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Correspondence Address, A Raman ampli?er comprises ?rst and second stages, in 
William M Lee Jr ' Which a single pump source is used for both stages. The 
Lee Mann‘ Smi’th 'McW?liams Sweeney & pump source output is coupled to one end of the second 
ohl’son ’ ’ ’ stage and unused pump poWer is tapped from the other end 
PO BOX 2786 of the second stage. The unused pump poWer is then 
clhilcago IL 606904786 (Us) introduced into the ?rst stage. The attenuation of the pump 

’ source signal in the second stage results in a loWer poWer 

(21) APPL No. 09/846 916 pump signal being applied to the ?rst stage. The speci?c 
’ design of the ampli?er stages enables the tWo pump poWer 

(22) Filed; May 1, 2001 levels to be suitable for different ?ber types so that the 
advantages of a multi-stage ampli?er are maintained (With 

Publication Classi?cation each stage being designed taking into account the signal 
poWers in the different stages) Whilst simplifying the pump 
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l2: 
l0 

. 7k RDF ‘V _‘l 
1% m 9.5km NZDSF izq/ 

up: -} FEB-g1 Q — Q J +~on> 
t 0“ SlUmW 



Patent Application Publication Nov. 7, 2002 Sheet 1 0f 3 US 2002/0163711 A1 

mti 522 a 5%: 

E: E: 

1m.“ \ aewwaw waawwm mic 2... =2 a 3.5: 

3 Di 39 E; Q? YIJQ\ @ 11%“ @ rail/M _§.l'¢.5 

c?gdmue 53 

max .5; 

H L w . IIL 

- 14 

0. 

iii E4 f. i 



Patent Application Publication Nov. 7, 2002 Sheet 2 0f 3 US 2002/0163711 A1 

Gain (63) 
. P22 

S I I I I I I I I l I I I I I I I I I I I I I I I 

0 _ . . . . = . . . _ : . . . . : . . . . ; . . . 

I480 1490 I500 I510 " 1520 I530 
Wavclcnglh (nm) 

30 

2s ‘ ‘ ‘ l . ""8 O 
‘ A A ‘ ‘ A A A ‘ / 

J l 
20 L 

E o ‘ ° ° P . . ‘ 

:15 ‘ ' v o 0 o o . / 

a o / 

l0 - I L I n I i I I I I I l - l I I I (l/ 

5 - 

O | I ' . I . | ‘ 

I450 I455 I460 1465 I470 I475 1480 1485 1490 
Wavelength (nm) 



Patent Application Publication Nov. 7, 2002 Sheet 3 0f 3 US 2002/0163711 A1 



US 2002/0163711 A1 

RAMAN AMPLIFIER 

FIELD OF THE INVENTION 

[0001] The present invention relates to a Raman ampli?er, 
for example for use in an optical ?bre communications 
system. 

BACKGROUND TO THE INVENTION 

[0002] A Raman ampli?er is a Well knoWn ampli?er 
con?guration. This ampli?er uses conventional ?ber (rather 
than doped ?bers), Which may be co- or counter-pumped to 
provide ampli?cation over a Wavelength range Which is a 
function of the pump Wavelength. The Raman ampli?er 
relies upon forWard or backWard stimulated Raman scatter 
ing. Typically, the pump source is selected to have a Wave 
length of around 100 nm beloW the Wavelength over Which 
ampli?cation is required. 

[0003] Raman ampli?ers are increasingly being used to 
improve the overall gain characteristics of high capacity 
optical Wavelength division multiplexed (WDM) communi 
cations systems. Raman ampli?ers have the advantage that 
they do not attenuate signals outside the Wavelength range 
over Which ampli?cation takes place. HoWever, high poWer 
pump sources are required, and it may be difficult in practice 
to implement pump sources of the required pump Wave 
length and poWer. In addition, it is usual to provide a 
separate pump sources for each Wavelength required, typi 
cally in the form of separate Raman ?bre lasers or semi 
conductor pumps. 

[0004] The characteristics of practical ampli?ers have lead 
to the de?nition of three Wavelength bands: the S band (1450 
nm-1520 nm); the C band (1527 nm-1563 nm); and the L 
band (1570 nm-1603 nm). A 7 nm guard band is provided 
betWeen the bands. Raman ampli?ers are being considered 
as suitable for S-band ampli?cation, Which is outside the 
useful ampli?cation range of more convention rare-earth 
doped ampli?er designs, such as Erbium doped ampli?ers 
Which operate in the C-band. 

