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(54) System and method for dynamic range extension and stable low power operation of optical 
amplifiers using pump laser pulse modulation

(57) An optical amplifier system comprises an optical
gain medium receiving an input optical signal and out-
putting an amplified optical signal and a pump laser op-
tically coupled to an input of the optical gain medium,
wherein the pump laser emits a series of pulses to the

optical gain medium, the pulses being emitted during co-
herence collapse operation of the pump laser, the time
between pulses being shorter than an excited state life-
time of the optical gain medium.
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Description

FIELD OF THE INVENTION

[0001] The present invention relates to fiber-optic com-
munications networks, and more particularly, to optical
network equipment such as optical amplifiers in which
pump powers are controlled to permit pumping under a
wide dynamic power range and having stable operation
at low pump powers.

BACKGROUND OF THE INVENTION

[0002] Optical Amplifiers, such as the well-known Er-
bium Doped amplifier, are pumped by a laser source,
typically a laser diode, to derive signal gain. Conventional
optical amplifier systems implement power control of the
amplifier by changing the DC drive current applied to the
pump laser diode so as to control the pump power sup-
plied to a gain medium. This method is used to ensure
that the optical amplifier operates at a certain power set
point. Unfortunately, when the set point is such that the
pump laser is operated near its lasing threshold, reflec-
tions in the optical path (from anywhere between the
pump and the gain medium) can cause drastic fluctua-
tions in the pump operation. When the pump laser is op-
erated close to its threshold, such reflections and other
perturbing effects may cause the pump laser to either
drop below threshold or to change its output mode. Such
fluctuations cause undesirable wide excursions in the
pump output power that limit the stability both the pump
and the amplifier under low power operation. Additionally,
pump bistability may occur at currents significantly above
threshold, once again limiting the stability and operation
of the amplifier/pump.
[0003] Conventional solutions to stabilize the output
power of amplifier pump lasers include the use of Fiber
Bragg Gratings (FBGs) to stabilize pump wavelength
and/or power and pump current dither circuits to stabilize
pump power. Pump stabilization designs using FBGs
alone impose tight pump laser manufacturing specifica-
tions on parameters such as front facet reflectivity and
pump laser wavelength control, the latter in order to con-
trol detuning between the FBG wavelength and the laser
wavelength, on the order of a few to several nm. The
FBG designs for good power stability also typically re-
quire long fiber lengths and one or more FBGs in the fiber
pigtail at one or more meters from the pump chip, both
leading to higher cost.
[0004] Although the use of FBGs provides a stable
wavelength of operation for the pump at high output pow-
ers, it, unfortunately, does not ensure pump power sta-
bility at very low power. As the drive current to an exter-
nally stabilized pump laser is increased through and
above the lasing threshold, the device will commence
laser operation in a single mode external cavity state and
will, later, transition to the more stable multi-mode coher-
ence collapse regime. The critical current at which the

stable multi-mode operation occurs is determined by
many interacting pump parameters. Minimizing this crit-
ical current typically requires increasing laser facet re-
flectivity and decreasing the FBG reflectivity. Unfortu-
nately, however, designs for high power and/or operation
over a wide temperature range (so-called "uncooled"
pumps) both typically require extremely low laser front
facet reflectivity. Low laser facet reflectivity enhances un-
desirable low power bistability and compounds the de-
sign problem. Further, FBG designs for stable power op-
eration at the high power end of the pump operating range
require the use of stronger gratings and lower front facet
reflectivity, both situations detrimental for low power sta-
bilization. Finally, in an uncooled pump, it is not possible
tn maintain tight detuning ranges on the order of a few
nm, when the native pump wavelength shifts by 25 nm
or more.
[0005] The conventional dither circuit technique for
controlling pump power utilizes a small, continuous var-
iation in the pump current wherein the rate of variation
exceeds the excited state lifetime of the amplifier active
gain medium. The dither circuit is typically implemented
using additional circuit elements such as a bias control
circuit. Disadvantageously, this second conventional
method of pump control does not improve pump stability
at very low power (near threshold) and adds complexity
of additional circuit management.
[0006] Based upon the above discussions, it is con-
cluded that there is a need, in the art, for an improved
system and method for controlling optical amplifier output
power. The improved system and method should be ca-
pable of controlling the pump laser in such a fashion that
the optical amplifier output is stable over a wide range of
output powers that includes low powers. The present in-
vention addresses such a need.

