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Enabling Technologies —
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> Optica
> Optica
> Optica
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> Optica
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Recelvers
Filters
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> Switching Elements
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Optical Components

Fiber spans Amplifier
(e.g., EDFA)

.l

Transmitter
(laser) .

Multiplexer

Receiver
. (filter)
—

Demultiplexer

Optical Switch
(e.g., OADM)
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Optical fiber

o Structure
M\:,\:H" ™ :.#-.W: < Pure Glass Core
SMF: 8.3 micron
\ Glass Cladding
Protects “core”
B ~ Serves as a “Light guide”
125 micron .
Inner Polymer Coating
<— Quter Polymer Coating
250 micron
A
[I\\ /— — Protection Layers
—
\\\
m-:m—ﬁ _m‘—wﬁw. Source: John Strand, 2002
®
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All-Wave Fiber...
low-loss region + WDM

® , = ,
(a) All-wave fiber (true wave, Leaf, etc.) (b) Traditional fiber
N - y
| attenuation m
dB <
[ 2
‘_ 4
window window window 600 800 1000 1200 1400 1600 1800 2000
2 5 3 Wavelength, i [nm]
Loss in an Optical Fibre
| ['lfll'" \
ol ‘ WDM = wavelength-
1.00 1.10 1.20 1.30 150 1680 MM Q_<_m_03 BC_._”_U_QX_DG
. (wavelength = channel)
 Removal of water molecule absorption peak.
* All-wave fiber: 100 nm more b/w (1350 to 1450 nm).
* All-wave fiber allows 120 or more channels.
.
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o-E-S-C-L-,U-Band

m, 0.6 -
. 0.5 - Traditional fiber
m ™ -
= OH™ Peak
c O.h. T
2
T 0.3+ ﬁ S
W Low-water-peak fiber ™~ ._ .
- 0.2 71 1500 mm 50 THz
SBand| C L-Band
o.‘— ________;_______ _______;_________ __I_____________
1100 1200 1300 1400 1500 1600 1700
Wavelength (nm)

Band Name Wavel. range (nm) Description
O-band Original 1260-1360 Original band, PON upstream
E-band Extended 1360-1460 Water peak band
S-band Short 1460-1530 PON downstream

Lowest attenuation, original
C-band Conventional 1530-1565 DWDM band, compatible with
fiber amplifiers, CATV
Low attenuation, expanded
L-band Long 1565-1625 DWDM band
U-band Ultra-long 1625-1675 Ultra-long wavelength




1.3. Consider two regions. 1200-1400 nm and 1450-1650 mm. in a fiber low-
loss spectrum. Calculate the actual bandwidth provided by each re-
oion. (Hint: Use the identity f = v/\ where v = 2.0 x 10° m/s. Note
that velocity of light in vacuum is approx. 3.0 x 10° m/s. and the
velocity of signals in fiber is approx. two-thirds of this value.)

®
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Total Internal Reflection within a Fiber

o
cladding
: COorec
®o©8
cladding
> refractive index: Nyt = ¢/Cmat (Ngir=1)
where ¢ = velocity of light in vacuum = 3 x 10° m /s
> critical angle Cmat= 2 X 10° M/s — Ngpe,=1.5
> step-index fiber
o
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Snell’s Law

« Snell'slaw describes the relationship between
— the angle of incidence (0,)
— the angle refraction  (0,)

when referring to light passing through a @
boundary between two different transparent
media (such as water and glass)

— Definition: the ratio of the sines of the angles
of incidence and refraction is equivalent to interface

v
normal

the reciprocal of the ratio of the indices of
refraction

n _sinb,

n, sing,

n siné =n,sino,
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Total reflection

®
Law of Refraction (Snell’s Law)
1, sind, = n, sind,
Total Internal Reflection (Critical Angle)
_ an-l] fh
g =sin"| — s M, >0
L
Air A
N T Total internal
0, & Criticgynngle reflection
N4 <
Py — > =
&/ . >
n; / 2
u....“.... On 8. ®m
/6 : i =
Water 7
®
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So, we want to avoid refraction...

