L ARTIS

<P software

GOpeimn 3.0

Hybrid Raman/Erbium-Doped Fiber Amplifiers:
a Promising Technology for Multi-Terabit Systems
Dr. Vittorio Curri

vcurri@artis-software.com

NFOEC www.artis-software.com .



Dy ium OUTLINE

» Introduction to the Raman Amplification

» Simple Model

» Rayleigh back-scattering

» Noise-Figure Definition

» Non-linear weight

» RA vs. EDFA

» Hybrid Raman/Erbium-Doped Fiber Amplifiers

MPoEc R, ARTIS




Doy i Raman Amplifier

What is a Raman Amplifier ?
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POy Niunn Raman Amplifier: simple model

Hypotheses
» Single-pump

» Co-propagating, Counter-propagating and bi-
directional pump

» Full spectral analysis
» Undepleted pump assumption

» Rayleigh back-scattering is not considered
No back-scattered components of the signal
No back-scattered components of the ASE noise
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Doy i Raman Amplifier: simple model

How does it work?
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Doy i Raman Amplifier: simple model

The Equation

Loss term Noise term

Raman gain term

PO P EalT) P @ PL T G P

\ \ Pump

Propagating

power Co-prop: (2) = . Xp{—a (L —z)}
derivative e Z) = Foure T

Counter-prop:  Poums(2) =P umoo exp{ —apz}
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Doy i

Raman Amplifier: simple model

Pout(f) =€X0 {_aS Lspan}Gon—oﬁ(f)° Pin(f)_l_SASE(f)
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Doy i Raman Amplifier: simple model

Power evolution along the fiber-span

Gra(z, f)= ig ;;=exp{j[cR(f)Ppump(é)—as(f)]dé}

The On-off Gain

( N

1—eXp [—0[ Ls an]
Gynor (T) =eXp< C(f )Ppump,o b opet

o
L p )
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Doy i Raman Amplifier: simple model

The ASE spectral density

Along the fiber-span ....

Spse(f,2)=hfCo(f)Gp,(z f)j Pouno($ )G ', F) dS

.. at the output of the fiber-span

Suse (1) =N Co ()G, o4 (2, )X - a5 Ly, ijumpc:)G €. f)d¢
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Dypruium Raman Amplifier: the gain profile

Signal frequency Pump frequency

\ Raman profile /

\ - —f) f
CR(f): (pump ) pump

" A\eff fref

Effective Area |— ] Reference frequency

1 - Silica
N """""" """"""" """""" """""" """""" """""" fibers

Er(ump) @ 1 pm [m/W-10-7]

(Lump=) [THZ]
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..'s.lll Raman Amplifier: Gain vs. Pump Power

L=100 [km], a,=0.3 [dB/km], 0;=0.2 [dB/km]
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‘.‘S'III Raman Amplifier: Rayleigh Scattering

Scattered photons inducing loss
A

fg )\

N; photons \
N, photons
) A
N_ photons \./ -
// ]

T |

» R is the capture factor
» It is the ratio of back-

Back-scattered photons
are that part of scattered

hotons propaadating in the scattered photons to all the
2 opposife cf,-rgct,-ongw,-th scattered photons. R € [0;1]

respect to the signal » It is specified in units of dB
» Typical value: -30 dB
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Raman Amplifier: Rayleigh Scattering

I:)pump(z)
oy P_(f)
dp;z(f):—053(f)P+(f)+CR(f)Ppump(Z)P+(f)+Ras(f)P_(f).|_
12" +hICL(F)P,,(2) T
dez(f):+as(f)P_(f)—CR(f)Ppump(Z)P_(f)_Ras(f)P+(f)_
_thR(f)Ppump(z)




Doy i

Rayleigh Back-Scattering:
Az

Raman Amplifier: Rayleigh Scattering

Pump photon
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..'SIII‘ Raman Amplifier: system behavior

Raman Amplifier & Rayleigh Scattering
System Behavior:

Pin() Q}D} P_(f)
Fiber Span l Ra|;1an

Pout(f):exp{_asl—}Gon—off(f)'Pin(f)_l_zpo(lﬁ(f)+S£\%)E(f)+ZSXS)E(f)"

Multiple scattered signal Multiple scattered noise
components components
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Doy i Raman Amplifier: scattered noise