[0005] Multi-stage ampli?ers are also Well knoWn. Dif 
ferent ?ber characteristics for different ampli?er stages may 
desirable so that the overall gain and noise characteristics 
are optimised. For example, the signal poWer Will be greatest 
at the output end of the ampli?er, and the pump poWer Will 
vary as a function of the location at Which the pump signal 
is injected, 

[0006] Various non-linear effects are related to the poWer 
in the ?ber. As a result of poWer-dependency of the nonlinear 
effects, the peaks of the optical pulses in the signal, Where 
the optical poWer is largest, are repeatedly phase-shifted 
relative to the tails of the pulses, Where poWer is loW. These 
are Kerr-effect phase shifts. For an optical signal of a given 
poWer, the larger the effective area, the smaller the nonlinear 
phase shift. Therefore, the use of a ?ber having a large 
effective area alloWs carried poWer to be increased for a 
given level of non-linear distortion. 

[0007] Various ?ber designs exist to provide desired dis 
persion or loss characteristics. For example, dispersion 
shifted ?bers (DSF), exhibit Zero-dispersion near certain 
convenient operating Wavelengths, for example, near 1550 
nm. HoWever, these ?bers typically have moderately small 
effective area and a slightly higher attenuation than standard 
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(NDSF) ?ber. Although operation over long distances is 
possible in single channel operation, in WDM systems, 
non-linear cross talk limits the channel spacing or launch 
poWer. Another type of commercially available ?ber, knoWn 
as non-Zero dispersion shifted ?ber (NZDSF), also often has 
a small effective area and exhibits a loW to moderate 
dispersion over the transmission WindoW. Other commer 
cially available optical ?bers, such as conventional single 
mode (SMF) ?bers, have large effective areas but exhibit 
high dispersions near 1550 nm. 

[0008] For the reasons above, it may be appropriate to use 
different ?ber types at different stages of the ampli?er. 
Within an ampli?er, Where the ?ber lengths are relatively 
short, the ?bers may be selected principally in dependence 
on the effective areas, since this dictates to a large extent the 
poWer levels Which can be tolerated. This is particularly 
important in Raman ampli?ers Where high poWer pump 
signals are used. 

[0009] The need for different pumps for different Wave 
lengths and for different pump poWer requirements increases 
the costs of such an ampli?er, as large numbers of expensive 
optical components and long lengths of ?bre are needed. 
Attenuating components may be used to provide different 
pump poWer outputs from a single pump source, but this 
reduces efficiency. 

[0010] There is therefore a need for a Raman ampli?er in 
Which the pump source con?guration can be simpli?ed, 
Whilst maintaining the advantage of tailoring the pump 
requirements to different ampli?er stages. 

SUMMARY OF THE INVENTION 

[0011] According to the invention, there is provided a 
Raman ampli?er comprising at least ?rst and second stages 
With an isolator betWeen the tWo stages Which permits 
signals to be transmitted only in the direction of signal ?oW 
through the ampli?er, and further comprising at least one 
pump source, in Which: 

[0012] a ?rst coupler is provided for coupling the 
pump source output to one end of the second stage 
for pumping the second stage; 

[0013] a second coupler is provided for tapping 
unused pump poWer from the other end of the second 
stage; and 

[0014] a third coupler is provided for introducing the 
unused pump poWer into the ?rst stage. 

[0015] The arrangement of the invention enables a single 
pump source to be used for both stages. The attenuation of 
the pump source signal in the second stage results in a loWer 
poWer pump signal being applied to the ?rst stage. The 
speci?c design of the ampli?er stages enables the tWo pump 
poWer levels to be suitable for different ?ber types so that the 
advantages of a multi-stage ampli?er are maintained (With 
each stage being designed taking into account the signal 
poWers in the different stages) Whilst simplifying the pump 
source requirements. 

[0016] The one end of the second stage may comprise the 
output end so that the second stage is counter-pumped, and 
the ?rst stage may also be counter-pumped. Each stage 
preferably comprises a length of optical ?ber, the ?bers of 
the ?rst and second stages being different. In particular, the 
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?ber of the second stage may have a larger effective area 
than the ?ber of the ?rst section. In this Way, the stage of the 
ampli?er in Which higher power signals (pump and data 
signals) are present has a larger effective area. This larger 
effective area reduces the in?uence of poWer-dependent 
effects such as four Wave mixing. The smaller effective area 
?ber, Which is prone to four Wave mixing at high poWers, has 
loWer poWer signals. 

