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MASTER OSCILLATOR POWER AMPLIFIER

TECHNICAL FIELD

[0001] The present invention relates to a master oscillator
power amplifier (MOPA) and, more particularly, to a fiber-
based MOPA configured to provide output pulses of constant
energy regardless of changes in the input signal pulse
repetition rate.

BACKGROUND

[0002] A MOPA is known in the art as a specific type of
optical amplifier that comprises at least two separate ele-
ments, a laser source (the “master oscillator””) and an optical
amplifier. At times, the laser source is referred to as the “seed
laser”. As this name implies, the laser source is used to
“seed” an optical amplifier with an input trigger signal that
then generates a high power output signal pulse. By virtue
of using a separate power amplification component, the
various performance aspects of the laser source itself are
decoupled from the requirements of the power generator.
Indeed, the MOPA technology provides an efficient power
scaling architecture for pulsed laser applications such as
“light detection and ranging” (LIDAR). LIDAR is a tech-
nology that can be used to measure distances to remote
targets, with a laser source used to generate optical pulses
that are amplified and directed toward a target which then
scatters the light. The separate power amplifier within the
MOPA can thus be independently controlled to provide the
desired amount of signal gain for a given LIDAR applica-
tion. Some of the scattered light is received at a detector
co-located with the laser source and the distance to the target
is then determined based on one or more characteristics of
the returned light.

[0003] In many LIDAR applications, a relatively high
power (e.g., on the order of hundreds of watts) optical pulse
is required so that the scattered, returned light has enough
power to yield accurate distance calculations. For some
applications (such as, for example, on-board automotive
LIDAR systems), the MOPA is configured to generate
extremely narrow output pulses and thus requires the use of
nsec-scale seed laser pulses. The amplifier portion typically
comprises a fiber-based (rare-earth) amplifier (such as an
erbium-doped fiber amplifier, EDFA) that utilizes pump
light at an appropriate wavelength (e.g., 980 nm) to excite
the rare-earth ions in the fiber and thereby amplify the seed
laser input signal pulses to a power level sufficient for the
required “high power” output pulses. The seed laser is
controlled to exhibit a predetermined pulse repetition rate.
Instead of defining the input signal pulse train in terms of
repetition rate, it is also common to define the pulse train by
its “pulse repetition interval” (PRI), which defines the time
interval between adjacent pulses (typically measured from
the rising edge of a first pulse to the rising edge of a second
pulse).

[0004] For applications such as LIDAR, there is a need to
vary the PRI over an extended period of time to account for
constant changes in the surrounding area being surveyed.
Changing the PRI has been found to create a transient
change in output energy, which is attributed to changes in the
amount of amplified spontaneous emission (ASE), radiative
noise, produced as the PRI is changed. Previously, this
problem has been addressed by controlling the drive current
applied to the pump source so as to modify the amount of
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pump energy available as a function of changes in PRI. This
not considered as a satisfactory solution in many applica-
tions, such as MOPAs utilizing multiple PRIs that change
rapidly as a function of time, since the gain response of the
amplifier may not be managed as quickly as the change in
PRI

SUMMARY OF THE INVENTION

[0005] The needs remaining in the prior art are addressed
by the present invention, which relates to a master oscillator
power amplifier (MOPA) and, more particularly, to a fiber-
based MOPA configured to provide high power output
pulses of constant energy regardless of changes in the input
signal pulse repetition rate (PRI).