Importance of considering Rayleigh Scattering

IEEE PHOTONICS TECHNOLCOGY LETTERS, VOL. 10, NO. 1, JANUARY 1998 139

Rayleigh Scattering Limitations in
Distributed Raman Pre-Amplifiers

P. B. Hansen, L. Eskildsen, A. J. Stentz, T. A. Strasser, J. Judkins, J. J. DeMarco,
R. Pedrazzani, and D. J. DiGiovanni

HEEE:
15 1 |I r!-{]4§'j nm) 1].‘.".2{_, dBkm
- i 'I ;(]—HI)“'T.}; 0,175 dBkm —‘
Sl 0 W N - N N
= | oo w—\ A high-power 1453-nm pump source is capable of launching
in 13 - 4 b ¥ " 5
2 { / up to 1.1 W backward in the transmission fiber via a wave-
2 12 . . . . . .
N \\L' length selective coupler. The optical SME including Rayleigh
e | scattering of ASE and signal, was measured in a bandwidth of
[ | g g
B A 0.2 nm at the output of the Raman pre-amplifier. The SNE is
| DSE shown as a function of the launched pump power for SCF
5 ] ol 1453 am) - 0.273 dB/km . . . . .
:1"__|I G135 5300 B and DSF in Fig. 2(a) and (b). respectively. Notice that an
=t Co = 7310 Wom optical spectrum analyzer, which is used for this measurement,
z 13 \. \ does not distinguish between signal and its double reflected
20 '\K / \ component. Local maximums of the optical 5NR are measured
JRLE Fe A to be =13.6 dB (13.6 dB measured at the maximum pump
10 ] power of 1100 mW) for the SCF and 12.6 dB at 550 mW
00 02 04 06 0F 10 12 14 16 i -
Pump power [W] fﬂl th’E-' DhF.

Fig. 2. Measured (solid circles) and caleulated (solid lines) optical SNR in
a (. 2-nm bandwidth against pump power at a wavelength of 1453 nm for (a)
SCF and (b} DSF, Fiber parameters for the numerical simulation are shown
as inserts.
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POy Niunn Raman Amplifier: the advanced model

Hansen et al. showed that only 2 components derived from
Rayleigh scattering have a strong impact on the system

performance.
| Compiied signal™
I:)OUt(f) e eXp{-O[S L}Gon—off (f) Pm(f) -

+S,&%’E(f)\
HSO (f)+S@.(f) (Forward Noise )

SE

N

\ Single- and Double-Scattere
noise components
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i Raman Amplifier: implemented features

» Single co- and counter-propagating pump

» Realistic shape (e.g. user-defined) for the Raman
profile: no Lorentzian fitting

» ASE noise with frequency dependent shape

» Rayleigh back-scattering of noise: single- and
double-scattered noise components are fully
considered

» Inclusion of Raman amplification during SPT
simulation for fast system optimization

» Raman amplification is simulated step-by-step to
fully take into account the effect of distributed signal
growth
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..‘S..n Importance of back-scattering: example

— = Run definition =
ppump_mhl
. b7 Run 1 100
.................................................................................................... e 2 | 300
.._1:.1.JNR:E._.T1-+_E1,;|-,..5....5....E.b...5....E.b...g....5....E.b...5....5....5....5....E.b...:....5....5....5.h...5.. Run 3 § 400
: - : : : SLEAs SLALN : AL 2o Fiterd — : : : b3 Run 4 | 500
: : e : Al e mre— L g Al : :
: [ - : : : A =2 : : : | : : : Run & || 600
P 1L ehlg Ty 1T % PR PR b Run & | 700
: : : : : : : : : : : : : : : Lba : : com 7 1500
Run & | 900
Fun 9 | 1100
Run 10 | 1300
Run 11 | 1500
o ——————— Simulation variables = w0 12 | 1700
Wariables defined Run 13 Jf 1900
- Used Mame Value rur 14 I 2000
| ]
» Fiber: SMF or DS ol 8
o] Im -
- = Ok, | Import...

» Receiver: sensitivity = -30 dBm
» Rayleigh Scattering: R = -30 dB
» Laser source power: -23 dBm |

» Raman pump direction: counter-prop _|_|

» Raman pump power: 0.1 to 2 W o Pl s

Ok | Cancel Help

» Distance: 50 km : “

Variahle name Default value |;
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l OPpuNinm

SMF: Q vs. pump power

Rayleigh Scattering
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l OPpuNinm

DS: Q vs. pump power

Rayleigh Scattering
Not Included
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wnl Noise-Figure: definition

Desurvire’s'”’ definition

Pln(f) \ Pout(f):G(f)F)in(f)+Snoise(f)

-

NF(f) = 22 Snoel 1) _L+2n,(H)[e(f)-1]

G(f) G(f)

(MEmmanuel Desurvire, Erbium-Doped Fiber
Amlifiers, Principles and applications, Wiley-
Interscience, New York, 1994,
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POy Niunn Raman Amplifier: Noise-Figure

Following the Desurvire’s
definition for RA

v

- 1 Spse(T)
NF(f)—eXp{_aSL}Gonoff(f)(l_l_z hf J

It is a rigorous definition, but it does not allow a
direct comparison with EDFA’s, because it also
includes the fiber loss
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Doy i Raman Amplifier: noise figure

