a . . . . UNIVERSITAT POLITECNICA
\_Q)’ teleggrn Escola Técnica Superior d’Enginyeria de @ DE CATALUNYA

Telecomunicacio de Barcelona BARCELONATECH

-y ] 1

- COMMUNICATIONS

JOAN M. GENE BERNAUS

OPTICAL COMMUNICATIONS GROUP
www.tsc.upc.edu/gco



FIBER-OPTIC COMMUNICATIONS \’;i))te.eggﬂ @ UNIVERSITAT POLITECNICA

T

1.INTRODUCTION

'2.OPTICAL FIBER

3.0PTICAL SOURCES

4 .EXTERNAL MODULATORS
5.0PTICAL RECEIVERS - _

7 .EIBER-OPTIC NETWORKS

CONTENTS slide




FIBER-OPTIC COMMUNICATIONS C’@)te'ecom @ UNIVERSITAT POLITEGNICA

BCN BARCELONATECH

6. OPTICAL AMPLIFIERS

o GENERAL CONCEPTS
o SYSTEM APPLICATIONS
o AMPLIFIER GAIN
o TYPES OF OPTICAL AMPLIFIERS

o SEMICONDUCTOR OPTICAL AMPLIFIER (SOA)
o SOA CONCEPT

o TYPES OF SOA
o FABRY-PEROT OPTICAL AMPLIFIER (FPOA)
o TRAVELLING-WAVE OPTICAL AMPLIFIER (TWOA)

o SOA’S DYNAMICS

25 JANUARY 2022 CONTENTS slide 3




FIBER-OPTIC COMMUNICATIONS \’@te'ecom @ NI VERITAT POLITECNICA

BCN BARCELONATECH

o FIBER AMPLIFIER

o ERBIUM-DOPED FIBER AMPLIFIER (EDFA)
o EDFA CONCEPT
o EDFA FIGURES OF MERIT
o EDFA ARCHITECTURES

o RAMAN AMPLIFIER

o RAMAN AMPLIFIER CONCEPT
o DISTRIBUTED GAIN

o NOISE IN OPTICAL AMPLIFICATION

o AMPLIFIED SPONTANOUS EMISSION (ASE)
o AMPLIFIER STATISTICAL MODEL

o NOISE FIGURE

o OPTICALLY PREAMPLIFIED RECEIVERS

25 JANUARY 2022 CONTENTS slide 4




BCN BARCELONATECH

FIBER-OPTIC COMMUNICATIONS \_’f@te.ecom @ UNIVERSITAT PoLITECNIOA

GENERAL CONCEPTS
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Generic Optical Amplifier

Couplers
JlL — Active Medium ™ — J-|-|-|-
Input Output
Signal Signal
Pumping

25 JANUARY 2022 6. OPTICAL AMPLIFIERS — GENERAL CONCEPTS slide 6



FIBER-OPTIC COMMUNICATIONS \fz))te'egm @ UNIVERSITAY poLITEGNICA

AAAAAAAAAAAAA

Desirable Characteristics

v" OPERATION FREQUENCY
v" AMPLIFICATION BANDWIDTH
v" GAIN

v" SATURATION POWER

v" NOISE FACTOR

v' SWITCHING SPEED

v" DIMENSIONS

v' cosT

v" POWER CONSUMPTION

General Concepts
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System Applications of Optical Amplifiers
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Amplifier Gain
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Gain Coefficient Model

Homogeneously broadened 2-level system

N

“ [ [

Q. small-signal gain coeff.
L

O

c

O

O

(C frequency profile saturation

qh) lorentzian

= . .

() T,: dipole relaxation time ==> FWHM

O P...: saturation power = Maximum Power

Govind P. Agrawal, “Fiber-Optic Communication Systems”, John Wiley & Sons, 3rd edition 2002, Chapter 6.
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Gain Bandwidth g,

Gain Coefficient g(oa) - 2 2
1+(0-w,) T;

g(w) o

g A

1+((o—o)0)2 T, 2
1
2

0.8
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FWHM-g — T

Normalized Gain

0.4
Gain 0.2 6o
G (@) =e®tL ,
0.0 — =
gL . 4 2 0 2 4
1+{(0-o,) T2 .
e e _ Z aml _ G, Normalized Frequency Offset

General Concepts

1 1

Af 1 In2 2 1 In2 2
ST, (g L-In2) T,(In(G,/2)

25 JANUARY 2022 6. OPTICAL AMPLIFIERS — GENERAL CONCEPTS slide 11




FIBER-OPTIC COMMUNICATIONS \fz))te'ecom @ uvERsTar pouTECNICA

BCN BARCELONATECH

Gain Saturation g
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Gain Saturation

LINEAR SATURATION
% 20.< >< —> 60
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Input Power (dBm)
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Types of Optical Amplifiers

J Semiconductor Optical Amplifier (SOA)
1 Fiber Optical Amplifier
1 Doped-Fiber Amplifier
1 Erbium-Doped Fiber Amplifier (EDFA)

