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(57) Abstract: For setting the optical gain of an optical amplifier such as a Raman amplifier (1) that is connected in a wavelength
€ division multiplexing (WDM) system, the gain of the amplifier is made dependent on the states of optical polarizers (4) connected
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OPTICAL AMPLIFIER

FIELD OF THE INVENTION

The present invention relates to a method and a device for setting, in particular
equalizing or flattening, the frequency dependent gain due to polarization shifts in an optical
amplifier, such as a Raman optical amplifier, used in a WDM system.

5 BACKGROUND

In recent years, the increasing demand for information capacity of optical fiber systems
has made telecommunications manufacturers develop methods and devices for in particular
wavelength division multiplexing (WDM). For these systems, the signal information is
transmitted on distinct channels of optical light. The signal information can comprise a

10 plurality of logical signal channels, and each signal channel may, in turn, include both time
division multiplexed (TDM) and space division multiplexed (SDM) components, space
division multiplexing (SDM) meaning that separate fibers are used for different parts of a
message transferred in a logical channel.

The preferred wavelengths for most telecommunication optical fiber systems are in the

15 infrared part of the spectrum, around 1500 nm, due mostly to the low attenuation and the low
signal pulse broadening when transmitting signals on optical fibers in this region, but also
because of the availability of suitable light sources and detectors. In particular for WDM,
another advantage here is the availability of various types of optical amplifiers. These are
necessary since each wavelength channel carries only a small portion of the total power of

20 light propagating in the fiber and thus needs to be amplified to compensate for optical losses
in the fiber link, in order to get a sufficient signal-to-noise ratio at the receiver end.

There are various designs of optical amplifiers. The most important ones for telecom-
munication applications include erbium-doped fiber amplifiers (EDFA), semiconductor
optical amplifiers (SOA), Raman amplifiers (RA), and optical parametric amplifiers (OPA).

25 These amplifiers have specific advantages and disadvantages.

Raman amplifiers are of a special interest due to some important features. Such
amplifiers differ from the others mentioned above in that the gain thereof is distributed over a
given length of the optical fiber used, the Raman fiber. The Raman fiber is connected in series
with the ordinary transmission fiber, preferably near the transmitting light source. The power

30 necessary for the amplification is delivered by pumping light from at least one separate pump
light source. The maximum value and the shape of the Raman gain depend on the wavelength
of the light emitted by the pump light source, rather than on the fiber itself. Usually, injection
of pump power takes place near the input end of the Raman fiber, using, e.g., a fiber-optical
coupling device. Pump light of different wavelengths from several distinct pump light sources

35 can be injected in parallel in order to achieve a desired shape of the Raman gain, see the
published International patent application WO 00/49721. A problem with this pumping
method is that nonmlinear interaction may take place between the various wavelength
contributions. Also, the need for several pump light source and the intricate control thereof
make such amplifiers complicated and costly.

40
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SUMMARY OF THE INVENTION

It is an object of the present invention to provide a method of setting, in particular
flattening, the gain of an optical amplifier such as a Raman amplifier and particularly to
provide a reduction of the wavelength dependency of an optical amplifier used in a WDM

5 system.

The above object is achieved by controlling, in a suitable way, the optical polarization
states of the various channels at the input of a WDM system to give a desired gain curve. This
allows for using a single pump source providing light of only one wavelength, instead of a
multitude of pump light sources providing light of different wavelengths that is controlled as

10 to its power, or a multiwavelength pump source, in which the light of each wavelength is
controlled individually as to its amplitude. The use of a single wavelength pump source is also
advantageous, because many different pump wavelengths may create non-linear interaction
between the pump contributions. The method of controlling the nput polarization states also
makes the optical amplifier that thereby obtains the desired gain robust and relatively

15 uncomplicated. Due to the fact that only a single pump light source is required, the amplifier
has also a relatively small cost.

Using the control of the input polarization states the gain can be controlled to have any
predetermined shape within two maximum and minimum shapes. In this way, e.g. the gain tilt
due to polarization dependent losses may be compensated for over the whole optical link in

20 which the optical amplifier is connected.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention will now be described by way of example, with
reference to the accompanying drawings, in which:

- Fig. 1 is a schematic picture of a Raman amplifier,

25 - Fig. 2 is a diagram showing the maximum (solid line) and minimum (dashed line) Raman
gain profiles around a wavelength of 1555 nm,

- Fig. 3 is a diagram showing the flattening of the Raman gain over a bandwidth of 32 nm,
and
- Fig. 4 is a diagram showing the actively controllable change of Raman gain within the max-

30 imum and the minimum gains.

DETAILED DESCRIPTION

In the following description, a Raman amplifier is used as a typical example of an
amplifier for which the method can be used. For other amplifiers having a similar behaviour
comprising a gain dependent on the polarization states of the different amplified channels, the

35 same method can obviously also be used.