[0017] The ?ber of the ?rst stage may comprise Reverse 
Dispersion Fiber, and the ?ber of the second stage may 
comprise Non-Zero Dispersion Shifted Fiber. These provide 
suitable effective area values. 

[0018] The ampli?er may be for the 1480-1520 nm band 
(the upper part of the S-band), in Which case the pump 
source output may have a Wavelength of approximately 
1413 nm and a poWer of approximately 1.5 W. 

[0019] The ?ber of the ?rst stage may comprise Reverse 
Dispersion Fiber, and the ?ber of the second stage comprises 
Dispersion Compensated Fiber. The pump source output 
may then have a Wavelength of approximately 1365 nm. A 
second pump source may have an output With a Wavelength 
of approximately 1386 nm, and the tWo pump source outputs 
are supplied to the second stage together. This provides a 
design suitable for the band 1450-1490 nm (the loWer part 
of the S-band). The use of tWo pump sources may enable 
each to have a poWer of less than 1 W. 

[0020] The invention also provides a Wavelength division 
multiplex (WDM) optical communications system compris 
ing a transmitter for generating signal radiation of Wave 
length in an operating Wavelength range, a receiver for 
receiving for detecting the signal radiation, and an optical 
?ber link betWeen the transmitter and the receiver, Wherein 
one or more optical ampli?ers are provided in the link, at 
least one ampli?er comprising a Raman ampli?er compris 
ing at least ?rst and second stages With an isolator betWeen 
the tWo stages Which permits signals to be transmitted only 
in the direction of signal ?oW through the ampli?er, and 
further comprising at least one pump source, in Which: 

[0021] a ?rst coupler is provided for coupling the 
pump source output to the one end of the second 
stage for pumping the second stage; 

[0022] a second coupler is provided for tapping 
unused pump poWer from the other end of the second 
stage; and 

[0023] a third coupler is provided for introducing the 
unused pump poWer into the ?rst stage. 

[0024] The invention also provides a method of amplify 
ing optical signals, the method comprising supplying optical 
signals for ampli?cation to the ?rst stage of a multiple stage 
Raman ampli?er, the multiple stage Raman ampli?er com 
prising at least ?rst and second stages With an isolator 
betWeen the tWo stages Which permits signals to be trans 
mitted only in the direction of signal ?oW through the 
ampli?er, the method comprising amplifying the signal in 
the ?rst stage by providing a pump signal to the ?rst stage, 
the pump signal comprising unused pump poWer from the 
second stage, and subsequently amplifying the signal in the 
second stage. 

[0025] The characteristics of practical ampli?ers have lead 
to the de?nition of three Wavelength bands: the S band (1450 
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nm-1520 nm); the C band (1527 nm-1563 nm); and the L 
band (1570 nm-1603 nm). A 7 nm guard band is provided 
betWeen the bands. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0026] Examples of the present invention Will noW be 
described in detail With reference to the accompanying 
draWings, in Which: 

[0027] FIG. 1 shoWs one example of a Raman ampli?er 
according to the present invention; 

[0028] 
FIG. 1; 

[0029] FIG. 3 shoWs another example of a Raman ampli 
?er according to the present invention; 

[0030] FIG. 4 shoWs the gain response of the ampli?er of 
FIG. 3; and 

[0031] FIG. 5 shoWs an optical communications system 
using the ampli?er of the invention. 

FIG. 2 shoWs the gain response of the ampli?er of 

DETAILED DESCRIPTION 

[0032] Where the same reference numbers have been used 
in different draWings, they represent the same components. 

[0033] FIG. 1 shoWs a ?rst example of a Raman ampli?er 
according to the present invention. The ampli?er has ?rst 
and second stages 10, 12 With an isolator 14 betWeen the tWo 
stages. The isolator permits signals to be transmitted only in 
the direction of signal ?oW through the ampli?er, and 
thereby prevents backWard propagating ASE from the sec 
ond stage 12 passing into the ?rst section 10. 

[0034] The tWo ampli?er stages 10, 12, each comprise a 
length of ?ber, stimulated by a pump signal to provide 
Raman ampli?cation. In the example of FIG. 1, each 
ampli?er stage is counter-pumped, With the pump source 
signal being coupled to the ?ber by a respective WDM 
coupler 10a, 12a. 

