic signal
franciever generates
acoustic waves in the

= due to the density waves: .

optical grafing
= light Is reflected on the
grafing

= Material, e.q. electr?nlic
crysta

fibre

piezo-

Basics of Optical
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Opftical property changes due to tfemperafiure
changes

* Index change

heating

polymer

__—waveguide

Basics of Optical
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Periodically changing optical properties can induce
constructive or destructive interference

« gratings
« multilayers

atomic
plane

atomic
plane

www.britannica.com

Basics of Optical
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Periodically changing optical properties can induce
constructive or destructive interference

« gratings

« multilayers
Ge doping+UV exposition
periodic index variation in the fiber

Y Ayt Ag

«—

L, j\ reflected wave :)U
s |

Bragg grating in fibers — add and drop MUX
. sensors
Basics of Optica
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« External modulation
with Mach—Zehnder interferometer

Difference in
opftical paths—
constfructive or
destructive
interference

Basics of Optical
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« External modulation
with Mach—Zehnder interferometer

U
Voltage N : : :
’ intensity modulated output light
Modulating
///mm voltage changes

the refractive

iIndex of the
material

Basics of Optical InpUT llghT SUbSTrOTe
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« Splitting
= polymerized channels
= fused fibers
= INnterferometers
« Filtering, multiplexing, demultiplexing
= Prism
= grafing
= Bragg layers

Basics of Optical
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fused region

&

1

iNnputs ouTputs

2

core |ower upper
region (Sle]lely

e splitting rate can be influenced by the fabrication
process,

e coupling length can influence the wavelenght
selectivity

Basics of Optical
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UV exposition

Basics of Optical
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Optical slicing/interleavin
(©Op 9/ 9) Mach-Zender inteferometer

A/2 path difference

/ fused region\
1 ]
inputs outputs
2 2

(Fused Biconic Tapered)
Temperature dependence: 1 pm/°C (-5 °C ...+70 °C)

Basics of Optical
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-1 coupler

-ree” 1 x N coupler

input

Star couplers multiple outputs

tobb bemenet tébb kimenet - _
multiple inputs/multiple outputs)

Wavelenght selective cou}s A

Pi+P2+..Pn
A Ay Mg A ’

e An Pn
= oLouts Directivity (dB)=-10log| — =

m
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Types:
*qactive
* PASSZIV
=fix
=variable
calibrated
*not calibrated
Use: meaurements, signal power control
INn PONSs

Basics of Optical
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lens lens

—J4IlNEE>=

Q step motor [fe]ali
7 o

disc with v
aftenuation along
the perimeter

waveguidee substrate

lens lens

=

elecirodes

EO material

Basics of Optical .
Telecommunications 2016 B e.g. LINbO,

polymer

__—waveguide
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For changing the optical path at the network nodes
Applications:

- switching the signal path

- backward signal supression

- multiplexeling

- reserving optical paths

- measurements
Types:

- electromechanical,

- electrooptical

Basics of Optical
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Ofical switch topologies

JG
O

Dual reversing

Basics of Optical
Telecommunications

L 4

o c

12 2:2
1xN

2016

5D .

2:2 Bypass

2xN
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Insertion loss

Loss incremet for repetition

Switching time

Voltage, current

Reflection attenuation

Operation domain

Basics of Optical
Telecommunications
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0.5 dB
0.01 dB
<15ms
5V, 50 mA
- 65 dB

1300, 1550, (1650) nm
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»

o Jo
Advantfages: substrate:  lithium-niobate
. . . barium-titanate
8 SWITChIﬂg fimes, elektrodes: Si-Mg oxide
stable

Disadvantages
large insertion loss,
large PDL, crosstalk
no favoured state

Basics of Optical
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Movable elements: miniature mirrors or prisms
Moving elements: solenoids, piezos
Advantages:

* |ow polarization and wavelength dependence,

e insensitive for environmental effects,

e |ow power control signals,

e cheap manufacturing
Disadvantages:

e complicated control for larger

switch matrices,

e ms swifching times

Router
mirrors

Input fibers

Basics of Optical
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Movable elements: miniature mirrors or prisms
Moving elements: solenoids, piezos
Advantages:

* |ow polarization and wavelength dependence,

e insensitive for environmental effects,

e |ow power control signals,

e cheap manufacturing
Disadvantages:
e complicated control for larger
switch matrices,

e ms switching times

Free-rotating
switch mirror

Fiber-collimator
array

Basics of Optical
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mirror electronic

array \ . control
.
L

\ g
.
g
\ g

.
“\
“Y output
“ mirtror fibers
t‘ array hermetically

closed shell

Input fibers

electronic
control

Basics of Optical
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Thermically tunable polymer waveguides

e temperature dependent index,

e silitium substrate

e heating: thin film electrode on the polymer stack
Properties:

e qacceptable attenuation,

e medium polarization dependence,

e |arge crosstalk,

e high power consumption,

e switching times: 1...10 ms

Basics of Optical
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2x2 thermooptical switch array

Il > Ol
l, O,
I3 > 03
Basics of Optical
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Liquid crystal cells
e polarization splitters
e voltage controlled polarization
e polarization sensitive or insensitive switch arrays

Properties OFF-state ON-state
u=0 Voltage applied

e |arge attenuation,
e higher crosstalk, Incoming
e complicated conftrol, elEn
e switching time:
e 100 ms nematic
liquids,
e 10 ms ferroelecric i —
liquids

Nglass® NLc

prisms

Basics of Optical
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Directed acoustical waves influece the optical medium
 material e.g., TeO,,
e index changes due to transversal acoustic waves,
e tunable by frequency
Properties:
e wavelength dependent attenuation,
e costly control circuits,
e switchin time: ~10 ms,
 |ow density

input Polartzaiton Ouiput Polarizstion
N\ ™ TR NSY TE WnecdioeToc]

- X I - X e

Telecommunications
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Wavelength

Division IV\:aveLength
Multiplexer e
| "
H -
H "
Wavelength
Division IV\:aveLength
Multiplexer fsachanger
.
H "
m "

Basics of Optical
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Wavelength
Division
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« Nonlinear effects in fibers

« History of solitons

« Korteweg—deVries equations
« Envelop solitons

« Solitons In opftical fibers

« Amplification of solitons — optical soliton transmission
systems

Basics of Optical
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« John Scoftf Russel (1808-1882)

« 1834, Union Canal, Hermiston near
Edinbourgh, a boat was pulled

« after the stop of the boat a
,wave of franslation” arised

« 8-9miles/hour wave velocity
« fraveled 1-2 miles long

Basics of Optical
Telecommunications
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History of solitons

J. S. Russel,

Report on Waves,
1844

Basics of Optical
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UL R
|

A 2 : " pw

\ s a0OTED X |5 / ‘

AT b 2 K ,d' == bl w/ i
Tt < < || % Q‘_.
% R SR y |
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Scott Russel Aqueduct,
1995

Heriot-Watt University
Edinbourgh
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« 1870s J. Boussinesq, Rayleigh both deduced the
secret of Russel's waves: the dispersion and the
nonlinearity cancels each other

« 1964 Zabusky and Kruskal solves the KdV equation
numerically, solitary wave solutions: soliton

« 1960s: nonlinear wave propagation studied with
computers: many fields were found where solitons
appear

Basics of Optical
Telecommunications 2016
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« 1970s A. Hasegawa proposed solitons in optical
fibers

« 1980 Mollenauer demonstrated soliton tfransmission
iIn opftical fiber (10 ps, 1.5 um, 700 m fibber)

« 1988 Mollenauer and Smith sent soliton light pulses in
fiber for 6000 km without electronic amplifier

Basics of Optical
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* In 1895 Korteweg and
deVries modeled the
wave motion on the
surface of shallow water
by the equation

3
g +h ah % ? 0
o ag OF
where  h wave height
T time in coordinates
& space coordinate moving
} with
the wave
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Derivation of the KdV equation

* O wave h propagating in x direction can be
described in the coordinate system (&,z) fraveling with
the wave as

oh _ g
OT
« Using the original (x,f) coordinates:
X=C+ VT,
oh _ 5 S+ VT ) ah 8h 0

ot =1 o o
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Stationary solution of the KdV equation

