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TIME-DIVISION MULTIPLEXED PUMP WAVELENGTHS RESULTING IN
ULTRA BROAD BAND, FLAT, BACKWARD PUMPED RAMAN GAIN

Abstract of the Disclosure
A method and apparatus for producing a flat gain over very broad gain bands
utilizing backward-pumped Raman amplification. The method allows for dynamic

gain control through simple electronic means.
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TIME-DIVISION MULTIPLEXED PUMP WAVELENGTHS RESULTING IN
ULTRA BROAD BAND, FLAT, BACKWARD PUMPED RAMAN GAIN

Field of the Invention

This invention relates generally to the field of optical communications and 1n

particular to a method and apparatus for producing a flat Raman gain over very long
bands.

Background of the Invention
Early proposals for all-optical transmission (see, e.g, A. Hasegawa,

"Numerical study of optical soliton transmission amplified periodically by the
stimulated Raman process," Appl. Opt., 23,1095 (1984), L. F. Mollenauer, J. P.
Gordon, and M. N. Islam, "Soliton propagation in long fibers with periodically
compensated loss," IEEE J. Quantum Electronics QE-22, 157 (1986)) were based on
the use of gain from the Raman effect to turn spans of transmission fiber into their
own amplifiers. The scheme afforded many fundamental advantages, and indeed, 1t
was used successfully for the first demonstration of an all-optical, long-distance
transmission and subsequently reported by L. F. Mollenauer and K. Smith, in an
article entitled "Demonstration of soliton transmission over more than 4000 km 1n
fiber with loss periodically compensated by Raman gain," which appeared i Opt.
Lett. 13, 675 (1988).

Nevertheless, with the advent of the erbium fiber amplifier in the late 1980's,
Raman amplification temporarily fell out of vogue, largely due to the pump powers
required. That is, within the context of single-channel transmission, where the signal
powers are rarely more than one or two milliwatts, the several hundreds of milliwatts
threshold power required for net positive Raman gain seemed excessive and, at the
time, impractical. With the recent ascendance of dense WDM (where net signal
levels can easily reach one hundred mW or more), and with the simultaneous
commercial availability of several-hundred mW output semiconductor pump lasers,

however, opinion has changed. Now Raman gain is highly prized for its ability to
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overcome noise/non-linear penalties, and for the fact that the position and extent of
the gain band depend only on the available pump wavelengths. Another extremely
important advantage of Raman amplification for dense WDM lies in the fact that, in
stark contrast to erbium amplifiers, the shape of the Raman gain band is essentially
independent of pump and signal levels.

As a result of its importance to optical transmission systems, methods and
apparatus which facilitate the production and utilization of Raman gain are desired

and a continuous avenue for exploration.

Summary of the Invention
We have developed a method and apparatus for producing a flat gain over

very broad gain bands utilizing backward-pumped Raman amplification. The method
allows for dynamic gain control through simple electronic means.

The method involves the time division multiplexing of combined pump
wavelengths to attain broad Raman gain bands. Originally conceived as a way to
prevent the various pump wavelengths from interacting with each other, our method
has proven to have several other very great and important advantages, especially in a
preferred, frequency-swept embodiment.

Specifically, our frequency-swept method produces extremely flat gain
(variation less than 0.05%) across gain bands at least 8 THz wide while allowing for a
wide variation of adjustment in the shape of the gain band, as might be required to
overcome various system defects. Advantageously, all of these conditions may be
established and altered within microseconds, utilizing known, simple, all-electronic
control.

In accordance with one aspect of the present invention there is provided a
method of pumping an optical system including a plurality of Raman pumps
CHARACTERIZED BY time-division multiplexing of Raman pump wavelengths
into the optical system.

In accordance with another aspect of the present invention there is provided an
optical system comprising: an optical path; means for generating a plurality of optical

Raman pump signals; means for coupling the plurality of optical Raman pump signals
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into the optical path, CHARACTERIZED IN THAT the plurality of optical Raman

pump signals are time-division multiplexed.