SUMMARY OF THE INVENTION

[0007] In order to address the above-described need
in the art, the present invention discloses a system and
method for controlling an optical amplifier wherein a gain
medium of the amplifier receives optical excitation from
a pulse-width modulated pump source, the time interval
and between successive controlled duration (or control-
led width) pulses of the pump source being much less
than the lifetime of the excited state of pumped ions, such
as Erbium ions, within the gain medium. Because the
pump laser, when it is outputting a pulse, always operates
at a current that is above the threshold current and that
is also above the critical current level associated with
coherence collapse operation, the pump operates in the
stable coherence collapse regime. The pulse width may
be adjusted (i.e., modulated) so as to produce an average
power that matches a predetermined set point. By pulsing
the laser pump light source, mode hopping of the pump
laser is avoided within fast cycles and is averaged be-
tween multiple cycles, thereby leading to a stable output
power for the amplifier at any output power. As a result,
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the gain medium also produces a stable output.
[0008] A preferred embodiment of a system for an op-
tical amplifier in accordance with the present invention
comprises an optical gain medium receiving an input op-
tical signal and outputting an amplified optical signal; a
pump laser diode optically coupled to an input of the op-
tical gain medium; one or more fiber Bragg gratings op-
tically coupled between the pump laser diode and the
optical gain medium; a pump driver electrically coupled
to the pump laser diode and providing a pulsed drive
current to the pump laser diode, a pump controller opti-
cally coupled to the pump driver and providing a pulsed
control signal to the pump driver; and a photo-detector
optically coupled to an output of the optical gain medium
and electrically coupled to the pump controller, wherein
the pulsed control signal causes the pulsed drive current
to alternately be less than and greater than the critical
drive current associated with coherence collapse oper-
ation of the pump laser.
[0009] A preferred embodiment of a method for con-
trolled operation of an optical amplifier in accordance with
the present invention comprises the steps of inputting an
input optical signal to an optical gain medium, inputting
pulsed light from a pump laser diode to the optical gain
medium and outputting an amplified optical signal from
the optical gain medium, wherein the power of each pulse
of the pulsed light is greater than a power associated with
the onset of coherence collapse operation of the pump
laser.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The object and features of the present invention
can be more fully understood and better appreciated with
reference to the attached drawings, wherein

FIG. 1 is a schematic illustration of a preferred em-
bodiment of a system, in accordance with the present
invention, for controlling an optical amplifier;
FIG. 2 is an illustration of power of an optical amplifier
at low output levels using both the conventional con-
trol method and using a control method in accord-
ance with the present invention;
FIG. 3 is an illustration of a spectrum of the output
of a pump laser operated at low power using con-
ventional continuous drive current;
FIG. 4 is an illustration of a spectrum of a pump laser
operated at low average power but high pulse power
using a pulsed drive current method in accordance
with the present invention.

DETAILED DESCRIPTION OF THE PREFERRED EM-
BODIMENTS

[0011] The present invention provides an improved
system and method and for optical amplifier control within
optical communications systems. The following descrip-
tion is presented to enable one ordinary skill in the art to