[0006] In accordance with the principles of the present
invention, a fiber-based MOPA is configured to utilize a
pump source that operates in pulse mode (rather than CW, as
in the prior art), with the arrival time of the pump pulses
coordinated with the arrival time of the input seed pulses.
The use of a pulsed pump is described in detail in U.S. Pat.
No. 7,100,167, entitled “System and Method for Dynamic
Range Extension and Stable Low Power Operation of Opti-
cal Amplifiers Using Pump Laser Pulse Modulation”, issued
on Sep. 19, 2006 to A. Gurusami et al. and herein incorpo-
rated by reference. In addition to the utilization of a pulsed
pump as taught by Gurusami et al., the fiber-based MOPA of
the present invention also controls the width of the pump
pulses (as well as their arrival time), thus providing a
mechanism for controlling both the amount of pump energy
injected into the amplifier, as well as the overlap in time
between the pump pulse and the input pulse. As the PRI of
the input signal pulse changes, the timing of the pump pulses
and their width are also changed so that a “constant gain”
environment is created within the amplifying medium, pro-
viding an essentially constant energy output pulse, regulat-
ing the amount of ASE generated during different PRIs.
[0007] One embodiment of the present invention takes the
form of a MOPA including a section of doped optical fiber
for providing signal gain to input light in the presence of a
pump light beam operating at a defined wavelength, an input
pulse source for generating seed pulses applied as a first
input to the section of doped optical fiber, the input pulse
source designed to adjust a pulse repetition interval (PRI)
between adjacent pulses in response to a “PRI change”
control signal, an a pump source for generating pump pulses
applied as a second input to the section of doped optical
fiber. The presence of the seed and pump pulses within the
section of doped optical fiber amplifies the power of the seed
pulses and generates high-power optical output pulses. The
pump pulse source itself is designed to control pump pulse
parameters (including repetition rate and pulse width) to
maintain an essentially constant energy in the high-power
optical output pulses regardless of the seed pulse PRI.
[0008] Other and further aspects and principles of the
present invention will become apparent during the course of
the following discussion and by reference to the accompa-
nying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] Referring now to the drawings,

[0010] FIG. 1 is a simplified diagram of a prior art LIDAR
system, useful for understanding an exemplary implemen-
tation of the constant pulse energy MOPA of the present
invention;
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[0011] FIG. 2 is a diagram illustrating a sequence of four
different PRIs, utilized in sequence to control a pulsed laser
in an exemplary MOPA;

[0012] FIG. 3 illustrates an exemplary constant energy
MOPA formed in accordance with the present invention;
[0013] FIG. 4 illustrates an alternative embodiment of a
MOPA formed in accordance with the present invention,
illustrating a look-up table used to correlate changes in PRI
with pump pulse adjustments to maintain constant gain;
[0014] FIG. 5 shows yet another embodiment of a MOPA
formed in accordance with the present invention, in this case
including a delay element to control the arrival times of seed
pulses and pump pulses at the fiber amplifier; and

[0015] FIG. 6 illustrates an embodiment of the present
invention where the inventive MOPA further comprises a
feedback path between the fiber amplifier output and the
pump source input.

DETAILED DESCRIPTION

[0016] Prior to describing the details of a MOPA formed
in accordance with the principles of the present invention, a
typical utilization of a MOPA as a component in a LIDAR
system will be reviewed, providing a context for understand-
ing the details of the principles of the present invention. FIG.
1 illustrates an exemplary LIDAR system 1 used to measure
the distance D between system 1 and a target TAR. In the
particular example of a vehicle-based LIDAR system, the
target may be a second vehicle traveling down a road in front
of the vehicle equipped with LIDAR system 1. System 1
includes a light source 2 that generates high-power light
signal pulses 3, pulses 3 being of a predetermined wave-
length ., and separated in time by a predetermined “pulse
repetition interval”, or simply PRI. Pulses 3 pass through a
beam splitter 4 and exit system 1. As pulses 3 reach target
TAR, some of the reflected/scattered light is directed back
toward LIDAR system 1 as returned pulses 5. Returned
pulses 5 are thereafter re-directed by beam splitter 4 into a
receiver 6 that is configured to perform a programmed
analysis of the pulses to determine, for example, the distance
D between LIDAR system 1 and target TAR.

[0017] In many applications, there is a need to vary the
PRI of pulses 3 exiting source 1. For example, a “long” PRI
(i.e., a relatively long time between adjacent pulses) allows
for long-range sensing. In LIDAR applications, a long PRI
allows the system to “see” vehicles far ahead or behind and
make appropriate decisions in a timely fashion (particularly
required in dynamic situations where movement of targets
occurs). The advantages of using a long PRI come at the cost
of reduced spatial resolution in the x-y plane of the pulse
(see FIG. 1). On the other hand, a “short” PRI (ie., a
relatively short time interval between adjacent input pulses)
provides a higher degree of spatial resolution. The improved
resolution comes at the cost of a shorter range (z-direction)
over which a sufficient pulse power is maintained. A short
PRI is useful, for example, in LIDAR applications where
two target vehicles on adjacent lanes are relatively close to
each other, but need to be identified as two separate vehicles.
If the spatial resolution was too low in this case, the vehicles
may appear to be a single large object. It is clear that for a
vehicle-based LIDAR system to perform effectively, it needs
to be able to adjust the PRI from time to time as traffic
conditions change.