@
( . .
n, s 6, =n, sin o,
If @wv @o
Otherwise the light will be refractedand k %H =90 - %N
the associated energy will be lost.
1, 81N 6, =n, sin 0,
_ @Nn ||||||||||||||||||||||||||||||||||||| | .
m Core —
Cladding .
Refractive 114 > 1 2 |
indices
®
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The «Critical Angle»

L
‘n,sin@, = n, sin @
%o ' & _ = 0. 1s the angle — | Nelad
10 =90-6, for which 6,=90° 6, =arcsin| —
7, 81n 6, =n, sin 0, (Eqn 2.1)

Core —

' Cladding “

Refractive

indices " @wV @o

Thenthe mode will be reflected within
the core and it will propagated alongthe fiber
(total internal reflection).

[ _
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Numerical Aperture of a Fiber

o
NB: The incoming light
cladding| should be at an angle
_ such that the refraction
: at the air-core boundary
i R e ity results in the trans-
V/KA‘_| 0 i core mitted light being at an
angle for which total
cladding | internal reflection can
take place
Nair SIN Gair = Neore SIN(907 — Oerit)
—  TNecore /\H — sin? Ocrit (2.2)
From Eqn. (2.1), since sin fqpit = Nclad/Mcore, We can rewrite Eqn. (2.2) as:
. Ginf... — 2 pn2 2.3
Nair SIN B0 Néore — Mialad (2.3)
_ 2 2
Z\A o /\38\& o 3@3&
O
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Profile of refractive index

 (Graded-index fibers

Reduce the minimum
0. required for internal

reflection

Reduce intermodal
dispersion

« Step-index fibers

Increasing Refractive Index

Core m
(Prcfile i Cladding

approximately |
Parabdlid :

Increasing Distance from FAber Axis

refractive index profile, graded-index
multimode fiber

Increasing Refractive Index

Core

Cladding

Increasing Distance from Fiber Axis

refractive index profile, multimode step-index fiber
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Graded-Index Fiber

s

T n.
. cladding \ n
n(r) 4
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn \n\h\\\\. n,
=,
-+ core [=—n,
cladding
v
o
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What is a propagation mode?

O
« There are different ways to model how a wave can propagate in a fiber
- The current model of optical fiber signal propagation is based on the
electromagnetic field propagation modes (solutions of Maxwell equations for
cylindrical media): modes are solutions of these equations.
A large core diameter (25-100 um) allows several modes (transversal field
configurations) to be excited: modal dispersion
_ v n
K/' wb\lV4| — |.I.H|.I.
— S
« A core with a small diameter behaves as a spatial optical filter (order of magnitude
of the wavelength of 4-5 um) and allows only the fundamental mode to propagate
/”.l ‘—lﬂﬁH .....
n
o
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Nr of modes propagating in a fiber

The number of modes supported by a multimode optical fiber is related
to the normalized frequency V' which is defined as:

— n 2 2 9
V' = koay/ Ngore — Miag (2.4)

where kg = 27/, a is the radius of the core, and A is the wavelength of the
propagating light in vacuum. In multimode fiber, the number of modes, m,
is given approximately by:

1
2

e

m~ =V?. (2.5)

®
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Multimode and Single-Mode
Optical Fibers

®
cladding core cladding core
125 1 125 1 10w} O)
(a) Multimode Optical Fiber (b) Single-Mode Optical Fiber
- PROs: LED | PROs: longer distances
ﬂOZm” _Zm::oqm_.a_m_umq.m_o: CONSs: requires LASER
(limited by graded-index fibers)

®
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We’ve seen how a fiber accomodates an optical
signal, what happens to the signal during the
propagation:

1) attenuation

2) dispersion

3) non linearities
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Attenuation in Fiber

o
> Power of the optical pulse at distance L km from the transmitter:
P(L) = 1074419 p(0)
where [’(0) = optical power at the transmitter, and
A = attenuation constant of the fiber (in dB/km) = approx. 0.2 dB/km at 1550 nm
> Maximum distance between transmitter and receiver (or maximum distance between
amplifiers):
10 (0
N\:Ex — M HCNcu.E ﬂv
where ). = receiver sensitivity
o
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Dispersion in Fiber

> Dispersion is the widening of a pulse duration
> 1. Intermodal dispersion: different velocity for different

e PR

> 2. Chromatic dispersion: index of refraction changes with
wavelength

> 3. Polarization mode dispersion: different velocity for
different modes
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Chromatic dispersion
Material dispersion

« Spectral components of the signal travel at different speeds
« Shorter wavelengths propagate faster than the longer

« To achieve BER < 10-12 the total dispersion should be less than 1/10 of the
bit duration (e.g. 10 ps @ 10 Gbit/s)

CLADDING

t,= output Optical
pulse duration

t, = Input Optical

Amplitude
pulse duration

An optical source,

like a laser diode, A/2 — | —
presents its own
spectral width. 7 7
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Polarization Mode Dispersion (PMD)

Intrinsic Causes

Ellipticity of the core

Asymmetrical stress during the fibermanufacture ...
Extrinsic Causes

Torsionof the fiber
Temperature variation
Thermal gradients .

Vertical Polarisation

Horizontal
Polarization
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Different fiber types according to
dispersion management

1. Dispersion unshifted

2. With Dispersion shifting:
— Zero dispersion fiber at a certain wavelength

— Waveguide dispersion cancels material dispersion
— @ 1300 nm, material dispersion is near zero for SMF

— Dispersion-compensated fiber (DCF)
— typically, a piece of fiber with opposite dispersion characteristics is
added
— Non-zero dispersion-shifted fiber (NZDSF)

®
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Nonlinearities in Fiber

> May lead to attenuation, distortion, and cross-
channel interference

> They constrain the channel spacing, power per
channel, and channel bit rate.

> Four Types of Nonlinearities

— Nonlinear Refraction: n=f(I); received signal phase
depends on 1) transmitted signal phase, 2) length of
fiber, 3) signal power, 4) carrier wavelength

e Self-phase modulation: result from the intensity
of the same wavelength
e = n,ksL|E|? (phase shift)

e (Cross-phase modulation: results from the
intensity of other wavelengths

®
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Nonlinearities in Fiber

— Stimulated Raman Scattering (SRS)

Interaction between light and molecular
vibrations

Light incident on molecules creates
scattered light at a longer wavelength

Poses a limit of input power

— Stimulated Brillouin Scattering (SBS)

Similar to SRS, frequency shift caused by
acoustic waves

Intensity of scattered light is much greater
than in SRS, but frequency range of SBS
(10 GHz) is much lower than that of SRS

To avoid SBS, ensure that input power must
stay below a given threshold
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Non linearities in fiber

— Four-Wave Mixing (FWM)

e Between 2 waves: f;, f, —» 2f;-f,, 2f,-f;, which
can overlap with other wavelengths

e Among 3 waves: f;, f,, f3 > £ f; £f, £ f3

o Effect of FWM can be reduced by using
unequally-spaced channels

! !

Wy, @ oy
Wyy3 Wyy3 W3 Wy3; Wy W3y Ul
Wy23 W312 W37
W42 W33

®
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Enabling Technologies —

Building Blocks

> Optical Fibers
> Optical Transmitters

> Optica
> Optica
> Optica

Recelivers
Filters
Amplifiers

> Switching Elements

> Wavelength Conversion

> Designing WDM Networks: System
Considerations
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Optical Transmitter: Laser

> Laser: Light Amplification by Stimulated Emission
of Radiation

Excitation Device Light Beam

./

/ \

Reflective Mirror Partially-Transmitting Mirror

Yy

— Three requirements for lasing: 1) gain, 2) feed
back, 3) phase-match

> Stimulated Emission: Produces high-power
beams of coherent light (same frequency, same
propagation direction, and same phase)
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Optical Transmitter: Laser