Fig. 1 is a schematic diagram showing an actively controlled Raman amplifier 1
connected at the input side of a WDM system. A plurality of input fibers 2, each carrying
light signals of an individual wavelength channel, are connected to the input terminal of a
WDM multiplexer (MUX) 3. The light of each wavelength channel entering the multiplexer 3

40 is controlled as to its optical polarization state by a polarization controlling unit 4. The output
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terminal of the WDM MUX 3 is connected to the Raman fiber 5. Two optical couplers are
connected in the Raman fiber 5, one 6a near the input end 7a thereof and one 6b near the
output end 7b thereof. Typically, such couplers may consist of two fibers fused together. To
one of the input terminals 9a of the input end coupler 6a is an optical pump source 8
5 connected, injecting single wavelength light. A multiple wavelength pump source is not
needed because the corresponding effect for the system as a whole is achieved by using the
plurality of polarizers 4, as will be described hereinafter. At the output end coupler 6b one of
its output terminals 9b is connected to a channel power monitoring device 10 consisting of an
array of optical sensor elements, each sensor element measuring the power of a specific

10 channel wavelength, the power received in each element being converted to a corresponding
electrical signal. After analog/digital conversion each signal is further processed by an
electronic control unit 11 providing control signals fed back to conirol each of the elements of
the array obtained in the cases where the pumping signals having orthogonal and parallel
polarizations respectively in relation to the polarization of the light of polarizers 4.

15 A method of controlling the polarizers 4 in order to achieve a predetermined gain curve
such as a flattening of the gain obtained at the output end of the Raman fiber will now be
illustrated by means of the exemplary diagrams of Figs. 2 - 4. The dashed curve of Fig. 2 thus
shows the minimum gain and the solid curve shows the maximum gain for light propagating
through a Raman fiber and amplified by light from a pump light source as a function of the

20 wavelength of the amplified light in a typical case for a wavelength band located about a
center wavelength of 1555 nm. The minimum and the maximum gains arebeing amplified. In
a real case the gain will be somewhere in between these curves due to statistically varying
properties of the Raman fiber. Thus it can be generally seen that the gain as measured at the
output end 7b of the Raman fiber depends on the wavelength of the amplified light. Also, the

25 gain depends on the power and polarization state of the input light that is amplified in the
Raman fiber.

In the diagram of Fig. 3 a most favorable value of flattened gain in a Raman fiber is
illustrated by the horisontal solid line, this value being equal to the peak value of minimum
gain curve. For this gain value a maximum flattened bandwidth of 32 nm could be achieved.

30 This case can be obtained by an individual, appropriate control of the channel polarizers 4.

An extension of the flattening control concept may be carried out, as illustrated by Fig.
4. The thick middle line having an irregular shape here illustrates some desirable shape of the
gain in the Raman fiber and is located between the maximum and the minimum gain curves.
By an appropriate individual control of the channel polarizers 4 any shape of the gain as

35 function of the wavelength can be actually obtained within the constraints. In particular, this
includes flattened gain shapes having a higher gain but having smaller bandwidths than that
illustrated in Fig. 3. Another possibility is the compensation of gain tilts due to wavelength
dependent polarization losses over e.g. the optical link connected to the output end 7b of the
Raman fiber. Furthermore, in combination with chromatic dispersion compensation in fibers
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of DCF type the method described herein of adapting the gain in a Raman amplifier with
wavelength may be very useful.

A general control scheme executed by the control unit 11 can be as follows. The control
unit 11 sends control signals to the polarizers 4 for adjusting the polarization of the light in

5 the channels. The signals output from the elements of the optical sensor 10 representing the
power in the channels are compared to the desired gain in the channels, while adjusting the
corresponding elements of the array of polarizers 4 in small increments. When .the desired
gain has been reached for a channel, the adjustment of the polarizer for this channel is
stopped.

10 A control scheme executed by the control unit 11 for setting the flattened gain as
illustrated by the solid line in Fig. 3 can be as follows. The first task is to find a minimum
curve similar to that shown in Fig. 3. Thus, the control unit 11 sends control signals to the
polarizers 4 for adjusting the polarization of the light in the channels to obtain the minimum
gain value for each channel, ie. the minimum power level of the channel for changing

15 polarization states of the respective input signal. Hence, the signals output from the elements
of the optical sensor 10 representing the power in the channels are evaluated and stored, while
adjusting the corresponding elements of the array of polarizers 4 in small increments. If the
power increases when rotating the polarization by one increment in one direction, in the next
trial a control signal having a value is produced rotating the polarization by the same step but

20 in the opposite direction. On the other hand, if the power decreases, the rotation direction
when changing the polarization state is maintained. This procedure is repeated for each
channel until a state is achieved in which an adjustment of the polarization in either direction
gives no further change or gives an increased gain. The minimum value of the power is then
represented by the actual signal from the corresponding element of the channel sensor 10.

25 Thereupon the different stored values representing the minimum power levels for the
amplified light of all WDM channels are evaluated and the maximum or peak value and the
wavelength channel for which it is obtained are determined.