[0018] FIG. 2 is a timeline showing an exemplary imple-
mentation of varying the PRI of a seed pulse applied to a
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fiber-based optical amplifier. In this particular case, each
PRI is sequentially utilized over fixed periods of time <
(shown as T=X00 psec in FIG. 2). It is to be noted that the
periods of time T need not necessarily be fixed; the drawing
of FIG. 2 showing equal time periods is for the purposes of
illustration only. Each time interval represents a different
seed pulse PRI, that is, the PRI of the input pulses applied
to the EDFA portion of an optical amplifier. In the timeline
of FIG. 2, the process begins with input (seed) pulses defined
to exhibit a first PRI, shown as PRI, in FIG. 2, where for the
purposes of discussion it is presumed that PRI, is a relatively
long time interval (e.g., an interval of 50 nsec) between seed
pulses. This PRI is maintained for the duration of a first
period of time T,. Subsequently, the PRI is shortened in
following time period T,, depicted in FIG. 2 as PRI, <PRI;.
Shortening the PRI means that the time interval between
adjacent seed pulses is reduced. The following third time
period T is shown in this example as using an extremely
short PRI (PRI;<PRI,). The PRI during a fourth time period
T, is shown as returning to PRI, (in this particular example).
The illustration of various PRIs in FIG. 2 is shown merely
as an example of a sequence of different PRIs that may be
used control the time interval between the arrival of adjacent
input pulses at an EDFA.

[0019] The changes in PRI may be dictated by a system
controller, which may quickly change the PRI in applica-
tions such as LIDAR as the physical environment changes
(e.g., in a vehicle-based LIDAR, the PRI may change as the
traffic pattern changes). As mentioned above, conventional
MOPAs have been found to exhibit transients in the output
energy as the PRI changes. The transients are related to the
(unwanted) ASE generated within the EDFA as the seed
pulses are being amplified. In particular, it has been found
that the total ASE energy accumulated during a given time
interval scales with the PRI; as the time interval between
input seed pulses increases (i.e., PRI lengthens), the period
of time during which ASE is generated increases as well,
thereby increasing the total ASE generated during the time
interval (which therefore gains the gain created during this
time interval). Conversely, if the PRI is reduced in the
length, a lesser amount of ASE is generated between sub-
sequent signal pulses (again changing the gain provided
between seed pulses). This variable ASE component thus
results in unwanted fluctuations in the gain generated within
the EDFA, resulting in creating transients in the energy of
the amplifier output pulses.

[0020] FIG. 3 is a block diagram of an exemplary MOPA
10 formed in accordance with one or more embodiments of
the present invention to provide transient-free output pulse
energy, even under conditions where the PRI of the input
seed pulse is frequently changed. As will be described below
in association with FIGS. 3-6, controlling the parameters of
the pump source has been found to allow for fluctuations in
ASE to be compensated in a manner where the gain within
the EDFA remains constant, and the output pulses thus
exhibit a constant (transient-free) output energy level. Refer-
ring in particular to FIG. 3, MOPA 10 is shown as compris-
ing an input laser source (seed source) 12 for generating
extremely narrow seed pulses (e.g., nsec-scale pulse width)
that are then applied as an input pulse signal to a fiber-based
optical amplifier, here an erbium doped fiber amplifier
(EDFA) 14. A pump source 16 is used to supply the light that
stimulates emission from the dopants in the fiber core and
amplifies any optical signal passing through the fiber (here,
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the seed pulses are the signal propagating through the fiber).
In particular, the ultra-short (nsec) seed pulses trigger the
generation of high-power pulses as the output from EDFA 14
(ie., a “pump-and-dump” process) by releasing a given
amount of optical energy stored in the doped fiber (the
energy created by the presence of the pump light in the
doped fiber). It is to be understood that other rare-earth
dopants may be used in the formation of a fiber-based optical
amplifier, with erbium only one such option. Thus, while the
following description refers to “EDFA 147, it is to be
understood as also including these various alternative dopant
sources.

[0021] A driver circuit 13 provides an input electrical
signal to seed laser 12, where the repetition rate of the
current pulses from driver circuit 13 defines the PRI of the
seed pulses generated by laser 12. Each pulse itself is
relatively narrow (on the order of nsec), with the PRI
varying perhaps over the range of about 100 nsec to about
100 psec. In the illustration of FIG. 3, solid-line paths are
used to denote optical signal paths and dotted-line paths are
used to denote electrical signal paths.