>Energy Levels of an Atom: transition of electrons
from a high-energy state to a lower-energy state
releases the energy in a photon

>Quasi-Stable Material and Population Inversion

— In certain materials electrons are more likely to
stay in the excited energy state

— Give enough energy (inject photons or electrical
current) such that there are more electrons in the
higher state than the lower state
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Structure of a Semiconductor Diode Laser

IT
applied voltage V.. ~—— p

= |ight

n

mirrored edges
>Bulk Laser Diode: p-n junction with mirrored edges
perpendicular to the junction

>Principle: Forward voltage applied to the p-n junction
such that electrons in the n region can combine with
holes from the p region and generate photons.

Unit 2a: Enabling Technologies M Tornatore: Communication Network Design Page 33



Laser Characteristics

>Linewidth: Spectral width of the light generated by
the laser; affects channel spacing and dispersion

—Mode Hopping: in current-injection lasers, a
change in the injection current above a threshold can
cause a sudden jump in the lasing frequency

—Mode Shift: changes in frequency due to
temperature changes

—Wavelength Chirp: variation in the frequency due
to variation in injection current

>Number of Longitudinal Modes: Number of
wavelengths that the laser can amplify (nA=2L)

>Tuning Range: Range of wavelengths over which the
laser can be operated

®
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Laser Characteristics

>Tuning Time: Time required for the laser to tune from
one wavelength to another

>Tunability: Continuously tunable (over its tuning
range) or discretely tunable (only to selected
wavelengths)

®
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Types of Lasers

>Mechanically Tuned Lasers: Mechanically change the
distance between the two mirrors of an external cavity

>Acoustooptically and Electrooptically Tuned lasers:
Index of refraction in the external cavity is changed by
using either acoustic waves or electrical current

>Injection-Current-Tuned Lasers: Allow wavelength
selection with a diffraction grating

—Distributed Feedback (DFB): Bragg grating placed in
the active region

—Distributed Bragg Reflector (DBR): Bragg grating
placed outside the active region

>Laser Array: A number of lasers integrated into a single
component, with each laser operating at a different
frequency

®
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Optical Transmitters: Summary

Tunable Transmitter Approx. Tuning Tuning Time
Range (nm)
Mechanical (external cavity) 500 1-10 ms
Acoustooptic 83 ~10 us
Electrooptic 7 1-10 ns (estimated)
Injection-Current (DFB and DBR) 10 1-10 ns
®
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Enabling Technologies —
Building Blocks

> Optical Fibers

> Optical Transmitters
> Optical Receivers
> Optical Filters

> Optical Amplifiers

> Switching Elements

> Wavelength Conversion

> Designing WDM Networks: System
Considerations
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Optical Receivers: Photodetection

>Direct Detection:

—A photodetector converts the incoming photonic
stream into a stream of electrons

—The electron stream (current) is then amplified and
passed through a threshold device

—Whether a bit is a logical 0 or 1 depends on whether
the stream is above or below a certain threshold for a
bit duration

—It can be implemented, e.g., with a p-n junction

®
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Structure of a p-n junction
photodiode

n-side ,  p-side

hv

A A A A AN

FIGURE 13.3. Structure of a photodiode.

®
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Optical Receivers: Photodetection

>Coherent Detection:

—Phase information is used in the encoding and
detection of signals

—Receiver uses a laser as local oscillator

—Incoming signal is combined with the signal oscillator
(at a slightly different frequency), resulting in a signal
at the difference frequency

—This difference signal (in the microwave range) is
amplified and then photodetected

Beam combiner

Received optical signal
—_— ———>  Detector >  Electronics

- |

Local m._moSnm_
oscillator bit stream

Figure 1: Schematic illustration of a coherent detection scheme.
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Enabling Technologies —

