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Back to Basics in Optical Communications
Technology

Today . ..
The innovations that enable 2.5 - 10 - 40 — 1000 Gb/s

The science that drives the technology

Recipe:
(1) Review the physical foundation of the technology
(2) Derive the technology from the science
(3) The major issues in development of the technology
(4) Characterization and test of the technology
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The Science: Four Easy Pieces

1. Geometric Optics
- How fibers work

2. Physical Optics
- Properties of electromagnetic waves
- Optical filters and spectrum analyzers

3. Atomic Physics
- How transmitters, receivers, and amplifiers work

4. Electrodynamics of continuous media
- How the index of refraction affects the system
- Dispersion

Back to Basics in Optical Communications Technology
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But first, a word from our sponsors. . .
s Agilent Technologies’ Lightwave Training

Optical Spectrum Analysis/OSA User’s

Course_ _ o Understanding Lightwave Technology
Chara.cterlzmg Polarllzatlon Effects Understanding Optical Passive Device
Eye Diagram Analysis Characterization
TDR in High-Speed Digital Design Understanding Optical Transmitters and
Bit Error Rate Analysis Receivers and Their Characterization
Digital Communications Analyzer User’s Understanding DWDM

Course

Todz,,» S
| Zday S PreSent > Back to Basics in Optical

e regSEMtat - cat
requSlte for on Communications Technology

Understanding Optical Networking
The Elements of Lightwave Technology
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Today’s Presentations

» Geometric Optics: The optic fiber as a waveguide
 Physical Optics and Passive Component Characterization

« Light Transmission, Reception and Modulation: Active Component
Characterization

 Optical Signal Amplification and DWDM

« Dispersion: The evolution of the index of refraction with wavelength
and polarization

 Characterizing the Optical Network

Back to Basics in Optical Communications Technology _-;i._-_ Anilent Technoloai
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High Sheed netvgo'fking
Why we’re aIIMe. . .
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Networking at High Speed
Pulses of infrared light
guided through glass fibers
move huge blocks of data

long or short distances

e insensitive to electrical interference

 cheap and light weight
Telephone Data  Cable TV

Long distances  WAN - Wide Area Net’s
Short Distances LAN - Local Area Net’s
In between MAN - Metro Area Net’s

Back to Basics in Optical Communications Technology .'.*i*.".. = 5
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High Speed Networking is Accelerating

Relative

Load Total: 35%/year
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Optic Fiber based Networking

 Information is carried by light confined in glass fibers:
Cladding

T

Primary coating
(e.g., soft plastic)

Vg R n >> R " >O
DC I.l I_ln I.“. 1 0
R]-Il
RF —+ =10dB

e SONET/SDH are Timed Division Multiplex (TDM) protocols:
OC-3 51.84 Mb/s 0C-12 622 Mb/s 0C-48 2.488 Gb/s 0OC-192 9.953 Gb/s
OC-768 40 Gb/s
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Optical Networking - The DWDM Forest

multiplexer

@ > Dispersion
Compensator,
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*

Geometric opfics ®
. . . Cladding

The index of refractio Core\

Total.lnteaal raectb " """"" Pri:aryT coating

The optic fiber as a Wa.id. .

(e.g., soft plastic)
Single and multi m. fibers
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Optical Networking - The DWDM Forest

multiplexer
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Optic Fibers and the Index of Refraction, n(A)

The index of refraction of a dielectric is given by

n(A) = Cvacuum
Cmedium

At the boundary of two media, incident light is

reflected or transmitted (a.k.a., ‘refracted’),

 The relationship between the angles of incidence
and transmission is given by

ncore

Snell’s Law:

ncore Sl n(Hinc) = ncladding Sl n(Ht

rans)

Moy adding

trans

Back to Basics in Optical Communications Technology
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Optic Fibers Contain Light by

Total Internal Reflection

At incident angles larger than a critical angle, all light is reflected - contained:
SIN(G,c) = Nyatting SMGyrans) Gy =90° = Total Internal Reflection

ncore

ein 6.

Neore = ncladding n ne J2)
— Hinc < gtrans n : ”
cladding ‘é etrans

trans

« Typical values: = &z ~80°-85°

« Bending cables = losses

 Only light injected in a cone of some angle smaller than &,
will be contained by the fiber

2
clad

 The spec’ for this is numerical aperture, NA:  NA=sing,, = \/n(fore -n
Back to Basics in Optical Communications Technology :
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Conducting Waveguide Analogy

Optic Fibers are dielectric waveguides

First, consider conducting waveguides:

Boundary Conditions:
ET cond =0 and BIZI cond =0
give. ..

The cutoff wavelengths, or frequencies, determine
the modes of propagation
Single Mode (SM) = a<A<?2a
Multi Mode (MM) = A<a

For a given range of wavelengths there are
Single and Multi Mode waveguides

: : : Conducting
- single mode doesn’t mean single wavelength wave guide

Back to Basics in Optical Communications Technology

Copyright Agilent Technologies, 2002 "'7"' Ag"m“ Tanhnnlnglas 15



Modal Dispersion:

Waveguide dispersion arises from the dependence of the group velocity
on the frequency, w, and the mode-cutoff frequency a, = 27/A

2 -
_ Q. ot (\d\)c““g
Ugroup - C\/l_ —= \ CO gu‘\de

cutoff*

W’ \WaNe

Modal dispersion occurs when a pulse is composed of waves of more
than one mode.

The different modes travel at very different, speeds = Modal Dispersion

L W @ w

Back to Basics in Optical Communications Technology
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Optic Fibers are Dielectric Waveguides

0°E = n°gy 4 o Boundary conditions:
Smooth decay of the electric field at

the core/ilvadding boundary

N—

(S€ .
TransVe ae  \ong e
ding W \ing We S
5\&“ “a\le /‘2 > dCore /'
e
\_’/

Single mode cutoff Ay> 2de,. /3
wavelength is larger than T\

the fiber core diameter o
Single Mode: A, <A< A, —

e.g., for A 1J1.5 pum, —d, —
Oeore 110 M.

Back to Basics in Optical Communications Technology .'.'i‘.'-. = 5
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Multi Mode Fibers

Modal Dispersion
* In Multi Mode fibers suffer Modal Dispersion from

2
[0
Vgroup - C\/ 1- Cr(n)(;de

* Bitrate x Distance product is severely limited!

1007140 pm Silica Fiber: ~ 20 Mb/s ¢ km
0.8/1.0 mm Plastic Optical Fiber: ~ 5 MDb/s ¢ km

1 /\ ~<
TN T N - /\

Single mode fibers do not suffer modal dispersion!

Back to Basics in Optical Communications Technology
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Fiber Structure
Multi-mode:  100/140 or 200/280 pum

Cladding

NA =0.24
s = 80°

Refractive T

Index (ni Primary coating
1480 b (e.g., soft plastic)
1.460

»  Diameter (1)

Single Mode: 97125 or 10/125 um

n A
ws| _ NA =0.12
: B I 4 — 0
1.460 B [ — aﬂR =85
> T

Back to Basics in Optical Communications Technology
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Couplers

The solution includes the smooth decay of E in the cladding

» This “evanescent wave” travels along with the guided wave
» Energy travels along the cladding and it’s easy to get it out

Join two fibers together - a double wave guide

« Light can tunnel from one core to the other - a coupler

Cladding Cladding

N
.. Waves tunnel from one core to the next
This is how couplers work

Back to Basics in Optical Communications Technology .'.'i'.'- = 5
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The Directional Coupler

Single Waveguide with Two Cores ~ __ e
¥
Solving the wave equation with two single mode d
cores gives . . . T
A transverse wave that oscillates between cores

* Incident signal power oscillates back
and forth between the two cores as the

light propagates the length of the é
coupler

)

U\

The distance along the fiber where the signal is in a given core depends on . . .

e Wavelength
» The distance between the cores

e The geometry of the two original single mode fibers

Back to Basics in Optical Communications Technology .'.'i'.'- = 5
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Wave Coupling Splitters

The length of a directional coupler can be tuned so that incident light of a
given wavelength will exit the coupler in a specific core

» Couplers can be designed to
demultiplex incoming signals

* In reverse the demultiplexer is a
multiplexer

» With different single mode fibers
and geometry couplers can be
very selective with narrow

channel spacing. C A,
Y
» The wavelength dependence can
also be reduced over ~ 100 nm to
give a wavelength independent — ¥ X
3 dB coupler. AuA, b d~A

Back to Basics in Optical Communications Technology
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Optical Networking - The DWDM Forest
L Fibers
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Other
Segment

o)

Other
Segment \»
Dispersion
Compensator,

Other
Segment

N
/

Other
Segment

3\.
™h
|_‘>4
=

demultiplexer

K ')\ZJ . @

“
Ly
>
=

Back to Basics in Optical Communications Technology
Copyright Agilent Technologies, 2002



Physicél Optics

..a’(}..
.... ....