[0022] In accordance with the principles of the present
invention, pump source 16 is configured to provide pulses of
pump light as a second input to EDFA 14 and controlled
such that a single pump pulse is introduced into EDFA 14
during the PRI. Pump source 16 typically includes a laser
diode configured to emit radiation at a wavelength known to
provide optical amplification in the presence of a rare-earth
dopant. When erbium is used as the dopant, a laser diode
operating at a wavelength of 980 nm is typically used. In
contrast to many prior art EDFAs that utilize a continuous
wave (CW) pump, the constant output energy MOPA of the
present invention utilizes pulses of pump light. As men-
tioned above, it has been found in the past that when the PRI
is varied, a CW pump results in generating variable amounts
of ASE during the time interval between adjacent input seed
pulses as the PRI is changed (i.e., a transition between PRIs),
creating undesirable transients in the energy of the high
power output pulses.

[0023] In accordance with the principles of the present
invention, a pump driver circuit 18 is included in MOPA 10
and utilized to apply a pulsed electrical drive current input
to pump source 16 such that parameters of the pump pulse
are controlled to create transient-free output pulses. Driver
circuit 18 is configured to control both the pulse rate and
pulse width of pulses of the pump light from source 16. As
discussed in detail below, controlling the repetition rate of
the pump pulses, as well as the width of the pump pulse,
allows for contribution to the gain from ASE to be managed
during PRI transitions such that the output pulse energy
remains essentially constant.

[0024] Also shown in FIG. 3 is a system controller 20 that
is utilized to control the operation of both laser driver 13 and
pump driver 18, ensuring that they each operate with the
same PRI. Since the amount of gain achieved within EDFA
14 is a function of the amount of pump light within the
doped fiber core, the pump pulses are somewhat longer in
duration than the input signal narrow pulse (the pump pulse
width on the order of about 25 nsec to a few usec, for
example, as compared to input seed pulses on the order of
tens of nsec). As will be discussed below, system controller
20 is further used to control the width of the pump pulses to
equalize the amount of ASE present between each output
pulse, even as the PRI changes. Said another way, pump
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pulses are controlled in both repetition rate and width such
that the gain generated in the EDFA is held essentially
constant, regardless of changes in the seed pulse PRI.

[0025] The total output energy e, created by MOPA 10 in
response to an input seed pulse can be expressed as follows:

E7E5+E 457,

where e is the output energy associated with the amplified,
high power output pulse P and &, is the (unwanted) ASE
noise generated during the same PRI by MOPA 10. For the
purposes of the present invention, the total output energy
created during a given PRI time period can also be expressed
as:

1 2
gT:CI*(f ildt+f ildl‘]
0 21

where t=0 is defined as the beginning (trigger) for the seed
pulse applied as an input to the EDFA, and t, is a given time
duration of an input pump pulse necessary for generating the
desired energy of output pulse P for a given pump current
value i,. The interval t; to t, (defined as At) is the time
interval attributed to providing the energy to the ASE.
[0026] Without any type of ASE compensation, a longer
time interval between seed pulses (a “slow PRI”) allows for
a rather large amount of ASE to accumulate, when compared
to the amount of ASE accumulated during a shorter interval
(a “fast PRI”). Transients in terms of the energy within an
output pulse thus occur as the PRI changes between each of
these time periods.

[0027] In accordance with the principles of the present
invention, assuming that the amount of ASE generated
remains constant during the operation of EDFA, the interval
At needs to scale linearly in accordance with changes in PRI.
That is, when the PRI doubles in length, the interval At needs
to double as well in order to maintain a “constant” accu-
mulation of ASE energy (and thereby maintain a constant
gain) during that time interval. Similarly, if the PRI is cut in
half, At must also decrease by half as much. The pulse width
of the pump pulse, as regulated by controller 20, thus
changes by a predetermined amount in concert with changes
in PRI to maintain a constant energy (transient-free) output
pulse train.

[0028] FIG. 4 illustrates another embodiment of the pres-
ent invention, denoted MOPA 10A, which includes a look-
up table 40 that stores a set of a priori time intervals At
associated with providing specific adjustments in pump
pulse width as a function of PRI. In one implementation,
look-up table 40 may be included as a component within
system controller 20. In this embodiment, therefore, when
system controller 20 receives instructions to change to a new
PRI, look-up table 40 is utilized to provide the proper pump
pulse adjustment At required to maintain a constant gain
within EDFA 14. Thus, in the embodiment of FIG. 4, system
controller 20 provides two inputs to pump driver 18, a first
input defining the PRI and a second input defining the pulse
width for that PRI value.