J Non-Linear Fiber Amplifier

General Concepts

J Raman Amplifier
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SEMICONDUCTOR

OPTICAL AMPLIFIERS
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SOA Concept

Laser Diode Amplifier

<2 >

mirrors anti-reflection
coating
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MATERIAL GAIN
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0z
Pye# X
P, ’
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Working Principle
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CAVITY INFLUENCE
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» Fabry-Perot (FPOA)
> Reflectivity 30%
» BW small (1 nm)
» Gain large (25 dB)
» High Temp. Sensitivity

Under-threshold Laser

» Traveling Wave (TWOA)
> Reflectivity 104, 10
» BW large (40 nm)
» Gain moderate (15 dB)
» Moderate Temp. Sensitivity
» Reduced Noise

Types of SOA

Single-Pass
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Rate Equation (single pass)

bandwidth not an issue

25 JANUARY 2022

6. OPTICAL AMPLIFIERS - SOA
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SOA performance
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ERBIUM-DOPED FIBER

AMPLIFIERS
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input signal output signal
1530 - 1570 nm 1530 - 1570 nm

— erbium-doped fiber
r B

pump signal
980 or 1480 nm

Other Dopants (Rare Earth)

Thulium = 1875 nm
Praseodymium = 1300 nm

Benchtop Laboratory EDFA Ytterbium = 1000 nm
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Amplification Mechanism

Q

o PUMP BAND Erbium energy-level diagram
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Conversion Efficiency & Gain

Population Inversion

Gain g — GeN2 _GaNl — N;+N,=N y — O_e _O_a 1_& N
Parameter A A N

'

Er3* concentration f

Working Principle

Cross Section (102°m?2)
Net Cross Section (10-2°m?)
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Working Principle
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Conversion Efficiency & Gain

Gain (dB)

Net Gain g =F{06N2—0“N1}—a
Parameter 1\ 0
Confinement Losses
Gain vs EDFA length
40 40
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5mW
] B o .
20 S 20
c
4 mW -
. © i
10 0] 10
0- 3 mW
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Amplifier Length (m)
6. OPTICAL AMPLIFIERS - EDFA
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J.gn (z) dz

Amplifier’s G=¢°

Gain

Gain vs Input Power

\w
W
25 mW
10 mW
PUMP
-40 -35 -30 -25 -20 -15 -10
Input Power (dBm)
slide 28



FIBER-OPTIC COMMUNICATIONS

D

EDFA Architectures
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EDFA Architectures — pumping direction
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EDFA Architectures — pumping direction

-
. .
: 25 25 T
fd | signal 1500 nm (-20 dBm) | bidirectional
— pump 980 nm (20 dBm) —
8 S 20 S 20
E onle 0 E
o = bidirectional = co-pump
o =mm 5 15- 5 151
i g g
J 8 0. 8 0. counter-pump
< o co-pump o
B o] counter-pump » > signal 1500 nm (0 dBm)
< 1 pump 980 nm (20 dBm)
m O | | | | | | | | | 0 | | | | | | | | |
c 0 10 20 30 40 50 0 10 20 30 40 50
Ll Amplifier Length (m) Amplifier Length (m)
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EDFA Architectures — multistage
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r
\.

—>

)
)

S
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signal jaser laser signal
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 \
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input

_ pump
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 \  \
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Input Stage #1 )( Stage #2 output
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pump I
laser
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EDFA vs SOA
1 SOA EDFA
c
g " Gain > 15-20 dB * Gain - 30-40 dB
- = Bandwidth =2 40 nm = Bandwidth =2 30 nm
e = Saturation = 8-10 dBm = Saturation = 20 dBm
S ) .
Q = Noise > Moderate = Noise > Low
Q. = Polarization =2 Sensitive = Polarization =2 Indep.
E = Crosstalk = High = Crosstalk = Low
8 = Switching —> Fast = Switching = Slow
" Integrable - Yes " Integrable - No
= Cost 2 Moderate = Cost =2 High
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RAMAN AMPLIFIERS
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RAMAN AMPLIFIER
Raman Amplifier Concept

input signal output signal
any spectral range Stan d ard flb er any spectral range

— )

pump signhal
13 THz shift (100 nm)
>500 mW (27 dBm)

Main Characteristics

1. forward/backward capability

2. 13 THz frequency shift
3. 40 THz bandwidth

4. any frequency window

5. longer fiber lengths (>1Km)
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Stimulated Raman Scattering (SRS)

9 1.0 |
Q_ — | : standard fiber
.G Eog_ ! A|E,=1|J.m,28dBm
c £ ,
(X ] ﬂ N :
p - .
ol g 0.6 A i
1 >
c
&D @© 04 - i vibrational state
.2 g . E \_ ground state )
© I
— £ 021 |
Q (C I
(2 = - I
; 12.5 THz:
0.0 [ I T |l I I
0 12 24 36

Frequency Shift (THz)
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Multiple-Pump Raman Amplifiers