Building Blocks

> Optica
> Optica
> Optica

Fibers
Transmitters
Recelvers

> Optical Filters
> Optical Amplifiers
> Switching Elements

> Wavelength Conversion

> Designing WDM Networks: System
Considerations
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Types of Tunable Filters (1)

>The Etalon: Single cavity formed by two parallel mirrors;
by adjusting the distance between the mirrors, a single
wavelength can be selected to propagate through

>Its primary optical property is that if a monochromatic
light ray travels back and forth between two mirrors, and
the distance between mirrors is equal to an integral number
of wavelegths, then the light passes through the etalon

Mirror 1 Migror 2
Cavity
| Output
:

- =

Light at non-resonant Light at resonant
wavelengths wavelength

®
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Types of Tunable Filters (2)

>The Mach-Zehnder (MZ) Chain (interferometer): Splits
the incoming wave into two waveguides, and recombines the
signals at the outputs. An adjustable delay element sets a phase
difference between the two signals. Wavelengths for which the
phase difference is 180° are filtered out.

>By a chain of MZs a specific wavelength can be selected

>By adjusting the optical path length of one arm (therefore the
phase of the signal in that arm), the filter can be tuned

Delay

®
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Types of Tunable Filters (3)

Fiber Bragg Grating

Optical Fiber |v_\__¢

._, A—
J Fiber Core —~

=S 3| =
W | -

Core Refractive Index

n n
NN N N N NNy

n,

3

Y

Spectral Response 1

Input % Transmitted 2 Reflected 4
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Tunable Filter Characteristics

O
>Tuning Range
>Tuning Time
FSR
1 2 3 N 1 2
finesse = PSR
Af
NUNVAVINY /\ NONVAVON
f f f f f
I 2 3 N
o
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Cascading Filters with Different FSRs

FSR

_ 2 3 4 _ 2 3 4 I 2 3 4 I 2 3 4
\o»so»\o.\l»slbso.\o»so.so»\oD\o»sl»\o»so»so
FSR

1 2 3 4

H
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Types of Tunable Filters (4)

>Etalon: it can be mechanically tuned

>Acoustooptic Tunable Filters (AOTF): RF waves are
passed through a transducer that generates acoustical
(mechanical) waves in the waveguides. The refractive
index changes accordingly and can be constructed into a
grating. This grating can select a certain wavelength.

>Electrooptic Filters: Use crystals whose refractive
indices can be changed by electrical currents
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Optical Filters: Summary

> Fixed Filters:
— Grating Filters
— Fiber Bragg Gratings
— Thin-Film Interference Filters
> Tunable Filter Summary:
Tunable Receiver | Approx. Tuning Range (nm)| Tuning Time
Fabry-Perot 500 1-10 ms
Acoustooptic 250 ~10 us
Electrooptic 16 1-10 ns
LC Fabry-Perot 30 0.5-10 us
©
Page 49
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Enabling Technologies —

Building Blocks

> Optica
> Optica
> Optica
> Optica

Fibers
Transmitters
Recelvers
Filters

> Optical Amplifiers
> Switching Elements

> Wavelength Conversion

> Designing WDM Networks: System
Considerations
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Optical Amplifiers

Mux

\

P
<

A WDM b

All-Optical Amplification
Of Multi-Wavelength Signal!!!

— | 40-120km |«——
(80 km typically)

WDM
DeMux

Al1A| A

\ 4

Up to 10,000 km

(600 kmin 2001 basic commercial products)

>NB:

>In general signal regeneration can be 1R, 2R or 3R

> Pulse re-amplification, re-shaping, re-timing

>Optical amplificationis 1R
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The problem of ASE and OSNR

o
® The Optical Signal-to-Noise Ratio (OSNR) is OSNR must be above a
the fundamental quality parameter threshold O to preserve
quality
Signal
o Tr, TR e TR,
Noise | e M .
o ||.|j_UZ_E IPy;> P e
OSNR ~— ~— ~__ —
/_/7 - - OSNR
- T Margin n
J
OA, .
A B
i span 1 span i span n
- V osNR/ N
o
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Optical Amplifier Characteristics