make and use the invention and is provided in the context
of a patent application and its requirements. Various
modifications to the preferred embodiments will be read-
ily apparent to those skilled in the art and the generic
principles described herein may be applied to other em-
bodiments. Thus, the present invention is not intended
to be limited to the embodiments shown but is to be ac-
corded the widest scope consistent with the principles
and features described herein. In order to gain a detailed
understanding of the invention, the reader is referred to
the appended FIGS. 1-4 in conjunction with the following
description. It is to be understood that the drawings are
diagrammatic and schematic representations only and
are neither limiting of the scope of the present invention
nor necessarily drawn to scale.
[0012] FIG. 1 is a schematic illustration of a preferred
system, in accordance with the present invention, for con-
trolling an optical amplifier. In FIG. I, dashed arrows rep-
resent pathways of electrical or electronic signals and
solid arrows represent pathways of light or of optical sig-
nals. Preferably, the optical pathways (solid arrows) are
realized by or comprised of, in whole or in part, of optical
fibers and any associated focusing, collimating or other
optics needed to inject light into and extract light out of
the optical fibers. However, one of ordinary skill in the art
will readily recognize that the various optical pathways
may be constructed using, for instance, free-space optics
such as mirrors, prisms and lenses, or using planar
waveguides, etc.
[0013] The system 100, shown in FIG. 1 comprises an
optical gain medium 112, preferably an Erbium doped
fiber, receiving an input optical signal 110 and outputting
an amplified optical signal 114 and a pump laser diode
106 optically coupled to the optical gain medium 112 and
providing a pulsed laser light 108 to an input of the gain
medium 112. The system 100 (FIG. 1) may further com-
prise at least one fiber Bragg grating 107 optically cou-
pled between the pump laser diode 106 and the optical
gain medium 112, a pump driver 104 electrically coupled
to the pump laser diode 106 and providing a pulsed drive
current 105 to the pump laser diode, a pump controller
102 optically coupled to the pump driver 104 and provid-
ing a pulsed electric control signal 103 to the pump driver
104 and a unit 116 comprising a photo-detector and elec-
trical signal conditioning electronics optically coupled to
an output of the optical gain medium 112 and electrically
coupled to an input of the pump controller 102.
[0014] The unit 116 of the system 100 (FIG. 1) receives
a sample portion 118 of the amplified output 114 of the
gain medium and outputs an electrical signal 120 to the
pump controller 102. The electrical signal 120 provides,
to the pump controller, information related to the optical
power contained within the sample portion 118 and the
amplified output 114. The pump controller compares the
information provided in the electrical signal 120 to the
desired amplifier set point information, this latter set point
information provided in an electrical signal 101.
[0015] The pump controller 102 of the system 100
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(FIG. 1) provides a pulsed control signal 103 to the pump
driver 104. The pump driver 104 then produces a pulsed
drive current 105 that is sent to the pump diode 106.
Schematic illustrations of the temporal variations of the
control signal 103 and the drive current 105 are shown
in box 130 and box 133, respectively. The form of thc
pulsed drive current 105 is related to the information pro-
vided in the pulsed control signal 103. The pulsed drive
current 105 alternately attains a low level 134 and a high
level 134 that is greater than the critical drive current
associated with coherence collapse operation of the
pump laser diode 106. These alternating low and high
drive current levels produce alternating low and high las-
ing output 108 of the pump laser diode 106. The one (or
more) FBG(s) 107 provide wavelength selective feed-
back to the pump laser diode 106 such that the lasing
wavelength of the pump laser diode 106 remains con-
stant as a function of drive current and/or as a function
of laser diode temperature. Because of the periodicity of
the drive current 105, the drive current assumes a
time-averaged level 132, which is of an appropriate mag-
nitude to cause the power of the output signal level 114
to match the desired set point. The time-averaged level
is determined by either the heights (amplitudes) or widths
(or both) of the pulses of the drive current 105. If the high
level 134 is maintained constant and only the pulse
widths (i.e., durations) are changed in response to chang-
ing set points, then the drive current is termed a "Pulse
Width Modulated Drive Current".
[0016] The stepwise control of the pump current within
the system 100 occurs with a period that is longer than
time constants (fractions of a microsecond) of all cur-
rent-dependent physical and/or electronic properties of
the pump waveguide of the pump laser diode 106 that
affect the lasing output. The variation of such properties,
which may include temperature, temperature gradients,
thermal diffusion, carrier density, refractive index, etc.,
as a result of the pulsed pump drive current causes mod-
ulation of the lasing Fabry Perot (FP) modes. This cavity
mode modulation enhances the ability of the device to
drop into a stable multi-mode coherence collapse regime
at a coherent (power) level lower than would otherwise
be possible. The minimum achievable power in this case
is limited only by the ability of the electronic circuit and
not the pump itself. This method also lends itself to simple
digital drive solution. Further, because the time interval
between successive pulses emitted by the pump laser
diode 106 is much less than the lifetime of the excited
state of pumped ions within the gain medium, the gain
medium continues to provide amplification gain to the
optical signal 110, even during those intervals during
which the pump diode 106 is emitting low power output.
For instance, for an Erbium-bearing gain medium, such
as Er-doped fiber, the lowest frequency of pulses that
may be used will be limited by the rejection needed from
the Erbium low pass characteristics. Appropriate fre-
quency of modulation must be chosen in order to reduce
the impact on signal transmission. For example in a