Passifié Cor@iponent
CRaracterizaffon
@ O ®




Physicgl Optics e




Electromagnetic Spectrum

4. L
e 8
/&/ /é/ <,
Q, © 7
o, <.
£ (@; {%‘ %é ‘/35)

1 kHz 1 MHz 1 GHz 1 THz 1 PHz 1 EHz

Frequency
Wavelength IMm  1km 1m 1mm,...d gm-...
.............. 200
o mm
Wavelength (

1600 1400 1000

Networklng wavelength bands

Back to Basics in Optical Communications Technology
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Waves

Describe light with A = wavelength, v = frequency
= 1500 nm = 200 THz

Av=1c=299,792,458 m/s
= 30 cm/ns (1 ft/ns)

Electric Field
Strength, EA )\

Magnetic Field ~ and reserve
strength, 8 f=modulation frequency

Back to Basics in Optical Communications Technology
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The relationship between
optical frequency bandwidth, Av and
wavelength linewidth, AA

Let frequency bandwidth be Av
and wavelength linewidth be A

Then since AV =cC

or V= E
A

The relationship between c
bandwidth and linewidth is Ay = —?A/]

C
or, equivalently AN = —FAV

Back to Basics in Optical Communications Technology
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Electromagnetic Waves

Recipe for creating electromagnetic waves:

/} Chanqing Electric .\nzluogo (?jE (S = §B Call

Field, E
dB k— Changing Magnetic 4/
a —— (S = { E [d Field, B

2

o2

The strength of the magnetic field is small so  0°B = n°1/,&,
we only consider the electric field.

Back to Basics in Optical Communications Technology
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Electric Field Components

Ey

A
< . . An E-Field Is the vector sum
of the components E, and Ey

Y

Back to Basics in Optical Communications Technology
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Introduction to Polarization

Linear Polarization
Projection of E is a line

Circular Polarization
Projection of E is a circle

Back to Basics in Optical Communications Technology
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Poincare Sphere
Representation of Polarization

Graphical representation of state of polarization using Stokes
parameters (S,, S,, S,)

Right-hand Vertical linear T
circular “\_ .~ polarization (-1,0,0)
polarization

(0,0.1)

Left-hand

circular O
polarization
(0,0,-1)

™ 45 degree linear Va
polarization (0,1,0)

Back to Basics in Optical Communications Technology
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Coherence

Coherence = the phase relationship of waves

Coherent waves
components of coherent waves have
well defined phase relationships.

Incoherent waves
components of incoherent waves
have random indeterminate phase
relationships.

Back to Basics in Optical Communications Technology
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Coherence Time and Coherence Length

Coherence time (T;)
Average time for the wave train to lose its phase relationships

Lo) L. =cxT,
Average distance over which superposed waves lose their phase relationships

There is a Fundamental Relationship between Coherence and Bandwidth

AvxTo=b)

1. The bandwidth determines the coherence length and time,
T.=U(4mrrAv), L. =cl(4rAv)

2. A minimum optical bandwidth is required for a pulse of duration AT, Av = 1/(47AT)

Restricts the spacing of DWDM signals for given rates

Short coherence length = broadband source

Back to Basics in Optical Communications Technology
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Coherence and Optical Bandwidth

Examples
Hght BUlb:  gpeciral Linewidth >500nm) (T, <0.02ps
BWOIOtical >30THz ) LC <oHm
LED: Spectral LineWidth=50nm) (T, =0.2ps
BWOptical ~ 5 THZ B LC = 50 I.lm
DFB Laser:

Spectral Line Width = 0.1pm T. =100ns
BW,,., =10 MHz " L. =30m

Optical

Back to Basics in Optical Communications Technology
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Interference

Interference = effect of adding waves from different sources

Constructive Interference Destructive Interference

W

Conditions for interference:

AVAVAV

e Wwaves must be coherent and
have the same polarization

* coherent sources add in phase P.__(t) = (Z E, sin(at + ¢k)j
Kk

Incoherent sources
add inpower: B, (1) =X R.(t) = X[ E sin(at +4,)]°

Back to Basics in Optical Communications Technology
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Interference Based Technologies

Interference

=N\

Thin Film filters

i
~d |«

S

Wavelength Meter

Fiber Bragg Grating
e—

Optical Mux/Demux

-]

Optical Spectrum Analyzer

Back to Basics in Optical Communications Technology
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Optical Networking - The DWDM Forest

Passive

O > @ _’ﬁ Components
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Interference Between Two Sources

Constructive Destructive
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Interference In One Dimension
The Michelson Interferometer

Input

beam <

Interference

Movin
O “fringe” pattern

mirror

>

—
1/2 silvered
mirror

-

Y

Fixed reference
Mirror |—

Back to Basics in Optical Communications Technology
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When the mirror moves,
the interference pattern alternates
light (constructive fringes) and
dark (destructive fringes) on the detector.

The distance between fringes is related to
the wavelength of light

Agilent Technologies "



The Wavelength Meter

With a reference beam the Michelson interferometer can measure
absolute wavelengths

>t —» | Signal

Wavelength P+ —> | processing
Reference

AN\

WA

Unknown - FFT the fringe pattern

- I -
: — signal rum
Signals Fixed Mirror signal spectru

I Moving Mirror

with an accuracy of 300 fm and resolution bandwidth of 30 pm
e.g., Agilent 86122

Back to Basics in Optical Communications Technology
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The Fabry Perot Etalon

A resonant cavity containing
multiple reflections/transmissions

If d = A/2 then
reflections and transmissions If d = A/4 then
interfere constructively interference is destructive
~ A/2}= ~Al4i=

—]
Which makes a filter

It’s also the foundation for a LASER, as we’ll see soon.

Back to Basics in Optical Communications Technology
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Thin Films

12

Q

T4
T

Series of Fabry-Perot Etalons with different properties

Anti-reflective coatings
- must be centered at some wavelength

>

=
S

X\
. SAVAVAREN

X
X
3

AXA

Selective transmission/reflective coatings

o

Many possibilities:

Incoming
Spectrum Transmitted
Spectrum
Reflected
Spectrum
Layers Substrate

Back to Basics in Optical Communications Technology _-l.i._-'__ = 5
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Tunable Fabry-Perot Filters

 Filter shape

Repetitive passband with Lorentzian shape
Free Spectral Range FSR=c/2eneL (L: cavity length)
Finesss F  =FSR/BW (BW: 3 dB bandwidth)

» Typical specifications for 1550 nm applications

FSR: 4 THz to 10 THz, F; 100 to 200, BW: 20 to 100 GHz
Insertion loss: 0.5 to 35 dB

A FSR
Mirrors LdB -
Fiber <+>= -
30 dB - >
Piezoelectric-actuators Optical Frequency

Back to Basics in Optical Communications Technology
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The In-Fiber Bragg Grating (FBG)

A simple filter and a cornerstone of the Optical Revolution

Cladding

T

Primary coating
(e.g., soft plastic)

» To make a stretch of fiber into a grating:
‘scratch’ the fiber with ultra-violet light

» Waves are transmitted and reflected at each ‘scratch’

* Regular intervals between gratings — reflect one wavelength
- a notch filter

Back to Basics in Optical Communications Technology .'.'i'.'- = 5
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In Fiber Bandpass and Chirped Filters

Band Pass Filters

« Combine simple Fiber Bragg Gratings (FBG) to form Etalons tuned to
different wavelengths and make in fiber Fabry-Perot bandpass filter

[« L >
i i

 Qverlap gratings tuned to different wavelengths - Moire filter

Chirped Filters
 Uneven grating spacing can be used in different applications

- e.g., compensation of Chromatic Dispersion (more later)

Back to Basics in Optical Communications Technology
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Interferometric Filters
Combined Technology: Coupler + Interferometer + FBG

« /. is reflected by the gratings
 The Coupler is chosen so that the /1, couples to 2 on reflection
Only /. emerges from 2

» The second coupler is wavelength-independent to form a “Mach-Zehnder”
band pass filter.