The next task is to adjust the gain in the WDM channels or more specifically the power
level, as observed at the output end of Raman fiber 5, to the level of the determined peak

30 value for as many channels as possible which is the gain flattening procedure. Then, the
stored values of the detected power levels can be evaluated again and for some channels, the
correct polarization state to achieve a gain equal to the determined peak value can be directly
set as indicated by the stored values. For other channels, the adjustment method is continued,
i.e. the signal representing the optical power output from the respective elements of the

35 optical sensor 10 is evaluated, again while adjusting the corresponding polarizer elements 4 in
small increments until the absolute difference between the determined peak value and the read
power level reaches a minimum. If the absolute difference increases for rotating the
polarization in one direction, the direction is changed for the next rotary increment, and if the
difference decreases, the direction when changing the polarization state is maintained. This

40 procedure will continue until no further change in the absolute value of the power difference
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is observed or until the absolute values thereof increases for rotation of the polarization state
in either direction.
The method of applying individual polarizers 4 at each WDM channel input in
combination with using a single wavelength pump source 8 has the equivalent effect on the
5 Raman gain profile as by instead using a multiwavelength pump source, where each spectrum
line contribution is controlled as to its polarization and amplitude. An advantage of using a
single wavelength pump source is that non-linear interaction between different spectrum lines
can be avoided.
As has already been mentioned and as should be obvious to anyone skilled in the art, the
10 method described herein comprising control of the polarization states of different wavelength
channels input to an optical amplifier can be used in any optical amplifier for which the gain
of the optical amplifier for light of each of the wavelengths channels are dependent on the
optical polarization state of the light of the respective channel.

15
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CLAIMS

1. A method for setting the wavelength dependent gain in an optical amplifier for
amplifying light of a plurality of WDM channels, the gain of the optical amplifier for light of
each of the WDM channels being dependent on the optical polarization state of the light of the

5 WDM channel, characterized by controlling (4) the optical polarization of individual ones of
the WDM channels input (2) to the optical amplifier.

2. A method according to claim 1, characterized in that the controlling of the optical
polarization is made dependent on the optical power (10) in each of said individual ones of
the WDM channels at the output of the optical amplifier.

10 3. A method according to any of claims 1 and 2, characterized by the further steps of
measuring values of the optical power in each of said individual ones of the WDM channels at
the output of the optical amplifier and using the measured values for setting the optical
polarization of the respective individual ones of the WDM channels input to the optical
amplifier.

15 4. A method according to claim 3, characterized in that the optical polarization of the
WDM channels input to the optical amplifier are set to obtain a gain curve of the optical
amplifier equal to a predetermined gain curve.

5. A method according to claim 3, characterized in that the optical polarization of the
WDM channels input to the optical amplifier are set to obtain a gain curve of the optical

20 amplifier equal to a flat gain curve within a wavelength band including a plurality of WDM
channels having adjacent wavelengths.

6. A method according to claim 3, characterized in that the steps of measuring and
using the measured values comprise the following substeps:

- changing the polarization of the different channels at the system input and evaluating the

25 corresponding measured values,

- determining the minimum optical output power for each different channel,

- determining the peak value of the determined minimum output power for the channels, and

- setting the polarization of the channels to give measured output power levels deviating as
little as possible from the peak value.

30 7. A method according to claim 3, characterized in that the steps of measuring and
using the measured values comprises changing incrementally or continuously the polarization
of the different channels at the system input and evaluating the corresponding measured
values and finally setting the polarization of the channels to give measured output power
levels deviating as little as possible from desired power levels.

35 8. A method according to any of claims 1 - 7, characterized in that the optical amp-
lifier comprises a Raman amplifier including a Raman fiber (5).

9. A method according to claim 8, in which the Raman amplifier includes a pump light
source (8) injecting pump light into the Raman fiber (5), characterized in that pump light of
a single wavelength is injected.
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10. An optical link comprising an optical amplifier for amplifying light of a plurality of
WDM channels, the gain of the optical amplifier for light of each of the WDM channels being
dependent on the optical polarization state of the light of the WDM channel, a power source
connected to the optical amplifier to provide the power necessary for achieving the
5 amplifying, characterized by
- an optical multiplexer (3) having a plurality of input light terminals for receiving light of
different wavelength channels and combining the received light to a combined light signal
issued to the optical amplifier,
- optical polarizers (4) connected to the input terminals for controlling the polarization state of

10 the light of the wavelength channels, and
- a control unit (11) connected to the polarizers at the input terminals to control the gain of
light of the wavelength channels amplified by the optical amplifier.

11. An optical link according to claim 10, characterized in that the optical amplifier
comprises an active fiber (5) and that the power source comprises an optical pump source (8)

15 connected to inject pump light into the active fiber.

12. An optical link according to claim 11, characterized in that the active fiber
comprises a Raman fiber (5) to form a Raman amplifier.

13. An optical link according to claim 11, characterized in that the optical pump
source provides pump light of a single wavelength.

20 14. An optical link according to any of claims 10 - 13, characterized by an array of
optical sensors (10) connected at the output end of the optical amplifier measuring the optical
output power of each wavelength channel and providing signals representing the measured
output power to the control unit (11).
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