[0035] In accordance With the invention, a single pump 
source is provided for pumping both stages 10, 12. The 
pump source 16 is coupled to the second ampli?er stage 12 
at the coupler 12a at the output end of the second stage 12, 
for counter-pumping the second stage 12. The unused 
residual pump poWer at the input to the second stage 12 is 
tapped off by a WDM coupler 12b, and is then supplied to 
the coupler 10a as the pump source signal for the ?rst stage 
10. Unused pump poWer from the ?rst stage 10 is tapped off 
at coupler 10b. 

[0036] In this Way, the pump poWer provided to the ?rst 
stage 10 comprises the residual pump poWer from the 
second stage 12, and is therefore a loWer intensity signal. 
The ?bers selected for the tWo stages 10, 12 are selected 
taking into account the pump poWer levels. In particular, 
various non-linear effects are poWer dependent, so that 
different ?ber designs are desirable depending upon the 
poWer levels. In particular, the ?ber of the second stage nay 
have a larger effective area than the ?ber of the ?rst section. 
In this Way, the stage of the ampli?er in Which higher poWer 
signals (pump and data signals) are present has a larger 
effective area. This larger effective area reduces the in?u 
ence of poWer-dependent effects such as four Wave mixing. 
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The smaller effective area ?ber, Which is prone to four Wave 
mixing at high powers, has loWer power signals. 

[0037] The speci?c example of FIG. 1 is intended to 
provide ampli?cation over the upper part of the S-band, for 
example for the 1480-1520 nm band. For this purpose, the 
?ber of the ?rst stage comprises 7 km of Reverse Dispersion 
Fiber having an effective area of 37.4 m2, and the ?ber of the 
second stage comprises 9.5 km of Non-Zero Dispersion 
Shifted Fiber, having an effective area of 56.2 m2. To 
provide ampli?cation over the desired range, the pump 
source output has a Wavelength of 1413 nm and a poWer of 
approximately 1.5 W. The speci?c ?bers result in the pump 
poWer introduced into the ?rst stage at the coupler 10a being 
of the order of 510 mW. 

[0038] FIG. 2 shoWs the gain response 20 of the ampli?er 
of FIG. 1 over the band 1480 nm to 1530 nm. FIG. 2 also 
shoWs the noise FIG. 22 for the ampli?er assuming 17 
channels at —10 dB/channel. 

[0039] FIG. 3 shoWs another example of a Raman ampli 
?er according to the present invention, in Which the ?ber of 
the ?rst stage 10 comprises 4 km of Reverse Dispersion 
Fiber, of effective area 37.4 m2, and the ?ber of the second 
stage 12 comprises 1.9 km of Dispersion Compensated 
Fiber, of effective area approximately 30 m2. The design of 
FIG. 3 is suitable for the loWer part of the S-band, 1450 
1490 nm. In the example of FIG. 3, tWo pump sources 17 
are used, one With an output of 1365 nm at 750 mW, and the 
other having an output of 1389 nm at 600 mW. The tWo 
pump source outputs are supplied for counter-pumping the 
second stage 12 together. The use of tWo pump sources may 
enable each to have a poWer of less than 1 W as shoWn. The 
speci?c ?bers result in the pump poWer introduced into the 
?rst stage at the coupler 10a being of the order of 430 mW 
at 1389 nm and 174 mW at 1365 nm. 

[0040] FIG. 4 shoWs the gain response 26 of the ?rst 
stage, the gain response 28 of the second stage and the 
combined gain response 30 of the ampli?er of FIG. 3 over 
the band 1450 nm to 1490 nm. 

[0041] The invention enables a ?at gain response to be 
achieved over a broad range of Wavelengths, and With a 
simpli?ed structure. In all examples of the invention, optical 
signals for ampli?cation are supplied to a ?rst stage of a 
multiple stage Raman ampli?er With ampli?cation being 
provided by a pump signal comprising unused pump poWer 
from the second stage. The signal is then ampli?ed in the 
second stage. 

[0042] The ampli?er of the invention can be used in 
Wavelength division multiplex (WDM) optical communica 
tions systems. FIG. 5 shoWs such a system, comprising a 
transmitter 40 for gen6+erating signal radiation of Wave 
length in an operating Wavelength range, a receiver 42 for 
receiving the signal radiation, and an optical ?ber link 
betWeen the transmitter and the receiver. Optical ampli?ers 
44 of the invention are provided in the link. The ampli?er of 
the invention may be used in combination With other ampli 
?ers to provide a desired gain pro?le over a range of 
Wavelengths of interest. 