Make mux/demux, add-drop node, etc

Back to Basics in Optical Communications Technology
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Arrayed Waveguide Grating
Generalized Mach-Zehnder Interferometric Filter

An MZI filter with wavelength dependent coupling

e 1 x n mux/demux
» Lower loss, flatter passband

Array of waveguides shifts the relative phases of each wavelength resulting in constructive
and destructive interference of different wavelengths at different outputs

Multiport coupler
—

Multiport coupler

—

A+A+A+A

> > > >

Back to Basics in Optical Communications Technology _-l.i._-'__ = 5
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Polarization Based Technology
The Isolator )

Main application:
To protect lasers and optical amplifiers from reflections that
can cause instabilities
* Input light is polarized and transmitted through a series of polarizors
» Series of polarizors reject light of all polarizations in the back direction

Inputlightr{_ | HH V //////

EEN—

S S T/

>

Reflected
light

Low loss in forward direction - 0.2 to 2 dB
High loss in reverse direction - 20 to 80 dB

Back to Basics in Optical Communications Technology
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Add Drop Nodes and Circulators
Combined Technology: Coupler + Isolator + FBG

Three isolated ports:

Circulator based Add Drop Node (ADN)

 Portl - port2
 Port2 - port3
e Port3 - portl

Thin film based ADN

common

Back to Basics in Optical Communications Technology
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Monochromators and Optical Spectrum Analyzers
Two Dimensional Gratings

Transmission grating

A

> >

/ N——

Reflection grating

T

Back to Basics in Optical Communications Technology
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Interference From Gratings

Two Slits

53

Detector

more Interference

P P Y7L LRXR IR NN

Five Slits

7 PRI

il L BRI N\

A ISR
L iy ey

More slits

\ \ \ T3 7% SRECNN N
i

1] _\ e X XKD
|

Detector

77

1A AR
P

LHARR
HEERGO TN
(AR

ST
K e-ttlt

\

purple - red and blue

With more interference

Copyright Agilent Technologies, 2002
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Spectrum Is Resolved

Increasing the number of slits

50 slits

1000 slits

Increases the spectral resolution

Wavelengths can be resolved with
amazing accuracy: oA=60pm

Back to Basics in Optical Communications Technology
Copyright Agilent Technologies, 2002
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Grating Based Technologies

Gratings are the basis for many tools and components:
e Monochromators

A

Transmitting gratings
and
reflecting gratings

> >

 Notch/passband filters, —
e Multiplexers/demultiplexers Hy
e Optical Spectrum Analyzers

Back to Basics in Optical Communications Technology _-l.i._-'__ = 5
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Grating Based Optical Spectrum Analyzer

Input

PhotodiodeSIZ

Sweeping Monochromator

Amplifier

otate grating to shine
different color, A,
through aperture

Grating angle, 6, determines spectral
line shining through aperture

Display

ADC

—» Processor— A ﬁ

Back to Basics in Optical Communications Technology
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Optical Spectrum Analysis
Examples

WDM Signals

Signal to noise for ” Source Testing
channel spacings FP, DFB lasers
as low as 50 GHz ‘l J \ Amplitude, SMSR

WDM Components
50 GHz Mukx, Filters,

Performance
Add/Drop Components Accuracy, A = A, + 10 pm
Resolution, A~ 40 pm
Optical Amplifier Testing Dynamic range ~ 70 dB
Gain, Noise Figure, tilt
et cetera

Back to Basics in Optical Communications Technology .'.'i‘.'-. = 5
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Physical Opt;cs
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Filter Characteristics

Passband
e |nsertion loss
 Ripple

* Wavelengths
(peak, center, edges)

 Bandwidths (0.5 db, 3 db, ..)

« Polarization dependence
Stopband

 Crosstalk rejection

Crosstalk Passband Crosstalk
« Bandwidths (20 db, 40 db, ..)
Copmam Agien Tecmooges 2002 i Agilent Technologies s



Total Insertion Loss
A measure of the loss of light within an optical component.

/ Reference Path

+ + Power

Source—l Device J—> Meter

» Under

Test
- |BK

(@)
2222222 |91 9 5
< Reference IL(dB):]'OlOglO e
................................ P\/\MhoutDUT

Back to Basics in Optical Communications Technology .'.'i‘.'-. = 5
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Filter Transmission Spectrum (Insertion Loss)

OSA Method:
Broadband Source + A-Selective Detector

Notch Filter
/_\ -+ —>

Source spectrum Detector sensitivity Transmitted spectrum
and resolution

e Fast Sweep

 High Dynamic Range
» Good Sensitivity
 Incoherent Light

Back to Basics in Optical Communications Technology
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Test Solution ‘e o.®

8614x Optical Spectrum Analyzer series

Built in applications to characterize .

Sources, DWDM signals,
Passive Components,
Amplifiers

Built in Broadband Sources

+ 10 pm A absolute accuracy

+ 2 pm repeatability

60 pm A resolution bandwidth

70+ dB dynamic range
e 600 nm - 1700 nm

Back to Basics in Optical Communications Technology
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Filter Transmission Spectrum (Insertion Loss)
TLS Method: A-Selective Source + Broadband Detector

Notch Filter

R A
I L — 1O|Og10 WithDUT ( ) T
Without DUT (/])
P
1=k N
oomaoEs | @@ Parameters to Test
<  Center A
................................ 3 dB Bandwidth
Device * Ripple
* [solation
Back to Basics in Optical Communications Technology ':::' Agilan!t Tat:hnnlngias

Copyright Agilent Technologies, 2002



Test Solutions

i Tunable Laser System/ 86082
' Power Meter ' Wavelength Domain
+ Photonic Foundation Library Component Analyzer

 Configurable to perform all
parameter tests

* Scaleable to multi-channels

* A resolution 0.1 pm

e Low SSE

Fast filter characterization
A resolution: <1 pm
Speed: > 2 sweeps/s
Range: 1260 — 1640 nm
Vertical accuracy + 0.06 dB

Back to Basics in Optical Communications Technology
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Insertion Loss as a Function of Wavelength
Swept Insertion Loss

Two standard approaches:

1.Use a Tunable Laser Source (TLS)
« Worry about back scattering interference issues

2.Use a Broadband source and an OSA
 Short coherence length of source = no interference issues
» Must calibrate and subtract baseline spectrum
* Need high spectral density (energy at each wavelength)

Reference p/n 5980-1454E:
State of the art characterization of optical components for DWDM applications

Back to Basics in Optical Communications Technology
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Return Loss

Total Return loss P
RL =-10log,, ==

reference

» A measure of the light reflected by a component

- @-- Device ~ Termination
@)
o o o e o ‘-’—M

: Attenuator
Light Angled
Input .. Output
Directional \\SG—->—DUT
Coupler
Return Loss Meter *i
Module (81534A) Power Detector
byt i Agilent Tochnologies .



Insertion/Return Loss Measurement Subtleties

Beware of multiple reflections!!
* If multiple reflections occur within a distance less than L
then there will be interference fringes on the detector
= uncertainty in RL up to 100%
 Avoid using coherent beams
LED or Tungsten lamp ideal, but too low spectral energy density
for most cases

e But RL(A) may be desired and may depend on A and
a narrow source has a large L

« Common to use a Fabry-Perot laser
high power, with sidebands to mitigate interference,
still ... L, ~ meters

Understand the device and the source

Back to Basics in Optical Communications Technology
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Polarization Dependent Loss

Recall Polarization describes the
orientation of the electric field

The attenuation of light in fibers and network elements varies
according to polarization.

Polarization Dependent Loss
the variation of attenuation with polarization.

Monitor output power of DUT while varying polarization to get

PDL(dB) =10log,, ';max

Back to Basics in Optical Communications Technology
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Polarization Dependent Loss

Insertion loss with polarization control:

min

Optical Polarization

PDL(dB) :1OIog10|;“aX .............

Source P —» Controller
Isolator (PC) L

Need:

Device
Under
Test
(DUT)

 Constant power into DUT
* Polarization Controller (PC)
either provide all states,
or use a Miller matrix technique

Power Meter
or
OSA

* Polarization independent power meter/0OSA

Look for PDL < 0.1 dB

Back to Basics in Optical Communications Technology
Copyright Agilent Technologies, 2002
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Optical Networking - The DWDM Forest

Passive

O > @ _’ﬁ Components

Other
Segment

multiplexer

N

\

O

Other

Segment \»
> Dispersion
Compensator,

Other /

Segment

/

Other
Segment

demultiplexer

)\zmymﬂﬁ
. Data

Dispersion
Compensator,

Back to Basics in Optical Communications Technology .'.*i‘.".. = 5
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Modulationg .
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Optical Networking - The DWDM Forest

/

multiplexer

N

@ > Dispersion
Compensator,

Modulators

@}QF

Other
Segment

Other
Segment

Other

Segment

N

\

O

/

Other

LAN
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Modulation
Encoding Data into Light Pulses

NRZ - Non Return to Zero and RZ - Return to Zero Modulation

|

Extinction ratio: E = Plogie , E(dB) =10log,, —°* typically, about 10 dB.

Logic"0" Logic"0"

Time

: —1
Average pOWEf. I:)Avg -2 (PLogic"l" + I:)Logic"O")

Back to Basics in Optical Communications Technology
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Modulation Techniques

Encoding data into binary pulses

Direct modulation:
modulate LASER input power
e LASER chirp
e 1.5Mb/s-25Gb/s

Indirect modulation:
Indirect or phase modulation
« Modulation with absorption or

« Modulate with interference
Constructive = 1, destructive = 0

* AM sidebands dominate line width

« Can approach Av=1/(4rAT,)

10 Gb/s - 40 Gb/s — 200 Eb/s

Back to Basics in Optical Communications Technology
Copyright Agilent Technologies, 2002
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Indirect Modulation
Mach-Zehnder Principle

Split the beam and vary the optical path lengths to get:
* Logic “0” - destructive interference - optical path length difference of (2n-1) A/2

e Logic “1” - constructive interference - optical path length difference of nA

Split beam The rsr';t:]‘éeeslhase Destructive interference
\ /\/\/\/\ : loaic “0”
/\/\/\/\/ Vary path lengths to \/\/\/\/\/ )
change relative phase ,\/\/\/\/\/
AVAVAVAV,
Merge beam

An external electric field applied to some crystals, e.g., LINbO,, changes the index
of refraction, n=n(E)
1. Use an RF modulation signal to apply a voltage across the crystal
2. Varies the index of refraction of each path
3. Change the path lengths to get desired interference
— Modulate the light signal!