Equivalent-EDFA definition

055» Spontaneous Emission Factor

Fiber Span )i ;;man nsp,RA( f ): ) SASE ( f ) -

pump hflG,, . ()1
Noise-Figure
Sise(®
)D_é_)‘ NFRA(f):1+2nspRA [Gon off )_1]z
Fiber Span Gon—off (f )
011-01"{(0 ~ 2nsp,RA
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EDFA vs. RA

TX

Tx

span

V)

)i Raman

Pump

NROEE

EDFA

Gon—off — GEDFA — eXp {+ aS Lspan}
0< Ly, <250 km

EDFA _ pRA
PTX — PTX

NF.,., =3 dB

SNR,,

— SNREDFA — NFEDFA — NFRA
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"‘s..n EDFA vs. RA

o3 B A ___________________________ é"R:—SOdB

|R=-33dB

(1 =% 18 156 cHE ragwys]

Span Length [km]
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EDFA vs. RA: an example

» Fiber: DS

» Distance: 50 to 180 km

» Receiver: sensitivity = -30 dBm
» Rayleigh Scattering: R = -30 dB
» Laser-source power: -7 dBm

» Pump direction: counter-prop.

» G,.oif = Gepra = fiber loss

NFOEC g ARTIS
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N EDFA vs. RA: an example
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fE—— [dB] vs. L.,., [km]
b — [ ] =]
: H =] —
U OOPPOIE TP NTOTY PO SYTRES 4 span HE®
RA : Folder Chart Edit Curve Text Graph  Printer_Setup Help
-12.5 | : s 0 Estimator at biddd Runisd; 1
160 km | o
-15 B L O PO PP : .
TS
~21.5 dB
=4 [ ]
1 T e A N I [ PPN
22,5 ]
25 | i
275 .
: 3 P P NP I A ST
-0 B . = =)
A 4 B B
eccccdecee edeceecececscccos 0 ) sfcecdececes = =
3.5 L L L L L © °
162,70001 192.8 192,30001 193 19310001 193,20001 193.3 5 5
Frequency  [THz) = -
S E
- T b YA J DN N T
7 -n OpLG Ol <Z> =
Folder Chart Edit Cuve Text Craph Printer Setup Help
Optical pouer spectrum
o . : Teesdeisessssssdsseeeeesdsseeesrssgescheccce
A
=1 EDFA -
15
“l 160 km |
~158dB ||
H u &0 a0 100 120 140 160 180
b Lzpan
21.5-15.8=5.7dB
-2 A 4 i
ecocccdeccesd WMMW'\"""""" d. t d
, ‘ ‘ ‘ ‘ as predicte
132, 70001 192,8 192,90001 193 193,10001 193,20001 193,3
Frequency [THz]

NFOEC ARTIS

Naticnal Fiber Optic Enginsers Conferance -1 . softw rre 28
» O vV &




OplSim Non-Linear Impact

A
P(2) (((O II:>_ P@) | @ .
Lspar EDEA Lspan k Raman
Pump
I:)in
\ } Cera }Gon-oﬁ

Z Z

EDFA- and RA-based system have a different power distribution along
the fiber-span. With the same P, /P, behavior RA-based

systems have an higher effective power-level

oS

In RA-based systems a lower power-level must be used
to have a comparable effect of non-linearities
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Siuan Non-Linear Impact: an example
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..'s.lll Non-Linear Weight

Non-linear Liink
weight ‘ Ky =7 jP(z)dz [rad]

definition 0

It is the overall non-linear phase-shift the signal
experiences along the system

Lspan
K™ =y L2 B, =y B, [epl-a,zjdz~?
0

I—span

K& =7 Py [ {-a2}Gy(2)dz=7 P, Li > KE™
0
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Non-Linear Weight

7/ P EDFA I—Ef?FA 7/ P RA L

N

LEDFA
PRA _ PEDFA eff
A _ P T
eff
PEDFA
>NReors = ne ™ (G -1)hfB,
.RA -EDFA LEDFA EDFA EDFA
SNRg, = — i =— i S — = SNRpy — —
NG -DhfB, nX(G-DhfB, L n L
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Doy i Effective noise-figure for RA

In RA-based systems trans itted power must be
reduced of the factor /i==to have the same
non-linear impact, therefore, to allow a direct

comparison with EDFA’s an effective spontaneous

emission factor can be defined

RA_RA Lo o nRA Effective spontaneous
Piefl TSP EDRA T emission factor
RA
Effective I NE £)~ 2 Lo _SASE(f) )
NOi : ” RA,eff( )"’ EDFA
oise-Figure L hf[Gon_oﬁ(f)—lj
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Effective noise-figure for RA
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@ptSiima Hybrid Raman/Erbium-Doped Fiber Amplifier

The analyzed set-up

WDM o XNepn - [wDM
TX Z:abae; In-Line R x
. EDFA ; .