2 12 standard fiber
o ] A,=1.5um
& ) . 10 -
[o'a)
.E g 7
h —
c 81
Q. g |
oT0) p
-E g 0 12 pumps (15-20 dBm)
— © 1
- (a 4-
O
; 2 | | | | | | | ) |
1470 1510 1550 1590 1630 1670
Wavelength (nm)

25 JANUARY 2022 6. OPTICAL AMPLIFIERS - RAMAN slide 36




FIBER-OPTIC COMMUNICATIONS \f@te.ecom @ UNIVERSITAT POLITEGNIGA

BCN BARCELONATECH

Distributed Raman Amplification

16 standard fiber Ap = 1.5 um lower

noise

\ lower
| b 0% nonlinearities

Signal Power (dB)

_
o
]

pas}’?l/\e\‘
a tr \\\\
% Forward Pumping MNspr=~.

Raman Amplifier
Performance

N
S

20 40 60 80 100
Distance (Km)

o
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Performance Limiting Factors

1. Spontaneous Raman Scattering (noise)

2. Rayleigh Backscattering (multipath interference -
most limiting factor)

. Polarization Dependent Gain (copolarized pumping
-2 high PMD penalty)

4. Pump-Noise Transfer (exponential pump power
dependence)

Raman Amplifier
Performance
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ASE

AMPLIFIED SPONTANEOUS EMISSON
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Amplified Spontaneous Emission (ASE)

Spontaneous recombination of electron-hole pairs in the active region
is the origin of ASE noise

0 — .
pump signal
110 -
Bo
20 —
30 - ASE
-40 | | | I— | | | |
1.48 1.50 1.52 1.54 1.56

Wavelength (um)
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ASE spectrum (2 polarizations)

p= N, >1
S () =hf[G(F)—1]2p N, N,
E spontaneous emission factor
E operating
~ _ _ white
"5 bandwidth (B) S sse () = hfc[G(fc) 1] p=ct €= T
T 0 noise
Q. P =GP +S,.B
W out in ASE™0 e OSNR
w PASE
2 signal
—] @ £\ P
Bo Be
noise
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Photodetection Statistics — signal + ASE

Jl_>]

current
BE

Wide flat filter

BE<—>

Bo>> B;

ean 15 SR(GPin +S B,

Py

) dominant term

A
& B

. 1
variance o] =2qB_ R (P +P,s; )+ 2R°PS ;B + EiRZSZASEBOBE +0y,

PASE

Photocurrent
Statistics

shot noise signal-ASE ASE-ASE thermal
Sase = hf(G N 1)2'0 beat noise beat noise noise
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Noise Factor (NF)
2

Gy (i) (RGP, )’ P G
ESNR=- =~ = n'Gp hf((l}n 1)2pB = 2hfB, 21 0(G -1
Ot O _AsE Pin\ S: Q E — E TIP( _)
S ASE LQ
Quantum Limit
 Coherent light (no ASE) 26 Gain 2

* |deal photodetector (n=1,
no thermal noise)

Noise Factor

2

o,

Qo 2 ; ©

o L

Np o SNR, 2p(G-1) : Z

- SNR G 8 20 { counter-pump 6 2

- a

)

NF—22p 18 co-pump 5
NF —=52 (3dB) 16 | | | | | 4
-39 -33 -27 -21 -15 -9 -3

Ideal Population Inversion Input Power (dBm)
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SNR degradation through transmission

“ Q) > D fo..._D I TR

e A=1/G A=1/G A=1/G
O N F NF NF
= ) ;
= Signal SNR
(g0 ESNR. ~ 1 P, OSNR, = 1 P, é 10
LL. N 28, B By | T o \ \
Q ESNR, 3 OSNR, g -107 \ S
v ’ o204 VW \ \ =
o mmm < E LU A )
Z SASE = hf(G—l)NF PASE & 407 ASE‘ 10
-50 —t+—F—————+—+—+5
o 1 2 3 4 5 6 7 8
mean /=R (P + N SASEB ) Gsz_ASE Fiber Span
‘ ” - N
variance * =2gB,R (P +N-S,5B,)+2R° By NS . B, +§£R2N25A%SEBOBE +0;

dominant term
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Pre-Amplified Receiver Sensitivity

signal P
| St e AHAHE]:

( rrrrrr t
3 I = N(GP + PASEJ o’ ~ 2R’ PP, B, /B, +R°P’, B, /2B, Sy -
PS
.2 \]o ZERPASE ~ R PAzSE E/2BO )
2 0. - L1, _ KP, N
o >
q) 91 % \/2%}) ASE /B +% ASE /ZB +% ASE\/BE/ZBO
(Vg
E Pise ’ ( J P/ ZB ;t/f>47z7|/f
02 2B 2B Q=6
—> =|OSNR > O £ E %228 ,0(0+1) —> 16 dB
Q B B
U ASE 0 0 (Q — 6, p= 1)
&) , ap - JILZB - 84 photons/bit
S — L — i E skn)>2p-0| O+ | =2 =% 520-0(0+1)
P hf-Zpﬁ(-BO 2p hf 2B, B, 2B,

(n)
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