> Gain: Ratio of the output power of a signal to its input power

> Gain Efficiency: Measures the gain as a function of pump
power in dB/mW

> Gain Bandwidth: Range of frequency over which the amplifier
is effective

> Gain Saturation Value of output power at which the output
power no longer increases with an increase in the input power

> Polarization Sensitivity: Dependence of the gain on the
polarization of the signal — measured in dB and refers to the gain
difference between the TE and TM polarizations

> Amplified Spontaneous Emission (ASE): Dominant source
of noise, which arises from the spontaneous emission
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A Semiconductor Optical Amplifier

®
cladding cladding
- = core vav active region | = | - = core
cladding cladding
mmBmo%:acQoﬂ
amplifier
>Pro’s: based on stimulated emission, simplicity
>Con’s: limited gain, polarization sensitive
®
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Erbium-Doped Fiber Amplifier

@
coupler
% erbium doped fiber
original amplified
data signal = C = data signal
pump —=() Pump wavelength
laser filter
> Gain Spectrum of an EDFA
40
. 357
Gain
(dB) 30
25
20 _ T T T _
1520 1530 1540 1550 1560 1570
Wavelength (nm)
®
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Optical Amplifiers: Summary

Amplitier Type|| Gain Region | Gain Bandwidth| Gain
Semiconductor Any 40 nm 25 dB
EDFA 1525-1560 nm 35 nm 25-51 dB
PDFFA 1280-1330 nm 50 nm 20-40 dB

PDFFA (different rare-earth element): praseodymium-doped fluoride fiber amplifier
O
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Enabling Technologies —

Building Blocks

> Optica
> Optica
> Optica
> Optica
> Optica

Fibers
Transmitters
Recelvers
Filters
Amplifiers

> Switching Elements

> Wavelength Conversion

> Designing WDM Networks: System
Considerations
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Optical Switching

1. Basics of switching
2. Overview of the main optical switching devices,
roughly ordered according to complexity
> Splitters
> Passive star couplers
> Demultiplexers (AWG)
> Crosspoints (elementary switching elements)
> Gate switch
> Mems
> Others..
> F-OADM vs R-OADM
> OXC
> Active vs. Passive wavelength router
> Additional slides: WSS and WSS-based ROADM

®
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Switching Elements: Basics

> 1° classification: electrical vs. optical switching
> You can have optical networks with electronic switching!
> In this section emphasis on optical switching

> Transparent vs Opaque Switching

> 2° classification: Circuit vs. Cell (Packet) Switching
> In optical networks:

> Wavelength vs. Packet (Burst) Switching
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Electrical vs. Optical Switching

Different flavours of OXC Configurations

O/E/O | O/E E/O |l O/E/O
Electrical 4
—_— | m— Y — Opaque OXC
core 3 Paq
e — @
Q
7))
2
(@]
@)
&
O/E/O |l O/E/O Ontin O/E/O |l O/E /O WT Still opaque, but
S G P — | \e— Q.1 switching happens
core | m in the optical domain
Q
<
@)
@)
-}
7))
c
3
=
. @)
V4 - Optical ———| \e—— 2| Transparent OXC
core

®
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® Propagation
— Transmission
Processing
~ Queuing
Packet D T\\ 3
. ] p ©
Switching // 2
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©
=
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Packet vs. Circuit Switching

X Y z
S/ N’ N\
b W
Space it Nt B
~—®  Propagation
// 1 ___M._._,msm:imm_os
ey Processing
/
Setup phase /
] - \ ““““““
Circuit \\ End-to-end
Switching e delay
Data
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Splitter, Combiner, and Coupler

[ _
/\ v > v /\
/ /
(a) splitter (b) combiner (c) coupler
> Splitting Ratio: Most common = 50:50 for a two-
port splitter
> Return loss: Small amount of power is reflected
back to the coupler input (40-50dB below)
> Insertion Loss: Imperfect alignment
[ _
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Passive-Star Coupler