[0043] The speci?c examples described above provide 
ampli?cation over different regions of the S-band. HoWever, 
the invention may be applied to other Wavelength ranges. 
The speci?c choices of ?bers in the tWo examples above are 
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also examples only, and it Will be appreciated by those 
skilled in the art that other speci?c ?bers may be selected in 
order to achieve desired gain pro?les for selected Wave 
length ranges. The ?bers Will also be selected in dependence 
on the channel density and the channel poWers. 

We claim: 
1. A Raman ampli?er comprising at least ?rst and second 

stages With an isolator betWeen the tWo stages Which permits 
signals to be transmitted only in the direction of signal ?oW 
through the ampli?er, and further comprising at least one 
pump source, in Which: 

a ?rst coupler is provided for coupling the pump source 
output to one end of the second stage for pumping the 
second stage; 

a second coupler is provided for tapping unused pump 
poWer from the other end of the second stage; and 

a third coupler is provided for introducing the unused 
pump poWer into the ?rst stage. 

2. An ampli?er as claimed in claim 1, Wherein the one end 
of the second stage comprises the output end and the other 
end comprises the input end. 

3. An ampli?er as claimed in claim 2, Wherein the third 
coupler is for introducing the unused pump poWer into the 
output end of the ?rst stage. 

4. An ampli?er as claimed in claim 1, in Which each stage 
comprises a length of optical ?ber, the ?bers of the ?rst and 
second stages being different. 

5. An ampli?er as claimed in claim 4, Wherein the ?ber of 
the second stage has a larger effective area than the ?ber of 
the ?rst section. 

6. An ampli?er as claimed in claim 5, Wherein the ?ber of 
the ?rst stage comprises Reverse Dispersion Fiber, and the 
?ber of the second stage comprises Non-Zero Dispersion 
Shifted Fiber. 

7. An ampli?er as claimed in claim 6, Wherein the pump 
source output has a Wavelength of approximately 1413 nm. 

8. An ampli?er as claimed in claim 7, Wherein the pump 
source has a poWer of approximately 1.5 W. 

9. An ampli?er as claimed in claim 5, Wherein the ?ber of 
the ?rst stage comprises Reverse Dispersion Fiber, and the 
?ber of the second stage comprises Dispersion Compensated 
Fiber. 

10. An ampli?er as claimed in claim 9, Wherein the pump 
source output has a Wavelength of approximately 1365 nm. 

11. An ampli?er as claimed in claim 10, further compris 
ing a second pump source having an output With a Wave 
length of approximately 1386 nm, and Wherein the tWo 
pump source outputs are supplied to the second stage 
together.. 

12. An ampli?er as claimed in claim 11, Wherein each 
pump source has a poWer of less than 1 W. 

13. A Wavelength division multiplex (WDM) optical 
communications system comprising a transmitter for gener 
ating signal radiation of Wavelength in an operating Wave 
length range, a receiver for receiving the signal radiation, 
and an optical ?ber link betWeen the transmitter and the 
receiver, Wherein one or more optical ampli?ers are pro 
vided in the link, at least one ampli?er comprising a Raman 
ampli?er comprising at least ?rst and second stages With an 
isolator betWeen the tWo stages Which permits signals to be 
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transmitted only in the direction of signal ?oW through the 
ampli?er, and further comprising at least one pump source, 
in Which: 

a ?rst coupler is provided for coupling the pump source 
output to the one end of the second stage for pumping 
the second stage; 

a second coupler is provided for tapping unused pump 
poWer from the other end of the second stage; and 

a third coupler is provided for introducing the unused 
pump poWer into the ?rst stage. 

14. A method of amplifying optical signals, the method 
comprising supplying optical signals for ampli?cation to the 
?rst stage of a multiple stage Raman ampli?er, the multiple 
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stage Raman ampli?er comprising at least ?rst and second 
stages With an isolator betWeen the tWo stages Which permits 
signals to be transmitted only in the direction of signal ?oW 
through the ampli?er, the method comprising amplifying the 
signal in the ?rst stage by providing a pump signal to the ?rst 
stage, the pump signal comprising unused pump poWer from 
the second stage, and subsequently amplifying the signal in 
the second stage. 

15. Amethod as claimed in claim 14, in Which each stage 
comprises a length of optical ?ber, the ?bers of the ?rst and 
second stages being different. 