Brief Description of the Drawings

Fig. 1 1s a schematic drawing illustrating the Raman effect and a graph
depicting the Raman gain;
Fig. 2 1s a graph showing the Raman gain for dispersion shifted optical fiber;

Fig. 3 1s a graph showing pump wavelength vs. distance for a Raman pump;
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Fig. 4 is a schematic drawing depicting a number of pump wavelengths
optically multiplexed together according to the present invention;

Fig. 5 is a graph showing Raman gain (dB) vs. wavelength;

Fig. 6 is a schematic drawing illustrating an alternative arrangement of the
present invention,

Fig. 7 is a graph showing the >8 THz wide flat gain band (from about 1530 to
1595 nm);

Fig. 8 is a graph showing an expanded view of the flat gain region of Fig. 7,

Fig. 9 is a graph showing a periodic variation in the pump frequencies
suitable to yield the weighting function shown 1n Fig. 7;

Fig. 10 is a graph showing an exemplary swept frequency gain spectrum
according to the present invention; and

Fig. 11 is a graph showing Raman gain vs. Frequency for a reduced gain

bandwidth according to the present invention.

Detailed Description of the Invention
By way of background and with reference to Fig. 1, there 1s shown In

schematic form a diagram depicting the Raman effect. Briefly, and with reference to
that Fig, the Raman effect in silica-glass fibers begins with a pump-induced
transition from a ground state 101 to a virtual state 102, followed by an emisston 103
from that virtual state 102, where the emission terminates on an excited state 104 of
the lattice. Emission of an optical phonon 105 (which typically takes place within a
few femtoseconds) then completes return to the ground state 101.

The optical transitions are really highly non-resonant ones to the excited
electronic levels, which in silica glass, lie some 5-6 eV above the ground state.
Hence, the optical transitions get their strength primarily from the matrix elements of
the very strong, allowed transition to the first electronic state.

Because of the extremely fast relaxation, the population of the terminal state
of the optical emission tends to be determined by equilibrium with the surrounding

phonon bath, and hence is almost independent of the rates of optical pumping and
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emission. This fact is the source of the independence, cited above, of the shape of
the Raman gain band from the optical pumping dynamics.

It is important to note that the Raman response, as just described, 1s
essentially "instantaneous”, and hence tends to create a serious problem with
dependence of the gain on signal pattern in forward pumping (pump and signal
traveling in the same direction). Nevertheless, the long effective path for interaction
between pump and signal obtained with backward Raman pumping (approximately
equal to twice the characteristic fiber loss length), typically corresponds to effective
integration times of several hundreds of microseconds. This is as long or longer than
the integration times of erbium amplifiers operated at high pump and signal power
levels, and is more than long enough to eliminate the problem of pattern dependence,
even with the time-division multiplexing scheme presented here and in accordance
with the present invention.

The Raman effect is greatest when the pump and signal are co-polarized, and
is nearly zero when they are orthogonally polarized (see insert to Fig.1. There are
essentially two ways in which this polarization dependence 1s overcome: first, by
making the pump itself unpolarized, and second, by using only backward Raman
pumping.

In the latter, in response to the usual fiber birefringence, the Stokes vectors
representing the (opposite-traveling) pump and signal rotate around the Poincare
sphere in opposite directions, thus thoroughly averaging the relative polarization
states of pump and signal on a path-average basis. Either method tends to be fairly
effective all by itself, but when used together, any measurable polarization
dependence of the Raman gain tends to disappear altogether.