« Dispersive and nonlinear effects can balance to
make a stationary solution

oh  oh a3h
—+h
ot Gt 6
\/(h) =V, + const - h =KV = W, + const - /(2000

=, +const -k’v,
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Stationary solution of the KdV equation

« Dispersive and nonlinear effects can balance to
make a stationary solution

3
oh ,oh o°h_

ot o o8

A(s,£) = 3nsech? YLz o

where n Is the velocity of ’rl2e soh’rary wave in the (&)
space
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Stationary solution of the KdV equation

h(z, &)= 3n sech? @ (& —n7)
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The KdV equation and the inverse scattering problems
« the Schrodinger equation:

az? +(A—u(x,1))d =0

OX

« It ,potential” u(x,t) safisfies a KdV equation,
= A IS INdependent of fime
= U(Xx0) >0 as |x|— =

= The Schrodinger equation can be solved for =0 for
a given inifial u(x,0)
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The KdV equation and the inverse scattering problems

« =0 scaftering data can be derived from the =0
solution

= The fime evolution of ® and thus the scattering
data is known

3
D@ _A%%, 8%, cu?
ot OX OX OX

= U(X, 1) can be found for each ®(x,f) by inverse
scattering methods.
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Solutions of KdV equations with various boundary
conditions in various dimensions
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Solutions of KdV equations with various boundary
condifions in various dimensions

Basics of Optical soliton wave in ’rzr(w)leG sea (Molokai)
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Solutions of KdV equations with various boundary
conditions in various dimensions
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Solutions of KdV equations with various boundary
condifions in various dimensions

Example: . .
Nonlinear Schrodinger equation

iy, + g, + luffu = 0

.

Time: -200

Basics of Optical two SO“TOHS 1D
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Solutions of KdV equations with various boundary
condifions in various dimensions

[t can be extended to two dimensions by
iugqa?%,'rlulzu:o
but this only has parallel solitons

Time: -200
Basics of Optical two solitons 2D
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Solutions of KdV equations with various boundary
conditions in various dimensions

Only the Davey-Stewartson equation
: O e L
u 2uw =0, W, = luf_ + Iulyy
can have intersecting plane waves.
Time: -200
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Solutions of KdV equations with various boundary
condifions in various dimensions
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Solutions of KdV equations with various boundary
conditions in various dimensions

20
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Solutions of KdV equations with various boundary
conditions in various dimensions
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Solutions of KdV equations with various boundary
condifions in various dimensions

]
LE |
= =]
higher
t‘fﬂ'
order
| Jellifelg
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Envelop of a wave

« If the amplitude of a wave varies (slowly)

e
1l (i
”””w” At x)

complex
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« |f the wave can be described by

E(x.t)= Re([:(x, ). ol (kox-aof) )

the wave equation for the envelop I::(x,f)

VL
O _K'OE - £ .
2 reduction
8{5 2 ov’ 0 factor, ~1/2 \
2
with k"= IZ = D&, 5—2% gnd _ 2,0
0w - ® ®, 2\
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« Normalization

A
OE _K'O°E | EE_O
az-, 2 ot’ 5°
q=4E,
T==—,
X =2
@q 1 6%q 2
X 2 T a=0
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« Solving the non-linear Schrodinger equation

09 _ 1 6°g
aX 2 oT?

= test function q(T,X)= \/p(T, X)eiG(T,X)

= The new equation

8p 0 86 <
8X 8T 6T
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= looking for solitary wave solution of the new.
eqguation

1Py %0
ox " ar\Par

2
= if ‘q‘ =p s astafionary solution

op oG
-0 » p—=C(X
oxX P =S¥
it can be shown, that C is
independent of X
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=« The solutions

p=posech?yp,T

0
2

= Which give

0)

g(T, X)=nsech(n(T + X - 9, ))e_i(ﬂ_

0
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« envelop equation of a light wave in a fiber

A2 A
aE K" 0°E E
+ g
85, 2 ot O
« fiber loss rate per unit length: vy
P R
O KO - E - jE
ag 2 ot 5 5
With !
0K A® 21N, o
I<” S ) . 0 ) - 2
0% - R ™y IS
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« Solitons can arise as solufion of
A~
OE K"k [HE iKE
I +9 =——

oE 201" T 82 2

It the real part of the nonlinear ferm is dominant,

N g_2nﬂ20c~7cﬂ2 A
ElE E A A mh,lE
p Ea— >y

52 §2 A

2

g
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« the condition for existence of a solifon:
2