980nm pump, a frequency of 3MHz will provide about
30dB rejection due to Erbium characteristics. Depending
upon the power level and pump wavelength, other suit-
able frequencies can be devised to achieve required per-
formance.
[0017] FIGS. 2-4 illustrate performance comparisons
between the operation of an optical amplifier control sys-
tem in accordance with the present invention and the
operation of conventionally controlled optical amplifiers.
FIG. 2 shows measured output powers, vs time, of optical
amplifiers operated at low power output levels. The trace
202 relates to an optical amplifier that uses the conven-
tional drive method in which drive current is applied con-
tinuously to the laser diode pump. The trace 204 relates
to an optical amplifier that is operated in accordance with
the present invention, as described with respect to the
system 100, and that is operated at an average pump
drive current that is equal to the continuous pump drive
current applied to the laser diode pump associated with
the other trace 202. It is readily observed from FIG. 2 that
the power output, trace 204, of an amplifier operated in
accordance with the present invention does not have the
large power fluctuations associated with the convention-
ally operated amplifier.
[0018] FIG. 3 is an illustration of a spectrum, plotted in
wavelength along the bottom axis, of the output of a pump
laser operated at low power using the conventional con-
tinuous drive current method. The spectrum alternates
between two possible outputs, shown as traces 302 and
304, that result from mode hopping (and consequent
power instability) between only Fabry Perot modes and
that are indicative of unstable pump spectrum operation.
By comparision, FIG. 4 is an illustration of a spectrum of
a pump laser operated at low average power but accord-
ing to the pulsed drive current method in accordance with
the present invention. The broadened pump spectrum
shown in trace 402 is characteristic of the multi-mode
coherence collapse regime (with associated stable pow-
er performance) with many Fabry Perot modes extending
throughout the full emission bandwidth.
[0019] An improved system and method for controlled
optical amplifier operation have been disclosed. Com-
pared to conventional systems and methods for control-
ling an optical amplifier, the system and method in ac-
cordance with the present invention provides the advan-
tages of:

1. Extending the dynamic range of pumps from their
maximum operating power to near zero, this attribute
being limited only be the circuit and not by the pump
itself;
2. Not requiring any changes to the pump and, pro-
viding an environment within which pump costs (ma-
terials, yield, etc.) and pump physical dimensions
(pigtail length, number of Fiber Bragg Gratings)
might be advantageously reduced;
3. Providing the groundwork for a simple, low cost
digital control system.
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4. Reducing the net heat generated by the combined
electronics and pump ensemble, as compared to lin-
ear drive controls (an advantage especially for un-
cooled pumps);
5. Permitting pump operation up to its maximum rat-
ed power (whereas dither modulation is, by defini-
tion, limited to the power corresponding to the max-
imum mean current);
6. Enabling stable power operation of uncooled
pumps across a wide temperature range (whereas
Fiber Bragg Grating stabilization has difficulty main-
taining power stabilization while maintaining wave-
length stabilization across the resulting very wide de-
tuning range).

[0020] Although the present invention has been dis-
closed in accordance with the embodiments shown, one
of ordinary skill in the art will readily recognize that there
could be variations to the embodiments and those vari-
ations would be within the spirit and scope of the present
invention. Many modifications might readily be envi-
sioned or practiced by one of skill in the art without de-
parting from the spirit and scope of the appended claims,
which claims alone define the invention.

Claims

1. An optical amplifier system comprising:

an optical gain medium receiving an input optical
signal and outputting an amplified optical signal;
and
a pump laser optically coupled to an input of the
optical gain medium, wherein the pump laser
emits a series of pulses to the optical gain me-
dium, the pulses being emitted during coher-
ence collapse operation of the pump laser, the
time between pulses being shorter than an ex-
cited state lifetime of the optical gain medium.

2. The system of claim 1, wherein the pump laser is a
laser diode.

3. The system of claim 2, wherein the time between
pulses is longer than a time constant of a property
of a waveguide of the laser diode, the property af-
fecting the lasing output of the pump laser.

4. The system of claim 1, wherein the power of the am-
plified optical signal is controlled by the widths of the
pulses.

5. The system of claim 1, wherein the power of the am-
plified optical signal is controlled by the amplitude of
the pulses.