The pump and signal photons interact with each other according to the

following pair of coupled equations:

o, (R |
p. _( as+Aeﬁ Pp}dz (la)

L mAs AR ALt A A sl Al 2 i b B A hedhad i ated b A Lo ls s LAl sl T s s masnt . 224k obe 2eBmes AINC & al <&t W ke ] A ML At Al 3 o 44 Sl e L b A MM A S s a4 1L oaba b sy R AR B B ORI ALRAISRINS ARG, “air 2 ATV S 1T D THHIEF I S DA TTIN Xt A 0 I N Tty AR Pty et BRI B B ikt =

O R L REE SRR Tt L B L L o el i



10

15

20

25

CA 02339756 2001-03-02

Grant 1-15-47 5

il s

R
%--:(—aﬁ fi}ck (1b)
Py Aeﬁ

|

where o, and P, are the fiber loss coefficient and power, respectively, at the pump

wavelength, and o and P, are the corresponding quantities at the signal wavelength,

Ao is the fiber effective core area, and R the Raman gain factor. At the peak of the
Raman gain band, for copolarized pump and signal in pure silica fiber, R=68 km™
/W/( um)*, while for an unpolarized pump, it has roughly half that value. Finally, R
increases significantly with increasing Ge content of the fiber.

Although the exact shape of the Raman gain band depends somewhat on the
glass composition, nevertheless, the examples shown in Fig. 1, for nearly pure silica
glass, and in Fig. 2, for dispersion shifted fiber, are Eypical, the shape 1s always
highly asymmetrical, with an almost linear slope to zero frequency difterence, and
with a much steeper descent on the high frequency side of the peak. In the use of
multiplexed pump frequencies (or wavelengths) to achieve a broader flat gain band,
as we shall illustrate soon, the asymmetry of the Raman response tends to dictate a
rather odd, highly non-uniform distribution of relative powers of the various pump
wavelengths. The required distribution, however, no matter how complicated, 1s
particularly easy and economical to achieve with the technique to be described here.

We originally conceived an aspect of the present invention as a way to

overcome a fundamental problem that otherwise tends to accompany the use of

multiple pump wavelengths, viz., the very strong and harmful interaction that can
obtain among them via the Raman effect itself. Consider, for the simplest example,
the interaction between just two pump wavelengths, which interaction can be
computed from the coupled Eqns(l) by treating the longer of the two pump
wavelengths as the signal.

As illustrated in Fig.3 and with reference now to that Fig., as the pump
wavelengths travel down the fiber together, energy is rather quickly transferred from
the shorter to the longer wavelength. Therefore, on a path-average basis, the

distribution of relative powers between the two pumps is much different from the
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initial (and presumably intended) one. Furthermore, since it is important that the
Raman gain be as uniformly distributed throughout the fiber span as the linear fiber
loss will allow, "pre-emphasizing" the shorter wavelength power is not a satistactory
solution either. We note, however, the .two pump wavelengths can travel down the
5  fiber at separate times, and thus avoid interaction. As long as the rate at which the
power is dithered back and forth between the wavelengths 1s fast enough relative to
the effective integration time, the accumulated signal gain will remain time (and
hence pattern) independent. Since, as already noted, the integration time with
backward Raman pumping tends to be of order several hundreds of microseconds,

10 the required frequency of dithering need be no greater than about one, or at the very
most, a few MHz. For that frequency range, the required electronic drive of the
lasers 1s simple, cheap, and easily constructed.

There are two basic versions of the time-division multiplexing scheme which
is the subject of the present invention. In the first, shown schematically 1n Fig. 4, a

15 number of fixed-wavelength lasers 401(1)...401(N) are optically multiplexed
together, but made to operate at separate times through the use of appropnately
pulsed drive currents effected by voltage controlled gates 402(1)...402(N),
respectively. Although conceptually simple, this version is of limited resolution for
the attainment of flat gain (see Fig. 5), and the requirement for multiple lasers and

20  multiplexers is awkward, expensive, and would tend to consume a lot of space. As 1s
depicted in Fig. 4, optical signals 410 traversing optical system 425 includes
combined counter propagating Raman pump signal 420 produced by combining the
output pumps of lasers 401(1)...401(N) which are coupled into the optical system
425 by couplers 426(1)...426(N), respectively.