Back to Basics in Optical Communications Technology .'.‘i‘.'- Anilent Technoloai
Copyright Agilent Technologies, 2002 1% gilent lechnologies
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Indirect Modulation
Electro-Absorptive Modulation

A solid-state based shutter
Pass a continuous wave through a diode

Logic “0” - High reverse bias, Logic “1” - No applied bias,
smaller band gap larger band gap
= light is mostly absorbed = light transmits through

Conduction Bands
A

hV>Egap hV<Egap

P
=)

&
\ / Valence Bands

Continuous wave input

Back to Basics in Optical Communications Technology
Copyright Agilent Technologies, 2002
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Indirect Modulators

Mach-Zehnder Modulator

Electro-Absorptive Modulator

DFB laser with external

. . on-chip modulator
Polarization sensitive, need correct launch P

L i Laser

W ,r”f section
~~ Modulation
. section

Back to Basics in Optical Communications Technology
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Atom|c Physics:

Light Geﬂeratloﬂ o’
* Electromagnetic radl’ . .

D
=——
=
N\ '\ v/

* Light Enﬁmg‘)de

e Light Amplification by ! ulated Emission of
Radiation LASEI“ 5

Back to Basics in Optical Communications Technology .'.*i*.".. = 5
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Optical Networking - The DWDM Forest
Optical

Back to Basics in Optical Communications Technology
Copyright Agilent Technologies, 2002
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> Dispersion
Compensator,

Other /

Segment Segment
> - \— ‘ DlsperS|on
Compensator
A
)
LAN
-i.2 Agilent Technologies

| @> @ I Transmitters

demultlpI;xer 3\
*h ™

<
h

80



The Premise for Radiation
All radiation results from the acceleration of a charge

* An LRC circuit An oscillating dipole:

[ Lo

0000

e An atomic transition

O
2p state O @ 0

toa o 2p

1s state

|

1s

Back to Basics in Optical Communications Technology
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Spontaneous Emission

Light is spontaneously emitted when an electron decays from a
higher to a lower energy state.

In an atom In a semiconductor
=) —~ .
A (= Conduction Bands
O N
> >
2 5| Y VY
T -
AVAVAVS LL]
— & — G —

S, Valence Bands

Back to Basics in Optical Communications Technology _-l.i._-'__ = 5
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Light Emitting Diode (LED)

Datacom through air & multimode fiber
Inexpensive
(laptops, airplanes, LANS)

A=)

=) Conduction Bands

AVAVAVAY,
’\/\/\I’\I Spontaneous

Emission

Energy

Valence Bands

>
N

Key characteristics
Most common for 780, 850, 1300 nm
Total power up to a few pW
Spectral width 30 to 100 nm
Coherence length 0.01 to 0.1 mm
No specific polarization

Back to Basics in Optical Communications Technology
Copyright Agilent Technologies, 2002
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LASER
Light Amplification by Stimulated Emission of Radiation

Requirements for LASER: L
< >
 Confine light in a resonant cavity to |
set up standing waves ’V\"V\'f’v\’\"\'“’\"v\"

o Excite more electrons to higher energy levels . .
J gy Mirrors confine A’s to

* More photons from stimulated emission than | 2L/n & also reject non-
from spontaneous emission perpendicular light
“population inversion”

Stimulated Emission will resonate in the cavity
= amplification

\g\\\

& — Stimulated Emission = light that is

AVAVAVAY: monochromatic (same wavelength)
AAAAY IR AAAY coherent (in phase)
polarized

Back to Basics in Optical Communications Technology
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Fabry-Perot (FP) Laser

* Reflective coatings along cavity allow only
nA/2 wavelengths through é

 Multiple longitudinal mode (MLM) spectrum
“Classic” semiconductor laser

First fiberoptic links (850 or 1300 nm)
Today: short & medium range links A

» Key characteristics s)
Most common for 850 or 1310 nm ThreShO\'dA
Total power up to a few mw
Spectral width 3 to 20 nm
Mode spacing 0.7 to 2 nm P
Highly polarized peak
Coherence length 1 to 100 mm iy
Good coupling into fiber

> |

Back to Basics in Optical Communications Technology
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Distributed Feedback (DFB) Laser

« Sidemodes filtered out

 Single longitudinal mode (SLM) spectrum

* High performance telecommunication laser \vvv\, ¥ AVAVANMNAN-
Most expensive (difficult to manufacture) '
Long-haul links & DWDM systems =

» Key characteristics
Mostly around 1550 nm
Total power 3 to 50 mw

f‘.

Spectral width 10 to 100 MHz 'm-nn RATA ;
(0.08 to 0.8 pm)

Sidemode suppression ratio A
SMSR > 50 dB P peak-

Coherence length 1 to 100 m
Small NA (- good coupling into fiber)

Back to Basics in Optical Communications Technology
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Comparison of FP and DFB Lasers

Fabry-Perot Laser

10

i REF: 0.00 dBm
dBm el

-10

30|

N IvAR VARV ARVARVARVALY ALY ARY AL W

-70

90 1300 1305 nm

1310

Power versus wavelength

Back to Basics in Optical Communications Technology
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DFB Laser
10“ W
dBml " REE 000dBm___ N ___ | ___|____ R
-10
-30
'50\/\ A\J A\Mw-ﬁ
-70
01540 1545 nm 1550
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Vertical Cavity Surface Emitting Lasers

Distributed Bragg Reflector (DBR) Mirrors

o Alternating layers of semiconductor material
40 to 60 layers, each A/4 thick

Key properties
» Wavelength range 780 to 1310 nm 0-DBR
* Gigabit ethernet active
e Spectral width < 1 nm n-DER

Total power > -10 dBm

Coherence length: 10 cm to 10 m

* Numerical aperture: 0.2 to 0.3

Back to Basics in Optical Communications Technology
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External Cavity/Tunable Lasers

Low Source Spontaneous Emission(SSE) output

Agilent Magic

A‘\\/Adjust angle to choose

‘\, reflected wavelength

High Power | A
output | — i Grating
- nA/2 -
Adjust cavity length to choose
_ resonant wavelengths

High Power

P
Low SSE
A

Back to Basics in Optical Communications Technology
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Tunable Laser System

The Agilent TLS systems for the 8164 mainframe

« 1260 < A <1640 nm in three different modules
e Two Power outputs:

+5 dBm peak (high power output)

- 6 dBm peak (low SSE output)

60 dB signal to SSE ratio

» £10 pm absolute wavelength accuracy
« +2-3 pm typical relative wavelength accuracy, mode-hop free
* 0.1 pm wavelength resolution

Back to Basics in Optical Communications Technology
Copyright Agilent Technologies, 2002
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Other Light Sources

Need for small coherence length high power light sources:

White light source
 Specialized tungsten light bulb
« Wavelength range 900 to 1700 nm,
e Power density 0.1 to 0.4 nw/nm (SM), 10 to 25 nw/nm (MM)

Amplified spontaneous emission (ASE) source
« “Noise” of an optical amplifier without input signal
* Wavelength range 1525 to 1570 nm
« Power density 10 to 100 pw/nm

Back to Basics in Optical Communications Technology
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Summary Data in

Semiconductor Light Sources 'Y
\"AYAYAYA. SAVAVAVAVAVAVAVAV. o
LASER’S \ L4
Lasers Require |

 Stimulated Emission

Spontaneous | * Population Inversion L
Emission  Confinement «—

P Mirrors confine A’s to
- Th reSh\OAId 2L/n & also reject

non-perpendicular
AVAVAVAV, | i
\”N\NS\N, \ NN\ More electrons in upper energy light
X level than lower
%7 (more photons emitted than

Stimulated Emission absorbed)

(monochromatic & in-phase)

Back to Basics in Optical Communications Technology _-l.i._-'__ = 5
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Parameters to Test
Characterization of Transmitters

Output Power
e Power meter

Wavelength
* Optical Spectrum Analyzer, A,q. ey ~ £ 15 pm, 04 /50 pm
* Interferometer-based wavelength meter, A, e, ~ £ 5 pmM, 04 L0.3 pm

Linewidth, chirp, modulation effects, ultra DWDM structure
* High Resolution Spectrometer, A,y ~ £ 15pm, 04 LBTm

Distortion, Relative Intensity Noise (RIN), harmonic noise,
Spontaneous emission/recombination relaxation effects
« Lightwave Signal Analyzer

Electrical-Optical Response, Bandwidth
Recombination time scale affects modulation properties
* Lightwave Component Analyzer

Back to Basics in Optical Communications Technology
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Transmitter Linewidth Measurement
With a High Resolution Spectrometer