6. The system of claim 1, wherein the power of the am-

plified optical signal is controlled by the amplitude
and the width of the pulses.

7. The system of claim 1, further comprising a fiber
Bragg grating optically coupled between the optical
gain medium and the pump laser.

8. The system of claim 1, wherein the optical gain me-
dium is an Erbium-doped fiber.

9. The system of claim 1, further comprising:

a pump laser driver electrically coupled to the
pump laser diode and providing a pulsed drive
current to the pump laser;
a pump controller optically coupled to the pump
laser driver and providing a pulsed control signal
to the pump laser driver; and
a photo-detector and electrical signal condition-
ing unit optically coupled to an output of the op-
tical gain medium and electrically coupled to the
pump controller, wherein the pulsed control sig-
nal causes the pulsed drive current to alternately
be less than and greater than a critical drive cur-
rent associated with coherence collapse opera-
tion of the pump laser.

10. The system of claim 9, wherein the pump controller
receives, from the photo-detector and electrical sig-
nal conditioning unit, a first electrical signal related
to the power of the amplified optical signal and re-
ceives a second signal related to a desired set point
and adjusts the widths of pulses of the pulsed control
signal so as to match the power of the amplified op-
tical signal to the set point.

11. A method of controlling an optical amplifier, compris-
ing the steps of:

inputting an input optical signal to an optical gain
medium;
inputting a series of pulses of laser light from a
pump laser to the optical gain medium; and
outputting an amplified optical signal from the
optical gain medium, wherein the pulses are
emitted during coherence collapse operation of
the pump laser, wherein the time between puls-
es is shorter than an excited state lifetime of the
optical gain medium.

12. The method of claim 11, wherein the pump laser is
a laser diode.

13. The method of claim 12, wherein the time between
pulses is longer than a time constant of a property
of a waveguide of the laser diode, the property af-
fecting the lasing output of the pump laser.
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14. The method of claim 11, wherein the power of the
amplified optical signal is controlled by the widths of
the pulses.

15. The method of claim 11, comprising the further steps
of:

directing a sample portion of the amplified opti-
cal signal to a photo-detector and electrical sig-
nal conditioning unit;
directing a first electrical signal related to the
power of the sample proportion from the pho-
to-detector and electrical signal conditioning unit
to a pump controller;
inputting a second electrical signal providing
power set point information to the pump control-
ler;
directing a pulsed electrical signal from the
pump controller to a pump laser driver; and
directing a pulsed drive current from the pump
laser driver to the pump laser, wherein the char-
acteristics of the pulsed electrical signal and the
pulsed drive current are determined by the first
and second electrical signals.

16. An optical amplifier system comprising:

an optical gain medium receiving an input optical
signal and outputting an amplified optical signal;
and
a pump laser optically coupled to an input of the
optical gain medium, wherein the pump laser
emits a series of pulses to the optical gain me-
dium, the pulses being emitted during mul-
ti-mode operation of the pump laser, the time
between pulses being shorter than an excited
state lifetime of the optical gain medium.

17. The system of claim 16, wherein the pump laser is
a laser diode.

18. The system of claim 17, wherein the time between
pulses is longer than a thermal diffusion time con-
stant of a waveguide of the laser diode.

19. The system of claim 16, wherein the power of the
amplified optical signal is controlled by the widths of
the pulses.

20. The system of claim 16, further comprising a fiber
Bragg grating optically coupled between the optical
gain medium and the pump laser.

21. The system of claim 16, further comprising:

a pump laser driver electrically coupled to the
pump laser diode and providing a pulsed drive
current to the pump laser;

a pump controller optically coupled to the pump
laser driver and providing a pulsed control signal
to the pump laser driver; and
a photo-detector and electrical signal condition-
ing unit optically coupled to an output of the op-
tical gain medium and electrically coupled to the
pump controller, wherein the pulsed control sig-
nal causes the pulsed drive current to alternately
be less than greater than a critical drive current
associated with coherence collapse operation
of the pump laser.

22. The system of claim 21, wherein the pump controller
receives, from the photo-detector and electrical sig-
nal conditioning unit, a first electrical signal related
to the power of the amplified optical signal and re-
ceives a second signal related to a desired set point
and adjusts the widths of pulses of the pulsed control
signal so as to match the power of the amplified op-
tical signal to the set point.
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