25 With reference now to Fig. 6, there is shown an alternative embodiment of
the present invention. Specifically, optical signals 610 traversing optical system 625
include counter propagating Raman pump signal 620 coupled into the optical system
625 by coupler 626. Raman pump signal 620 i1s advantageously generated by a
single laser 601(1) or, alternatively two 601(N) the output of which are polarization
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multiplexed together by polarization combiner 630. Furthermore, and in accordance
with an aspect of the present invention, the pump laser(s) are effected with steady
(d.c.) current drive, but whose wavelength is continuously and periodically scanned
through the action and effect of programmable electronic function generator 650.
Advantageously, the programmable function produced by the programmable
electronic function generator may be varied in a desired manner to obtain the desired
flat gain band. This version (which for convenience, we shall henceforth refer to as
the "swept-wavelength" or "swept-frequency"” scheme), has the two great advantages
of simplicity (and hence economy) on the one hand, and of resolution limited only by
the bandwidth of the wavelength-scanning drive electronics on the other. Since that
bandwidth could easily be in the range of many tens, or even hundreds of MHz,
while still accomplished with inexpensive electronics, the resolution could always be
much better than with the first version. It should also be noted that the rapid
frequency scanning would tend to obviate the need for other forms of frequency
broadening of the laser to avoid Brillouin back scattering of the pump.

Finally, it should be noted that for either scheme, both the extent and the
shape of the Raman gain band can be easily and very quickly controlled through
simple adjustment of the pertinent electronic waveforms. This simplicity, low cost
and speed of gain shape adjustment should be compared with the high cost,
complexity, lower speed, and optical insertion loss associated with purely optical
gain equalizers.

For our swept-frequency method, we have developed an efficient algorithm
to determine that weighting function for a given band of Raman pump frequencies
that will yield the flattest and widest possible gain band. The algonthm uses the
experimentally measured gain spectrum for a single pump frequency (such as that
shown in Fig. 2). It begins with assumption of the desired flat portion of the desired
gain spectrum and an educated guess as to the corresponding  skirts; the
corresponding weighting function is then found by Fourier transformation of the

defining equation. This solution is then improved through iteration, where the
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calculated pump weighting is used to predict better values for the Raman gain
spectrum. Although as many as 50 to 100 iterations are often required, the entire
process usually takes less than one minute on a fast PC.

With simultaneous reference now to Figs. 7 and 8, there 1s shown but one
example of the sort of results that can be obtained using that algorithm. More
specifically, Fig. 7 shows the >8 THz wide flat gain band (from about 1530 to 1595
nm), along with the required weighting function for the pump wavelengths, as they
are swept between the limits of about 1515 to 1410 nm. (Note that this gain band 1s
essentially as wide as the combined "C" and "L" bands of the much more complex
and cumbersome erbium fiber amplifiers. Note further that the band represents
enough space for 3.2 Tbit/s of transmission capacity at a spectral efficiency of 0.4.)

Fig. 8 is an expanded view of the flat gain region, and shows that the gain
ripple can be held to less than 0.01 dB (again, out of a nominal 20 dB), or to less
than 0.05% variation across the band. We have also determined that reduction in the

pump sweep from the 105 nm (15 THz) range cited above to 84 nm (12 THz), the

gain ripple is still quite small (<0.02 dB) across the 8 THz band; this may be-

important for realization with a practical laser.

Fig. 9 shows the required periodic variation in the pump frequencies to yield
the weighting function shown in Fig. 7. Under the assumption that the pump laser's
output frequency will be more or less linearly related to the voltage or current used to
tune it, the drive electronics need have a bandwidth no greater than about 100 times
the fundamental drive frequency to reproduce the results of Figs.7 and 8 accurately.
Thus, in this example, where the assumed fundamental drive frequency 1s 1 MHz,
the electronic bandwidth need be no more than about 100 MHz, a requirement that is
very eastly met.