Booster | %
EDFA Add Drop
A Raman pump
P
~
/ _JFTF
Pin }GEDFA
Gon—off {
——————————————————— ——Z)
Lspan
NFOEC & ARTIS
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@ptSiima Hybrid Raman/Erbium-Doped Fiber Amplifier

Transparency —
condition ” e {_ @s LSpan}Gon—offTFGEDFA =1

on—off

K ain
GdB :ﬁlologl(ﬁ

gain
0% oo

EDFA HFA RA
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@ptSiima Hybrid Raman/Erbium-Doped Fiber Amplifier

Signal-To-Noise Ratio at the output of

the system
EXD { —a Lror }
P NS an
SNR =—". :
hfB  EDFA
n RA eq
Nspan[neq " C-:'on—off ]
r'lsp (G o 1)
neq = G +—1 Equivalent Spontaneous Emission Factor
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@ptSiima Hybrid Raman/Erbium-Doped Fiber Amplifier

The non-linear weight

K
is set and the launched ‘ P"\| — NL
power is fixed 4 |_eff N

span

exp{_as I_TOT }
K NS an
SNR = —N-_. p

yhfB , oA |1§FFA
NspanLeff ( r]eq +

on—off
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Doy i HFA: optimization

1 SNR fixed
Given a required SNR value, the system is optimized
in order to minimized the non-linear weight K,,
versus the number of spans N,,,
2 K,, fixed
given a non-linear weight K,;, the SNR is maximized
versus the number of spans N,,,
3 Ng,., fixed
given the distance between the stations (Lg,,, =
L1o1/Nspan), the system is optimized to maximize the
SNR for each K,

NFOEC L ARTIS .
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mlll Optimization process

» Required BER = BER,, ., Minimum SNR = SNR,;,
» Fix Margin EEEM) SNR = SNR,,, +Margin
» Evaluate the optimal configuration with a given K,

» Simulate the configuration

» BER > BER, ., ‘ Non-Linear impact is too strong,
start again the procedure with a smaller K,, or with a
modulation format less sensitive to the non-
linearities

» BER < BER,,,, HEE OK!

NFOEC & ARTIS 20




Doy i HFA: Use Case

| Medium-Haul DWDM System |

e Total length: L, =1500 km
e Number of channels: 32 -
e Channel spacing: 50 GHz KNL Fixed: SNR vs. Nspan
e Signal loss: o = 0.2 dB/km @ 1550 nm 28 — — 0 3¢
e Pump loss: o = 0.3 dB/km @ 1450 nm e : TS P
* D =5.7 ps/nm/km o VAN T+ et |0
e D’ = 0.037 ps/nm2/km fl’ B4 PN o """"" """"""" """" 7 8 ff
e 100% dispersion compensation = =
e Ideal Gain Flattening Filter p <
e Passive components loss: 7T = 10 dB S =
=) )
nit | Knl=02 | Knl=02 | Knl=05 | Knl=05 || 3, =)
EDFA30% | EDFA100% | EDFA30% | EDFA 100% | | £ =
Negin 11 19 9 3 |2 [ A N N e >
Lson | [km] | 136364 78,947 166.667 115.385 P (RAMANE 10096 ) <
Por | [dBm] 3606 5.308 1,503 0224 Y] R N S R T N S 14
Poump [dBm] 2877 ) 2898 ) 8 1l 1e 4N 16 183 280 22 24
Gern | [dB] 112 258 13 331 span
Gravan | [dB] 26.1 - 303
NFOEC & ARTIS
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wn‘ Simulation: optsim layout
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l Dypruium

Simulation: Q values

18.2dB | Ky =0.2 - EDFA 100%

KNL=O'2 = EDFA 300/0

19.000 /
’74\
17.000

15.000

Channel number

Q [dB]
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Doy i HFA: Use Case (NO lumped loss)
Ky, Fixed: SNR vs. N,,,, — 3000 km

— RS =5
30 b T — ++ ..................... - ErE .....................

0.2
—

SNR [dB] with Ky,

SNR [dB] with K., =0.5

o f
[RAMAN: 100%

optimum }15 20 o5 30 35 40

The

| | EDFA: 100%

changes Nepan
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mln Non-considered hot issues

» Saturation

e It occurs when the transfer of pump-power is so
strong to deplete the pump-power itself. This
phenomenon is more important in forward-pumped RA

» Multi-pump Raman Amplifier

e If the RA bandwidth wants to be enlarged a multi-
pump configuration must be used.
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"ID'S'III Coming Soon in the simulator

» Multi-pump Raman amplifier

» Pump definition:
e Frequency and power for each pump
e ASCII file containing the measured power spectrum of
the pumps
» Saturation characteristics and interactions between
pumps

» Interference caused by the single- and double-
scattered signal components
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