Optical Heterodyne

e Measure transmitter line
structure with terrific
detall

resolution: 8 fm

Transmitter | o i

|G
Interferomete> ‘

Reference 3 /7
Voo ——— |

Back to Basics in Optical Communications Technology
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Chirp/FM Measurement
With an HRS
Chirp = A change in the optical

frequency caused by direct
modulation of the laser ;

Spstem  Help

AL

Direct Modulation =

Modulator | LI L

A A

i.‘ m=
i

‘Interferometer it

Transmitter Wa)%

Reference
Voo — |

il

Sra Pore -7 e
Pl 154 5071 10

Back to Basics in Optical Communications Technology
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Chirp/FM Measurement
With an HRS

Indirect Modulation with a
Mach Zehnder modulator

(0.2 nm span)

“
Transmitter am— L\,\

e } 27 ,.'E
| }
T Modulatdis \ iy / \
Interferometer . Fi®, \ r,’”‘u
! \ | l 1 1 ,
Reference i | i A \ Py
o NN SRR VL e
‘\I\’v ********************** : Ly i i i i i i i i i
1MI5E  1SAF0 1MABR  (MEEM 1548% " Imﬂm SIEE ISGF 1SN (ST
Feaaniammerd Remba i Mak Qi
BgwFose A d@n | "Mk TMIEN  S0EEN o bt D00 TLS Ssp Rale |
Pkl TS B e T 3T Bvwagng (W 115 Saifirg In
Dba (7% 35088
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High Resolution Optical Spectrometer
Agilent 83452A

 Optical Heterodyne and high resolution spectrum analysis

Linewidth, laser spectral symmetry, modulation spectrum,
relaxation oscillations, close-in sidebands, UltraDWDM spectra

Resolution: better than 80 fm (10 MHz)
Dynamic Range: 60 dB

Ultra DWDM spectrum

Back to Basics in Optical Communications Technology fam
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Lightwave Signal Analyzer

 Essentially a wide-bandwidth, calibrated O — E + Electrical Spectrum
Analyzer

Measures average optical power vs frequency, (over modulation
frequency range!)

rFTTE'J g dH d OFT
5. Bd[dB/0 ]V
Al FWH BJY dbn IFT

alART ® H:z allf 2d, BB Ghe
FE 3.8 NHz UE J@B kHz 31 303.6 msec

Back to Basics in Optical Communications Technology
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Relative Intensity Noise
Noise from the Transmitter

Relative Intensity Noise RIN— 1 (AP) [H ]
(Incidental Amplitude Modulation)

avg

Measures laser fluctuations at modulation frequencies

The “power variance spectral density”, (AP)2/ BW, is the fluctuation of
power observed in the interval f_ , to f_ , +df__, per unit modulation
bandwidth, df .,

After electrical conversion (recall (optical power)? O (electrical power) ),
measure RIN from the electrical spectrum analyzer:

=i x+/RINBW

lein = lavg

Back to Basics in Optical Communications Technology
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Measuring Relative Intensity Noise
With an LSA

2
RIN =10 x log (AFZ)) 1 [dB/Hz |
P2 |BW

2
DFB Laser *’

Agilent 71400

Back to Basics in Optical Communications Technology
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Atom|c Physics:
Light De!éctlon ® o

9’0

» Solid state photon coun A
reopon./lty. . 1 ® -

 Photo Diodes
efficiency, gain, dark. . . ’\/\,\/\/

.’ o =

Back to Basics in Optical Communications Technology .'.*i*.".. = 5
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Optical Networking - The DWDM Forest

A

AT

!
Ml

t
\ multiplexer /

Q.

Other
Segment

Dispersion
Compensator,

Other
Segment

Optical

LAN

Back to Basics in Optical Communications Technology
Copyright Agilent Technologies, 2002

@> @ ' Recelvers

Other
Segment

\

O

Other
Segment

/

Dispersion
Compensator,

demultiplexer

 |pata )

i% Agilent Technologies 102



Light Detectors

. =
* Photons are absorbed in an +—=y— Conduction
Intrinsic layer of semiconductor + Bands
— Create e~ - hole pairs
P 3 -,
« Apply a reverse-bias potential 5 AVAVAVAV
— photocurrent
1 < Vaence
I Bands

Quantum Efficiency = number of electrons created per photon, 77(A)
Responsivity = photocurrent per unit of optical power (A/W)

— iPho'[o (/]) — %
R(A) ) I:%)ptical (/]) _,7(/]) hC

Back to Basics in Optical Communications Technology N Agilant Tanhnnlngias
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Photo Diodes

PIN (p-layer, intrinsic layer, n-layer)
Highly linear, low dark current

Detector is followed by a Transimpedance _[-' E -',

Amplifier

Avalanche photo diode (APD)
Intrinsic gain up to x100 lifts the optical signal
above electrical noise of receiver

Strong temperature dependence A
=
Main characteristics &
Quantum efficiency (electrons/photon) é
Dark current >
Wavelength dependence, responsivity Bias Voltage

Back to Basics in Optical Communications Technology
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Material Aspects of PIN Diodes

Silicon (Si)
Least expensive ! ! ! I J=7]
90%.~ o
_ Quantum I _
Germanium (Ge) = efficiencies\/’ .- nGaAs -

“Classic” detector

Indium gallium arsenide (InGaAs)
Smooth responsivity
High speed

Responsivity (A/W)

* Notice the sharp wavelength rolloff

EA | | | | |
R(A) =n(A) 2 07 09 11 13 15 17
hc Wavelength (um)

Quantum efficiency

Back to Basics in Optical Communications Technology
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Noise

Thermal (Johnson) Noise is the intrinsic noise from the load resistor in
the photodiode circuit

R = Load resistance . _ |4KT [B
k = Boltzmann’s constant = 1.38 x 10- J/K I herm-rms ~ R

T in Absolute, B = modulation bandwidth

Dark current, Iy, Is the current generated in the absence of light

» Thermally or spontaneous diffusion generated charge in the photodiode.
Typical values at T =300 K, Si: 1 - 10 nA, Ge: 50 - 500 nA, InGaAs: 1 - 20 nA

Shot Noise, (quantum noise) is from the random arrival time of electrons

In the detector- Shot noise causes the photo-current to fluctuate about a
mean, i, and includes the dark current.

1 Tavg
ishot—rm's = \/2e(iavg + Id)B

- Trouble with small signals in noisy environments
- “Shot noise limited” means shot noise > thermal noise

Back to Basics in Optical Communications Technology

Copyright Agilent Technologies, 2002 "'7"' Ag"m“ Tanhnnlnglas

106



Recelvers:
Sensitivity and Modulation Bandwidth

High sensitivity requires a large/deep detector

» Need to detect each photon = increase quantum efficiency
 create more electron-hole pairs and catch each one

Large Bandwidth requires a small/shallow detector
* Need to finish detection process fast to accommodate a short pulse

Larger the detector the longer the “relaxation time” of the detection process

— Tradeoff between sensitivity and bandwidth:
Larger bandwidth, lower sensitivity

Example: Sensitivity Modulation rate
Lightwave Clock/Data Receivers: Agilent 83446A -28 dBm 2.5 Gb/s
Agilent 83434A -16 dBm 10 Gb/s

Back to Basics in Optical Communications Technology
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Typical Power Levels

Transmitter:
—6 to +17 dBm (0.25 to 50 mW)
Optical Amplifier:
+3 to +20 dB (gain of 2 to 100 times input)

Difference between optical and electrical power:
Optical power Is converted to photocurrent,

| nhoto = Poptica @ G = conversion gain, typically 0.4 - 0.9 A/W,

P=i R — I:)electnc ( optical G) R
In dB, a change in P

SO

, means twice that change in P

optica electric

Pt P,
AP, . (dB) =10log—2%"c! = 20| og 2!

electrici Optical i

APy eeric(0B) = 2AR, i, (dB)

optical

Back to Basics in Optical Communications Technology
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Active Component Characterization
Transmitters, Receivers, Regenerators

Measure Electro-optic response

 Fixed wavelength, measure response vs f

mod

Vector network analyzer with precisely calibrated optical interface
Measures E/O, 0/0, O/E, E/E devices
Gives 3 dB bandwidth

Flatness of frequency response

Ai—o 00— — Y —

O/E RF Receiver
—p ;
E/O & Display
RF NS ® ﬁi E/E —»

Back to Basics in Optical Communications Technology
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Lightwave Component Analysis

Source Responsivity = Optical power Receiver Responsivity = Electrical
produced (W)/ electrical current current produced (A)/ optical power
supplied (A) supplied (W)
_ AR, Al ,
R,(dB) = zmogm(mmj R (dB) = 20log, (Apj
Typical Laser Frequency Response  Typical Photodiode Frequency Response
R ua.;'. | N g WG
W/7A TN T A/W ]
R | —> = >
Modulation Rate Modulation Rate
feebtorlomtouin e i Agilent Technologies



Frequency Response and Modulation Bandwidth
Lightwave Component Analyzers

8702 8703 86030
300 KHz - 3 or 6 GHz 50 MHz - 20 GHz 45 MHz - 50 GHz

Back to Basics in Optical Communications Technology
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Optical Networking - The DWDM Forest