®

| combiner ~—_, __—1 splitter [
combiner splitter

] oo_sE:Q.\ / \ T splitter |

L coupler coupler

| SBE:Q./ \ / _— splitter |
combiner splitter

_ oc_s_&:a_.\ T~ splitter [

_ combiner [~__ __—1 _splitter [
combiner splitter

N oo_s_u_.:m_.\ / \ S splitter [

L coupler coupler

| 85?:9./ \ / 7 splitter [
combiner splitter

__| combiner L T~ splitter [

> This is a non-ideal implementation — too much

loss!
> What is an ideal implementation? (P,,=P,,/N)
®
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A “first” crossconnect — the Passive Star

Input Fiber 1 | Output Fiber 1
AL e . . o7 AL, M

Hﬁifll- .r|.r.l . = Iflll,‘ll.[ll[l - o l\l\.\lu\
loput Fiber 2 | . . o N w0 | OutputFiber2
% o A /; T T L Al, .., AL
B - ¥
LT L= .\L..s- -;l:-: w.l..\...\.l. - l.f|.rl,. - .
loput Fiber3 | .:---- P A T _ _ | Ouwput Fiber3
M o
-..-...-...... e e . .\-Vn.a... B V.l..\rl..l-. ..... -f/...)n ....... I‘.llblwlbm =
a y . o.\l..\leul..\u. - I\-llolnl.lll S .I‘ll.l.\”“.rh.\l“llll NHU LA | yh
A. - |l|l.1| - Illllhll”\ll : - l(lfull
Inpat Fiberd | =" 34 o T | Output Fiber 4

X! . B S Y X

Passive Star

> N x N star can route N simultaneous connections, all in broadcast mode

>  Condition to be respected: different input-> different wavelengths!!

®
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Demultiplexers

> An optical demultiplexers receives multiple signals at different
frequencies from a single fiber and separates them into as many
individual fibers as the frequencies

>It can be implemented using:

> Prisms (Fig. 5.1) - S
> Filters A_H_D. m.Nv Fiber Fiber
> Diffraction gratings (Fig. 5.3) (a)

Figure 5.4 Spectral filters: (a) with a filter
> But the most common approach is AWG

> See next slide

Diffracted
wavelengths

S,

‘ Diffraction

Fibers

Fiber Lens Prism Lens ......._ AN Lens

Figure 5.1 When a collimated beam of polychromatic light impinges on a prism surface, each wave- Figure 5.2 When a collimated polychromatic light beam impinges on a diffraction grating, each wave-
length component is refracted differently. length component is diffracted and directed to a different point in space.

®
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Arrayed Waveguide Grating (1)

as demux

des O2:.Star
] . Wy Array of waveguides
S1: Splitter )\ / Coupler

Array of fibers

N+ A+ oe

Figure 5.3 Arrayed waveguide gratings are constructed on the basis of the principle of in-
terferometry.
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Arrayed Waveguide Grating (2)

as waveguide grating router (WGR)

Waveguides
with different length

Passive Star
Coupler N’xN (N<<N’

Passive Star
Coupler NxN’ (N<<N”)

TN

input

T =

Lengths of waveguides are chose in such a away that the signals interfere
constructively only at one port
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Arrayed Waveguide Grating (3)

The previous figure shows a schematic representation of the AWG.

— The device consist of two star couplers, connected by a grating array
(an array of curved-channel waveguides with a fixed difference in the
length of optical path between the adjacent channels).

The operation principle is as follows.

— Arrayed-waveguide gratings (AWG) are based on the principles of
diffractions AWG is a generalization of the Mach-Zehnder
interferometer.

— When light enters the input star coupler, it is replicated to each input of
the waveguide array. There the optical path difference of each
waveguide creates phase delays in the output cavity, where an array of
fibers is coupled. The process results in different wavelengths having
constructive interference at different locations, where the output ports
are aligned.