It should also be understood that the shape of the gain band 1s not restricted to
the dead flat curve of Fig.8. The swept-frequency method allows for other simple
shapes as well, such as the linear slope shown in Fig. 10, which might be needed to

compensate for the Raman interaction among the various channels in dense WDM.
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(The longer wavelength channels experience gain from interaction with the shorter
wavelength channels.) In principle, just about any shape of gain band 1s possible, as
long as it can be represented by a smooth and not too rapidly varying function.

Use of the swept-frequency technique significantly increases the required
laser power over that required for narrow-band gain with a fixed frequency pump. In
the case of Fig. 7, for example, that factor is 1.87. To give a feeling for the absolute
pump powers required, consider an 80 km span of dispersion shifted fiber (with
effective core area of about 50 um’, where about 75%, or 12.5 dB of its 16.8 dB span
loss is to be compensated by backward-pumped Raman gain. (To compensate more
than that fraction can cause problems from Rayleigh double-back scattering of the
signals themselves.) In that case, and with negligible levels of signal power, 285 mW
of pump power is required for the narrow-band gain, but to produce the 8 THz tlat
gain band cited here, that power rises to 533 mW. When significant signal powers
are involved (as is the case in dense WDM), the pump power must be increased
further by an amount somewhat greater than the total signal power itself.

We also note that for some applications, where the full 8 THz bandwidth of
the previous example may not be required, a reduced gain bandwidth allows for a
corresponding reduction in the required frequency sweep and power output of the
pump laser. Fig. 11 shows an example of this reduction, to a 5 THz gain bandwidth
which requires only a 10 THz frequency sweep of the pump lasers, and a laser power
factor of only 1.56.

Perhaps the best way to meet the combined requirements for high output
power (typically 0.5 W or greater coupled into fiber) and for fast, wide (80 nm or
more) frequency tuning of the pump laser, is to use the combination of a widely
tunable, lower-power (semiconductor) laser of proven design, followed by a
(semiconductor) traveling wave amplifier. An excellent candidate for the tunable
laser is the "tunable vertical-coupler filtered laser” or VCFL, as described by I. Kim
et al., in an article entitled “Broadly tunable vertical-coupler filtered tensile-strained

InFaAs/InGaAsP multiple quantum well laser,” which appeared in Appl. Phys. Lett.,
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Vol 64, pp. 2764 (1994). The tuning of this device is based on the fact that a
relatively small change in index of the semiconductor (produced by a control
current) can easily vary the phase matching wavelength of a long period grating over
a large range, viz., 80 nm or more. The long period grating is used to couple the
back facet of the laser to a broad-band mirror, so that significant feedback takes
place only at the phase matching wavelength. Another possibility might be to use a
piece of LiNbQO; or other suitable electro-optic crystal to make a broadly tunable
Lyot filter to be inserted into the feedback loop of the laser. '

Various additional modifications of this invention will occur to those skilled
in the art. Nevertheless, all deviations from the specific teachings of this
specification that basically rely upon the principles and their equivalents through
which the art has been advanced are properly considered within the scope ot the
invention as described and claimed.

For example, should it prove difficult to realize a pump laser which can
maintain high power output while its frequency is swept over a very wide band (say,
30 nm or more), the problem could be relieved by combining the techniques of Figs.
4 and 6. In particular, notice from Figs. 7 and 11 that the pump weighting
distributions tend to divide into two fairly well separated bands, viz., a narrower,
higher density band covering the lower frequency range, and a broader, lower
density band covering the higher pump frequencies. Thus, a pair of swept frequency
lasers, each designed specifically for one or the other of these two more restricted
frequency ranges, and multiplexed together with a WDM coupler having a sharp
transition in the region of the frequency gap, could alternate appropnately in time to

provide the equivalent of the overall swept frequency distribution.
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CLAIMS:

1.

A method of pumping an optical system including a plurality of Raman pumps
CHARACTERIZED BY

time-division multiplexing of Raman pump wavelengths into the optical

system.

The method according to claim 1 wherein said Raman pump wavelengths

comprise a finite set of discrete wavelengths.

The method according to claim 1 wherein the plurality of Raman pumps produce

pump signals of varying wavelengths.