Active

Components
Modulators,
Transmitters,
Receivers

Other
Segment

Other
Segment

Other
Segment

Other
Segment

: o Data
RN N\
—l
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OpticaﬁSigﬂal
Am pﬁﬂcé'tion
c 0 @ qa: ® o
DV\ZDI\/I'
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Atom|c Physics:
Optical Am.nlificﬁtion o

|
0%
00 @ Qe
Raman scatteringfi
Optical pumgiﬁ ® o
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Signal Attenuation

| 0O-band

OH absorption

Networking wavelength
y'g bands

E-band
S-band
C-band
L-band
U-band

Typical fiber attenuation

£ 170.2 dB/km
B — amplification every 25 - 50 km
= (Not very good fiber)
O
(<
oL
o)
p)
O
<
2
\
ol N
UV-éQsorptlon -------- S catterlng ------------------------- Lo
~ — s T
1000 1200 1400 1600 1800
A (nm)
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Optical Networking - The DWDM Forest

| Data ,)\ZM

Al

t
\ multiplexer /

Optical
Amplification

!
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!
3

Other
Segment
Other
Segment \»
> Dispersion
Compensator,
— / \‘ SOt::]ernt
Segment egme

™
™
>
=
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Compensator

demultiplexer

 |pata )

“
Ly
>
=

LAN
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Spontaneous and Stimulated Emission

Spontaneous emission  Stimulated emission

Light is spontaneously emitted  Incident light stimulates the decay of an electron.

when an electron decays to a Light is emitted that is identical to incident light.
lower energy state. * Same wavelength, direction, polarization, and phase

- Wh-o-

Twice as much light
outgoing as incident
— gain of two

— & Y

Back to Basics in Optical Communications Technology .-'.*i*.".. = 5
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Raman Scattering

When a bound electron is excited to some energy E,, and
decays by emitting light of energy E;,,, with

Ejignt  Eex 1t IS called Raman scattering

— l,\/\/\aight

SNV,

Lifetime of the excited state is the “relaxation time”
~ 1 ms - metastable (Erbium)
<1 ns - unstable (SiO,)

Back to Basics in Optical Communications Technology
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Optical Amplifiers - Erbium Doped Fiber Amplifier

1. Dope a fiber with erbium
= =

=

==

2. Pump energy into the fiber
~ 4 |

Pump

light =
T =
’\/V\»eee

3. Transmit and amplify the signal

Signal
NN\N»

Back to Basics in Optical Communications Technology

. A
= W Amplified signal
AVAVAVY 2
— IR SAVAVAV o
NN Amplified Spontaneous Emission
— R (ASE) noise!
Agilent Technologies 119
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Erbium Doped Fiber Amplifiers

i LASER pumping energy
Erbium _ _
doped fiber into Er doped fiber

WE ) W~
AU N A

Coupl % -
: oupier i - .
Incoming P Outgoing amplified signal
signal plus
ASE noise
Two major characteristics:

Gain

Noise
“Copyiah Aglent Tecmmologies 2002 i Agilent Technologies 120



Amplifier Input/QOutput Spectra

Amplified Signal
Spectrum

_ s (Amplified Signal +
Signal spectrum Amplifier Spectrum reduced ASE +

with no input Amplified Source noise)

SN\
L '

Back to Basics in Optical Communications Technology
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Output Spectrum

Amplified signal

spectrum

- the input signal
saturates the

+10 dBm
B

amplifier)
- ASE spectrum
with no input
-40 dBm
1525 nm 1575 nm

The relaxation time of Er causes a ~ 1 ms time scale for the ASE
background to shift between levels with and without a signal

Back to Basics in Optical Communications Technology
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Other Optical Amplifier Technology
Semiconductor and Raman Optical Amp’s

Same physical principle but different energy structure
« Other Dopants: xDFA

« Semiconductor Optical Amplifier (SOA) x
- Stimulated emission in of the signal as it
traverses an excited semiconductor
- Pump to high energy states by bias current or
external pump laser
- Tend to be very noisy
Gain region can be tuned with band gap Wavelength

e Raman Amplifier

Use vibrational energy states of SiO, instead of atomic states of a dopant
Raman scattering among vibrational states

Pump laser through the whole fiber

- pump energy is very high

- states are not metastable

Gain region over ~ 100 nm centered about 13 THz above the pump frequency

Back to Basics in Optical Communications Technology N = 5
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Optical Amplifiers - Summary

e o

A -_—

W AVAVAVAV
WWW Signal (pre-amp)

:

\ —  Signal (post-amp)
Pump Light
EDFA Raman Amplifier
- Material is doped with Erbium - Whole undoped fiber is pumped
- Material is pumped with - Wide signal A-range
1480 or 980nm - Amplification throughout fiber length
- Good for 1550nm signals - High pump power required

Back to Basics in Optical Communications Technology .'.'i‘.'-. = 5
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Introduction to
Dense Wavelength Division Multiplexing

Use many different wavelengths on one fiber

« single mode or multi-mode fibers
Combine different wavelengths to increase data rate

e e.0., 125 A’s at 40 Gb/s each — 5 Th/s (Alcatel, Feb-2002)
New and growing technology requiring

* A mux/demux and optical switch technologies

 peculiar dispersion properties

 worry about noise at different A’s

 worry about optical crosstalk - four wave mixing

Back to Basics in Optical Communications Technology .'.‘i‘.'-. Anilent Technoloai
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Amplified Dense Wavelength Division Multiplex
Spectrum

RL +0.00|dBm

™ 5.0[dB/DIV N
Channels: 16 R
Spacing: 100 GHz (~ 0.8 nm)
Amplified “
Spontaneous | J’ L\\
Emission (ASE) >

1545 nm 1565 nm

Back to Basics in Optical Communications Technology .'.*i‘.".. = 5
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Basic DWDM Design

Wavelengths

S, R, Power Ievels_ | S, R,
A Signal-to-noise ratios

A/

Back to Basics in Optical Communications Technology
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Amplified DWDM Spectrum
Parameters to Test

Parameters to Test

» Channel Gain
Noise Figure T
Center A P l
Span Tilt

Gain Flatness
Channel Spacing A—>

Back to Basics in Optical Communications Technology
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Amplifier Characteristics

Gain=0 - 50dB

Noise Figure= SNR,,
SN

out

VY
Noise Figure = 3.5 - 12dB

® — Qutput Spectrum of Amplifier without input
® = Input spectrum to Amplifier
® = Qutput spectrum from Amplifier

Back to Basics in Optical Communications Technology
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Interpolated Source Subtraction (I1SS) Method

Gain & Noise Figure
1. Measure a constant wave input spectrum
2. Measure the amplified constant wave output spectrum

3. Interpolate across the signal to estimate the background at the signal
wavelength = separate signal and noise

Calibration Path Optical Spectrum Analyzer

Laser Source

ke M

A

Power Meter

Back to Basics in Optical Communications Technology
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Time Domain Extinction (TDE) Method

Gain & Noise Figure

1. Measure output with
signal gated off

Signal
Spectrum

Gating of
Signal

A

>

2. Long relaxation time (metastability) of the Erbium excited states allow
direct measurement of the spontaneous emission curve

Calibration Path

DFB/TLS
%
c—F
Gate L

T fmmmmmmmmm e |

Optical Spectrum
--3 Analyzer

Back to Basics in Optical Communications Technology
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Gain Compression

Total output power: Amplified signal + ASE

« EDFA is in saturation if almost all Erbium
excited states are consumed by

amplification
_ Max A Total P,
 Total output power remains almost 3dB -
constant
 Lowest noise figure
Gain
Preferred operating point
» Power levels in link stabilize automatically -30 -20 -10
P . (dBm)
i s oo 1 i Agilent Technologies



Span Tilt and Peak to Peak Deviation

dB

v Peak-to-Peak
o *  Deviation

|

Span Tilt

Back to Basics in Optical Communications Technology
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Characterizing Semiconductor and
Raman Amplifiers

Erbium Doped Fiber Amplifiers (EDFAS) use energy levels that are
metastable states, AT~ 1 ms, a long time compared to f_ .

Semiconductor and Raman Amplifiers use unstable states:
ATpoman ~ 0.005 ps and ATy, ~ 1 ns
« Time Domain Extinction methods are not useful

 Limited to Interpolated Source Subtraction (ISS) for measuring gain and
noise figure

The gain of Raman and semiconductor amplifiers depend strongly on
signal polarization, EDFA only weakly.

e Measure gain and noise figure as a function of signal polarization

Back to Basics in Optical Communications Technology .'.'i'.'- = 5
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Standard Amplifier Test Setup
EDFA, Semiconductor, and Raman Amplifier

OA
SWITCH (DUT) SWITCH

ATT

A

OSA separates signals from broadband spontaneous emission

Amplifier characteristics depend on input power, wavelength, polarization
« Sources simulate operation (multichannel, adjustable power...)