72
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2x2 Crossconnect Elements

// P
« 7
V\
, //
¢ \
P —_ o — — I Z

Ccross state bar state
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Schematic of Optical Crosspoint Elements
Realizations of directive switches
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A 2x2 Amplifier Gate Switch

\
—

\
—

Amplifier Gates

W/

®
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All-Optical Switching: MEMS

« MEMS = micro-electro-mechanical system
* Movable mirrors to deflect light

« 2D MEMS (a two-state pop-up MEMS mirror)

[linge joint

N
N
/ N\, Actuated trunslativn stage N

— State “0” = popped up position (as above)
— State “1” = flat (or folded) position
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Crossbar architecture

The case of 2-D MEMS

« 2-D MEMS with free-space interconnections

« Complexity: N2

OUTLETS
1 M-1

— O

INLETS

N-1 HHHHH HHH

— A

—2
AR
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Other All-Optical Switches
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F-OADM vs R-OADM

* Fixed Optical Add-Drop Multiplexer (F-OADM)

* Fixed add/drop/bypass of a small number of wavelengths
« 1 fiberin, 1 fiber out

* Reconfigurable Optical Add-Drop Multiplexer (F-OADM)

« Same as F-OADM, but add/drop/bypass can be reconfigured

* Here we show traditional non-WSS-based implementation
(W SS-based implementation in separate slides)

* 1 fiberin, 1 fiber out

* Optical Crossconnect (OXC)

 Fully-flexible connectivity of input/output wavelengths
« N fiberin, N fiber out

®
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Fixed Optical Add/Drop Multiplexer

. (F-OADM)
Tx TX
e
IIlI.YI:..v OADM .III-VI%
1 h h m @ i «IXL ‘ o N
Rx Rx —1 = . IXl_ E H
n>m \% J

Generic OADM architecture. |

Fixed configuration.
Requires manual intervention
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Reconfigurable Optical Add/Drop Multiplexer

(R-OADM)

m

(b) BS OADM architecture

Enabling Technologies

M Tornatore: Communication Network Design

Page 83



Non-Reconfigurable Wavelength Router vs OXC

©
* Non-Reconfigurable Wavelength Router
» Rigid/fixed connectivity of wavelengths between N fiber in, N fiber out
« Optical Crossconnect (OXC)
..a.k.a. “reconfigurable wavelength router”
» Flexible connectivity of wavelengths between N fiber in, N
fiber out
o
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A 4x4 Non-Reconfigurable
Wavelength Router

©
Inputs Al ouputs  @ka «patch panel»
I 1 It can work at wavelength
or at fiber level
2
3
4
»
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Reconfigurable Wavelength-Router

(i.e, an OXC!)

®
M PxP crossbar
switches }
Input fiber 1 Output fiber 1
Switch
AMLA2, ..., A M (A1) AMLA2, ..., A M
o
o
o
. Switch
[nput fiber P (AM) Output fiber P
ALA2, ..., A M ALA2, ..., A M
®
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An All-Optical Wavelength-Routed Network

\ All-optical
X portion

Page 87
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Wavelength-Continuity Constraint in
a Wavelength-Routed Network

®
Node 1 Node 2 Node 3
A A,
V IIIIIIIIIIIII
|||||||||||||| -
Ay A,
(a) without converter
Node 1 Node 2 Node 3
. A,
=g
s >
Ay A,
(b) with converter
[
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All-optical Wavelength Converter
The last chimera

v(m Wavelength V(o
Converter
s=1,2,...N
c=1,2,..N
>Functionality and characteristics of an ideal wavelength
converter:

—Transparent to bit rates and signal formats

—Fast setup time or output wavelength

—Conversion to both shorter and longer wavelengths
—Moderate input power levels

—Possibility for same input and output wavelengths
(i.e., no conversion)

—Polarization insensitivity
—Low-chirp output, high extinction ratio, large SNR
—Simple implementation

®
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END
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