The method according to claim 1 wherein said Raman pump wavelengths

traverse the optical system in a same direction as an optical signal traversing the

optical system.

The method according to claim 1 wherein said Raman pump wavelengths
traverse the optical system in a counter-propagating direction an optical signal

traversing the optical system.

The method according to claim 1 wherein selected Raman pump wavelengths
comprise a finite set of discrete wavelengths and other selected pump

wavelengths are varying.

In an optical system comprising:

an optical path;

a plurality of couplers in optical communication with the path;

a plurality of Raman pumps, optically connected to the optical couplers;
a method of pumping the optical system CHARACTERIZED IN THAT: Raman
pump wavelengths output by the Raman pumps are time division multiplexed

into the optical system.

The method according to claim 7 wherein said Raman pump wavelengths

comprise a finite set of discrete wavelengths.
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9. The method according to claim 7 wherein said Raman pump wavelengths are
varying.

10. The method according to claim 7 wherein the Raman pump wavelengths are
coupled into the optical system such that they traverse the optical system in a
5 same direction as optical signals traversing the optical path.
11. The method according to claim 7 wherein the Raman pump wavelengths are
coupled into the optical system such that they traverse the optical system In a

counter-propagating direction as optical signals traversing the optical path.

12. The method according to claim 7 wherein selected ones of Raman pump
10 wavelengths comprise a finite set of discrete wavelengths and other selected

pump wavelengths are varying.

13. An optical system comprising:
an optical path,
means for generating a plurality optical Raman pump signals;
15 means for coupling the plurality of optical Raman pump signals 1nto the
optical path,
CHARACTERIZED IN THAT:

the plurality of optical Raman pump signals are time-division multiplexed.

14. The system of claim 13 wherein the optical Raman pump signals comprise a

20 finite set of discrete wavelengths.

15. The system of claim 13 wherein the optical Raman pump signals comprise a set

of varying wavelengths.

16. The system of claim 13 wherein the optical Raman pump signals are coupled 1nto
the optical path in a direction that is the same as an optical signal traversing the

25 optical path.
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17. The system of claim 13 wherein the optical Raman pump signals are coupled into
the optical path in a direction that is counter to an optical signal traversing the

optical path.

18. The system of claim 13 wherein selected ones of the Raman pump wavelengths
comprise a finite set of discrete wavelengths and other selected pump

wavelengths are varying.

19. A method of pumping an optical system from a plurality of Raman pumps such
that Raman pump signals generated from the Raman pumps are time division
multiplexed.

20. The method according to claim 19 wherein the Raman pump signals are counter-

propagating signals.

21. A method of generating a Raman gain band in an optical system having a
plurality of optical Raman pumps, the method CHARACTERIZED BY:
time division multiplexing optical Raman signals produced by the Raman

pumps into the optical system.

22. The method according to claim 21 wherein the Raman pump signals are counter-

propagating signals.

23. The method according to claim 22 wherein the Raman pump signals are
wavelength varying signals produced by a plurality of lasers and the wavelength
varying characteristic is combined with synchronized control of the laser’s output

pOWET.
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24. A method of pumping an optical system including at least one Raman pump
CHARACTERIZED BY

time-division multiplexing of the wavelengths of said at least .one Raman
pump into the optical system.
25.  The method according to claim 24 wherein the wavelengths of said at least
one Raman pump comprise a finite set of discrete wavelengths.
26. The method according to claim 24 wherein said at least one Raman pump
produces pump signals of varying wavelengths.
27. The method according to claim 24 wherein the wavelengths of said at least
one Raman pump traverse the optical system in a counter-propagating direction as an
optical signal traversing the optical system.
28. The method according to claim 24 wherein the wavelengths of said at least
one Raman pump traverse the optical system in a same direction as an optical signal
traversing the optical system.
29, The method according to claim 24 wherein the wavelengths of said at least

one Raman pump have a continuous pump laser sweep pattern.
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