Back to Basics in Optical Communications Technology
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The Complete EDFA Test Solution

* Time Domain Extinction Method

* Interpolated Source Subtraction
Method

» Noise Gain Profile Method

I*IH'FFIIII EnEs
|

= - H 4 W - g s » L) -
e aa i e W ] IN— ﬂd
Back to Basics in Optical Communications Technology .-'.*i‘.".. - :
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Issues in DWDM

SM fiber can tolerate up to 50 m\W (+17 dBm)
* Nonlinear effects start causing trouble around 10 dBm

 About 100 kW/m?!
* limits available channel power to Power/channel < 50 mW/N

channels

Optical Amplifiers have limited effective A range
« e.g., EDFA: 1525 < A < 1565 (roughly)

High power densities cause nonlinear scattering
e e.g., Kerr effect: n = n(E)
= Four Wave Mixing (FWM), self-phase modulation, . . ., noise

Trends:
Higher capacity
« 160 wavelengths
« 12.5 GHz spacing

All optical network (the grail)

Back to Basics in Optical Communications Technology
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Optical Networking - The DWDM Forest
AL
e :)\Zﬂmgm

A

?
7

Optical
Amplification

Jaxajdninw

f
<

Other
/ Segment
Other
Segment \»
> Dispersion
Compensator, |
Other / x Other

Segment Segment

™
h

AT

A
. 2 Data

L APN A (‘ Dlspersmn

Compensator

demultiplexer

<
™
=
=

LAN
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Electmplynarﬁics of,
ontinuwi

Chrom&mﬁs;@lon
Polarization ngogl.ra]
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Optical Networking - The DWDM Forest
AN\ Dispersion

ok 3 @» @ I Compensators

AEE2S

Other
Segment

\

-

Other
Segment

‘ Dispersion
(" \Compensator
Other / Other

Segment Segment

/

AT

)\zmywﬁ
. Data

A0

demult pI;xer 3\
Ph ™

‘ Dispersion \
"\ Compensator,

\ / v

A

LAN

<
h
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Color: Index of refraction

Why is a ruby red?

White Light

W\/\’ — Q Only redis
AVAVAY: absorbed

Ruby "atom"
Red is emitted at
O 8 O /\//\% random angles

Excited
ruby "atom"

Because the ng,, (1) has a resonance at A,

For pigments, e.g., red paint, the other colors are absorbed in the mess of organic molecules that have many
available energy states resulting in heat.

Back to Basics in Optical Communications Technology
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The Index of Refraction

The index of refraction C
. .. . n(A) — ~vacuum
of a dielectric is given by C ..

» The energy carried by light is determined by the frequency, not the

wavelength, so the frequency of light in media doesn’t change, but the

wavelength does.

c AV A A
n( A) — “vacuum — “'vacuum” — “’vacuum Cmedia( /]) — Cvacuum media
Cmedia /]mediav /]media Avacuum

» The index of refraction varies with wavelength,

o different colors travel at different speeds = chromatic dispersion.

» The index of refraction can also vary with polarization
 “birefringence” = polarization mode dispersion

The heart of these phenomena is the response of the media to the
electric and magnetic fields that compose the light.

Back to Basics in Optical Communications Technology
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Chromatic Dispersion Spreads Pulses
— |Increases the Bit Error Rate

Recall from coherence:

= the minimum frequency/wavelength spread of a pulse of light is

AvxTo= Y,

AZ
or AA>
4ﬂTPuIse 4” CTPuIse

= n = n(A) narrower the pulse, the larger the chromatic dispersion

thus Av =

« Modulation sidebands and chirp also increase pulse wavelength content

| T o T+ AT |~

Back to Basics in Optical Communications Technology _-l.i._-'__ Anilent Technoloai
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The Cause of Chromatic Dispersion

Two causes: \
1. Material Dispersion Al
* The response, “permittivity”, of the media:
n(/]) — Cracuum — g:u i A
/J & \ s
Crnedia 0/~0 '\000
‘\e\eC“
b

2. Waveguide Dispersion
* Ngore(A) and Nyyag4ing(A) vary differently with A
= different boundary conditions for different wavelengths

= different solutions to the wave equation

Back to Basics in Optical Communications Technology .'.'i‘.'-. = 5
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Chromatic Dispersion - Definitions

: dr. (A
* Define |chromatic dispersion = o)

describes how the propagation time varies with wavelength in ps/nm
where 7,(A) Is the propagation time along a fiber of length L.

« Factor out the length and get the

dr (A
chromatic dispersion coefficient, D, E% é’/]( )

The pulse spreads by an amount AT = LD, A/

| T o T+ AT |~

Back to Basics in Optical Communications Technology
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Chromatic Dispersion Observables
PR o

—>| CAT, |«
Group
Delay (ps)
A
_1 dr,(A)
YL dA
Chromatic dispersion coefficient 0 A
(ps/nm(Km)
/]O
Typical CD value: 10 ps/nm[Km > Zero dispersion

wavelength,
typically 1300 nm

Back to Basics in Optical Communications Technology
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Tolerable Levels of Chromatic Dispersion

Require AT, <<% with B = bit rate in Gb/s
=

since d/l:—%dv and dv=BsodAUB /

V w
\ one ence

dr
and LxD, =" [ é prof

For 1 dB penalty: [LxD, <10

Bit rate: 2.5 Gb/s 10Gb/s 40 Gb/s
max dispersion: 16,000 ps/nm 1000 ps/nm 63 ps/nm
max length: 940 km 60 km 4 km

Dispersion can be good! DWDM systems can have very high power density
1 mW/A - 1 GW/m? Dispersion spreads out the energy, decreasing energy densities.

Back to Basics in Optical Communications Technology
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Chromatic Dispersion Measurements
Modulation Phase Shift Method

1. Form sinusoidal pulses of light of wavelength A, at f ~ 1 GHz

2. Measure phase difference between generated and received pulses, Ag

3. Convert phase difference to differential group delay | Agle-
A1 (1) = Ag/2Ti

. dr (A
4. Fit curve to Az,(4) and calculate D, = 1 J (4)
L dA
Tunable Optical Phase Signal
Laser Modulator Detector Processing
DUT oo~ || Data

N &
- 1,
o —
— = ) Tunable
RF Source

Back to Basics in Optical Communications Technology
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Chromatic Dispersion Compensation

Dispersion compensating fiber:
 Follow a segment of dispersing fiber with a segment of dispersion
compensating fiber

_ _ Dispersion compensating
Dispersing fiber

fiber
e E— A E—

L N\

There are also compensating components, e.g., the chirped FBG

Back to Basics in Optical Communications Technology
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Polarization Behavior in Fibers

Recall: Light is polarized T

« Polarization can change on every reflection
- bends in the fiber change the polarization

* Index of refraction can vary with polarization
- Crystal asymmetry and impurities — N = Nn(A, 1) =,
- Fiber cross section asymmetry —

boundary conditions differ with different orientation N
different polarizations have different boundary conditions

— Polarization Mode Dispersion (PMD)

Back to Basics in Optical Communications Technology
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Principle States of Polarization

r]X
Fibers and components have distinct ()\ >

slow and fast polarization axis /
n
y

i
B

Back to Basics in Optical Communications Technology
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PMD In fibers 1s a Random Process

Small random variations in fiber geometry and media cause unpredictable
changes in polarization states and principal states of polarization

« For fiber length much larger than the correlation length, (L >> L)

The Differential Group Delay, Ar, follows a Maxwellian distribution

2 _Ar
f(AT) = %L% e %

AT

Since A1 contributions from different segments are independent, they
combine to a total in quadrature (i.e., like the sides of a right triangle):

AT, =~AT?+AT2+---+A72 - The mean DGD, (AD), increases with /L

For components, e.g., filters, (L >> L.) PMD is deterministic

Back to Basics in Optical Communications Technology
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Tolerable Levels of Polarization Mode Dispersion

PMD is a random process depending on temperature and geometry

PMD combines like the legs of a right triangle: A7, = JZAriZ
A7)

Define the 1st order PMD Coefficient: P =-~="
JL

 1st order PMD is wavelength independent

 2nd order PMDdepends on wavelength, but is very small

Typical good quality fiber: = 0.2 ps/~km N Fear the taill
Older, poor quality fiber; =1-2ps/~/'km /
Tolerate (AT 14y ) << O'}/B (AT) AT

Back to Basics in Optical Communications Technology
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Maximum Fiber Length Tolerable to PMD

100,000,000

1,000,000

10,000

Length (km)

100

0.01 0.1

1

10 100

Data Rate (Gb/s)

Back to Basics in Optical Communications Technology
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Require:
(A1) <0.1/B

high quality

= 0.2 ps/vkm
low quality

= 2 ps/vkm

The graph is for
the average, (A1)

Fear the tail!
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Measuring Polarization Mode Dispersion

Jones Matrix Eigenanalysis method:
Measure DUT Transfer matrix
at three known polarizations
at a set of wavelengths, J(A): J(A) P,, =P
Extract AT(A) by diagonalizing J(A)

out

Polarization

Polarization Analyzer

AN

T

»

%

(4

O

Synthesizer T
|1l

S0 S1

Tunable
Laser

Transfer
Matrix _‘]21 J2 1, O,

Back to Basics in Optical Communications Technology
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Jones Matrix Eigenanalysis (JME) Result

HP8509 Graphs
=| File Edit Measure Format Display Window

Ak

07

DGD ps

0.00
1466 1566
Wavelength (nm)

0.02971 0.03318

0.09802 0.03458 0.15260

Aug 1595 8:25:09 PM  giant o
Fiber Length km Stop nm
Source level uwatt Delta nm
Source atten dB  Points [ 51] ‘Continue

Cannot compensate PMD with a passive device
» Must have feedback to monitor PMD and actively compensate

Also measure PMD with Modulation phase shift and interferometric techniques

Back to Basics in Optical Communications Technology .'.*i‘.".. - .
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Complete Dispersion Test Set
Agilent 86038

Modulation Phase Shift Method
Single connection measurement of
Chromatic Dispersion and
Polarization Mode Dispersion

Excellent for

» Broadband device characterization
e.g., spools of fiber

» Narrowband device characterization
e.g., filters, mux/demusx, etc.