N\

E

N,

A

>y
« example:
A= 1500 nm
|[E| = 10¢ V/m y<2x1074 m!
n, = 1.2x10722 m2/V2 ( 1

1.7 dB/km
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yk
82

« the normalized equation, with I =

09 _ 1 6°g
X 2ar

« It " Is small enough, perturbation techniques can be
used

\q\ =g

q(T, X)=n(X) sech(n(X)T)e/‘(X) +0(I)

. 2

n(X)=gpe ™ o(X)=To_(1- )
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« The solution of the normalized soliton equation in
fibers with loss predicts

= The amplitude n of the soliton decreases as if
propagates:

i (X): qoe—QFX

s« The width ¢ of the soliton increases

2
o(X)= Yo_ (] —~ e_m()

3I

= their product remains constant
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« Effects of the waveguide manifest as

[0 1 69
/(—q i qu \q\

oX 2 Or?
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« Necessary condition for existence of a solitfon

Tof 9.3x107 2%/ /DS
pulse length [ps]

required pulse power [W]
wavelength [um]
dispersion [ps/(nm kmj]
cross-sectional area [um?]

e.g., S=60 um?, A=1.5um, |D|=10 ps/(nm km)
1,=10 ps, P,=180 mW

|
e U S
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« Soliton generation needs
= low loss fiber (<1 dB/km)

= speciral width of the laser pulse lbe narrower
than the inverse of the pulse length

« Mollenauer & al. 1980, AT&T Bell Lab.
« 700 m fiber, 107¢ cm? cross section
«/ ps pulse,
* F2* color center laser with Nd:YAG pump
« 1.2 W soliton threshold
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« For small loss the soliton propagates with the
product of its pulse length and height being
constant

« reshaping is needed for long-distance
communication application

* reshaping methodes:

= INnduced Raman amplification — the loss
compensated along the fiber

= repeated Raman Amplifiers
= Er doped amplifiers
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« Experiment on the long distance transmission of a
soliton by repeated Raman Amplification
(Mollenauer & Smith, 1988)

3 dB coupler
41.7 km ) .
: /pump in
1500 nm
Jlelgle]
louT
all fioer MZ : :
interferometer / signal in filfer, 9 ps diode,
A dependent 1400 nm spectrum
RE coupler |, analyzer |,
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« Erbium doped fiber amplifiers, periodically placed in
the transmission line

« distance of the amplifiers should be less then the
soliton dispersion length

= dispersion shifted fibers or filters for reshaping
* guantum noise arise

= SPONTANEOoUS emission Noise

= Gordon—House jitter
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The soliton based communication systems mostly use
on/off or DPSK keying

* |n soliton communication systems the timing jitters
which originate from frequency fluctuation are held
under conftrol by narrow band optical filters

= frequency guiding filter
= €.9., ashallow Fabry-Perot etalon filter

(In non-soliton systems, these guiding filters destroy
the signal, they are not used)
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« |t is possible to make the soliton “slide™ in frequency.
= Sliding frequency guiding filters
= each consecutive narrow-band filter has slightly
different center frequency
= center frequency sliding rate: f'= df/dz
= The solitons can follow the frequency shift

= The noise can noft follow the frequency sliding, It
drops out
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« Wavelength division mulfiplexing in soliton
communication systems

= Solitons with different center frequency
propagate with different group velocity

= IN collision of two solitons, they propagate
together for a while

= collision length:

27T
Lcoll B
DAA
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= during the collision both solitons shifts in
frequency (same magnitude, opposite sign)

= first part of the collision: the fast soliton’s velocity
Increases, while the slow one becomes slower

« af the second part of the collision, the opposite
effect takes place, symmetrically
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= If during the collision the solitons reach an
amplifier or a reshaper, the symmetry brakes

« the result is non-zero residual frequency shift can
arise, unless

Lcoll > 2Lc1m|o
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= If a collision of two solitons take place at the
Input of the transmission

=« half collision

= It can be avoided by staggering the pulse
positions of the WDM channels af the input.
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