Back to Basics in Optical Communications Technology
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All Parameter Test Set
Agilent 81910

Part of the Agilent Lightwave Measurement System (816x)

« Swept insertion loss, return loss, polarization dependent loss

» Chromatic and Polarization Mode Dispersion - interferometric technique
both insertion and reflection

Optimized for narrow-band components (e.g., filters, mux/demux, isolators, etc.)

Back to Basics in Optical Communications Technology
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Optical Networking - The DWDM Forest
AN\ Dispersion

ok 3 @» @ I Compensators

AEE2S

Other
Segment

\

-

Other
Segment

‘ Dispersion
(" \Compensator
Other / Other

Segment Segment

/

AT

)\zmywﬁ
. Data

A0
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h
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Cha[acterizi;wg the _

@
Systel'n. o
Optical Time Domain R.o&y.

Noise

Bit irorﬁte.asn.‘uts . . ® o
Eye diagram analysis e e

Extinction ratio

Jitter . .. A
Mask tests @ e A A
®
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Optical Time Domain Reflectometry:
Link Characterization

Optical Time-Domain Reflectometer
(with Power Meter, Visual Fault
Finder, and Laser Source)

o “Optical radar”

Fusion Bend Connector Crack Fiber

* Measures loss vs. distance N S
’ Mechanical
e 10 m - 200 km range ‘ splice
. . . = [ ]

 Key tool in installation and

maintenance g ] h

- —
MM and SM modules
Distance

Back to Basics in Optical Communications Technology
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Bit Error Ratio

Bit error ratio,
BER = # of bits received in error/ # of bits received

Gives a good indication of the performance of a BER
component, link or entire network A

Typical BER spec: 1.0 x 1012

Tradeoff between
minimum input power and
acceptable bit error rate
Larger the power
less effect of dispersion,
less noise from optical amplifiers, etc.

P. (dBm)

Back to Basics in Optical Communications Technology _-;i._-_ Agilant Tanhnnlngias
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Measurement of Bit Error Rates:
The BERT

——1 Pattern Generator| |Clock _
| ] » Pseudo Random Binary

Sequences provide known

Transmitter

B patterns that simulate random
E : data
. Device Under Test
- » Devices can be tested for BER
Receiver unde_r yarious stressful
conditions such as clock-data
o Error Analyzer delays, long runs of 1’s or 0’s,
low power levels etc.
Back to Basics in Optical Communications Technology .:::. Agilant Tat:hnnlngias 65
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FMeooooooom e mm
4 - =

81250 ParBERT (up to 43 Gh/s)

86130 Bitalyzer (up to 3.6 Gb/s)
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Pulse Parameters

Half-Period Of

Undershoot On Logic 1 Ringing Freq

Overshoot On Log
Rise Time—», ‘4— Fall Time

icl
v&

File  Control
- Dzcilloscope Mode.

setup Measure  Calbrate  Utilities  Help

Time =

Amplitide =

Overshoot On Logic 0
Undershoot On Logic 0

Histogram

mean -7 26962 my
std dev G92.8150 mV
p-p 25891 n¥

neak  32.458 khits

Histograms

5---His1ugrams State —

31 Mar 2000 12:52

L

median -27.62751 my
hits 1.123 Hhits
il 562 %
utlde 100 ¥

= ¥

Default

!‘w oit Window

" Hotizohtal

" Histogram
g'u'\ﬂndowing...

Histogram
Scaling... J
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Eye Diagram Analysis

Standard compliance verification

(SONET / SDH, G-Ethernet, Fibre Channel, ..)

Mask
Pulse Parameters
Extinction Ratio

Signal capture of patterns

causing bit errors
Eye-line measurements

Back to Basics in Optical Communications Technology
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The Eye Diagram

............................ '
. .................... v
10 O
A
1 1] 0
A
0O O 1

Power

Time (ns)

Superimposed Bit Sequences
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Digital Communications Analyzer
A sampling oscilloscope for very high rates

* Logic power levels, P, and P,

 Average Power, Pavg %(Pl_m\,d + R)—Ievel)
P_ A
« Extinction Ratio, E = Pl ve

.
5

O-level  power
* Pulse width/height (mW)

+ Rise/foll times e ————
» Undershoot/overshoot , -
« Ringing frequency Time (ns)

Superimposed Bit Sequences

Back to Basics in Optical Communications Technology .'.'i'.'- Agilant Tanhnnlngias
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Mask Tests
On the DCA

Ele  Control  setup  Measure  Calibrate  Utilities  Help 31Jul 2000 13.09 E
- Eye/Mask Mods

Eve hMeasure ':"
Defined masks allow

conformance testing =
to standards e

Mask ‘hits’ highlight Magest
prObIemS Wlth many Ma's:Test

signal parameters [N

- STH1GS DC43 region  wiolat ions
Filter... total wims 124.7 k 1 0
failed smpls 24 % %5

=1 AV,
-ll

1 cale: 148 pitedin 3 cale: 1000 b div cale: 100 piddive 4 cale: 21 A miAdiv. Time: 58 2 paddiv © Trigger Lewvel:
faet7o 5 | 2nisstony | Oifet131 | Ubifest-g07my | Detay2d 823ns | Amy |
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The Agilent 86100
Digital Communications Analyzer (DCA)

20 GHz - 50 GHz - 500 GHz bandwidth
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Jitter

The short-term, (>10Hz), variations in the time base of a signal

Ideal Clock

Jittery Clock

-_—— - = -

—-—— = -

Jitter Function :

A

Jitter Period
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Characterizing Jitter

Jitter can be measured either as RMS variations or peak-peak

o Jitter Tolerance = Amplitude of applied sinusoidal jitter to the
device under test resulting in a certain Bit Error Rate

o Jitter Transfer = Ratio of the output jitter amplitude
to the amplitude of applied sinusoidal jitter

o Jitter Generation/Intrinsic Jitter = Jitter produced by the device
under test
Random Jitter - sum of small random processes resulting in jitter

Deterministic jitter - data dependent jitter, duty cycle distortion, etc
resulting in jitter
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Measurement of Jitter _
The Agilent 71501 Jitter Analysis System

Statistical analysis on a DCA
build a histogram window around samples

* Only measures jitter generation
 Limited to 1 Ul peak-peak
 No jitter spectrum info

Use a phase-detector to compare phase of jittery i
clock with ideal clock Toe

 Usually used for fixed rates

Take FFT’s of time-samples

 Frequency agile
 Extract eye-diagram information

Back to Basics in Optical Communications Technology
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Optical Networking - The DWDM Forest

M }m\

| Data )\ZMEZM E;

ALE2

Other

Segment \»
> Dispersion
Compensator,

Other /

somman
/&N
3 & )\2$
A LA : |
T N\

LAN
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Conclusion ®

A wealth of teghnologies have been developed for high speed
networking basal on a few sir‘ physical phe‘omena:

« Reflection and refg@gtion (geometric optlcs

ptic fibe

* Interference = OQ !VTQ/
hig olution diStafice measurements
S, mux/demux, ors‘ceteg
e ® . .nal modulators.

e Atomic transitions an an scatteg
diodes, APDs

|gh et
ptlcal mplifiers
* Index of Refragtion =
‘ Chromatlcg Polarization nge Eispersion

o
Agilent develops technologyg@hat makes dreams real!
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s Agilent Technologies’ Lightwave Training and Services

 Training
Fast Food Technician — Optical Engineering Nobel Laureate

Understanding Optical Networking Optical Spectrum Analysis/OSA User’s

Understanding Lightwave Technology Course
Understanding DWDM Characterizing Polarization Effects

Understanding Optical Passive Device Eye Diagram Analysis
Characterization TDR in High-Speed Digital Design
Understanding Optical Transmitters and  Bit Error Rate Analysis

Course

Design-to-Fit Training
 Consulting and Customizing

Test and Measurement Automation
Brilliant and talented Applications Engineers and Scientists at your every whim. . .
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