[0029] As mentioned above, the operation of laser driver
circuit 13 and pump driver circuit 18 are preferably con-
trolled such that seed pulses and pump pulses both exhibit
the same PRI. It is to be noted that the seed pulses and pump
pulses are not necessarily synchronized. In fact, a preferred
embodiment of the present invention may be configured
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such that the pump pulse arrives at EDFA 14 slightly in
advance of the seed pulse. By controlling the arrival times
of the two pulses, the energy required to “fuel” the seed
pulse is delivered “just in time” for that seed pulse and not
spread across the entire pulse interval (which is the case for
conventional CW pumping in a MOPA).

[0030] FIG. 5 illustrates an alternative embodiment of the
present invention, shown as MOPA 10B, that is configured
to time the arrival of the seed pulses with respect to the pump
pulses. Besides the components discussed above in accor-
dance with the embodiment of FIG. 3, MOPA 10B of FIG.
3 includes a delay element 50 disposed between controller
20 and laser driver circuit 13. Delay element 50 functions to
shift the arrival of the seed pulses until slightly after the
arrival of the pump pulses, while maintaining the same PRI
for both pulse streams.

[0031] There are a variety of applications where a MOPA
is subjected to environmental changes (such as changes in
ambient temperature) that impact the performance of the
amplifier. As the components age, their performance may
also be impacted. FIG. 6 illustrates an exemplary MOPA
10C formed in accordance with the present invention that
includes a feedback loop between the output of EDFA 14
and pump driver 18. In operation, a portion of the amplified,
high power pulses P is coupled into a feedback optical signal
path and applied as an input to pump controller 60. Con-
troller 60 converts the received optical signal into an elec-
trical equivalent that is thereafter analyzed to determine if
any adjustments are necessary to pump source 16 (e.g.,
adjusting the drive current applied to pump source 16,
changing the bias voltage applied pump source 16, etc.). In
an alterative embodiment, the electrical signal created by
pump controller 60 may be applied as an input to system
controller 20 that is particularly configured to analyze this
feedback and provide the necessary adjustments to the
operating parameters of pump source 16 via pump driver 18.
[0032] Thus, in accordance with the present invention, the
ability to modify pump pulse characteristics allows for the
shaded ASE regions to be equalized, regardless of PRI, by
adjusting the operating parameters of the pump source.
Various additional modifications of this invention will occur
to those skilled in the art. All deviations from the specific
teachings of this specification that basically rely on the
principles and their equivalents through which the art has
been advanced are properly considered to be within the
scope of the invention as described and claimed.

1. A master oscillator power amplifier (MOPA) compris-

ing:

a section of doped optical fiber for providing signal gain
to input light in the presence of a pump light beam
operating at a defined wavelength;

an input pulse source for generating seed pulses applied as
a first input to the section of doped optical fiber, the
input pulse source designed to adjust a pulse repetition
interval (PRI) between adjacent pulses in response to a
“PRI change” control signal; and

a pump source for generating pump pulses applied as a
second input to the section of doped optical fiber,
wherein the presence of the seed and pump pulses
within the section of doped optical fiber amplifies the
power of the seed pulses and generates high-power
optical output pulses,

the pump source designed to control pump pulse param-
eters including repetition rate and pulse width to main-
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tain an essentially constant signal gain in the section of
doped optical fiber to provide transient-free energy in
the high-power optical output pulses regardless of
changes in the seed pulse PRI.

2. The MOPA as defined in claim 1 wherein the MOPA
further comprises

a laser driver circuit coupled to the input pulse source;

a pump driver circuit coupled to the pump source; and

a control circuit coupled to the laser driver circuit and the

pump driver circuit for transmitting the PRI change
control signal to both the laser driver circuit and the
pump driver circuit.

3. The MOPA as defined in claim 2 wherein the pump
driver circuit modifies a pump pulse width in the presence of
a PRI change control signal to maintain an essentially
constant accumulation of amplified spontaneous emission
between seed pulses, regardless of changes in PRI.

4. The MOPA as defined in claim 1 wherein the MOPA
further comprises a delay element for controlling arrival
times of the seed pulses and the pump pulses at the section
of' doped optical fiber such that a pump pulse arrives slightly
before its associated seed pulse.

5. The MOPA as defined in claim 2 wherein the control
circuit is configured to adjust a width of the pump pulse as
a function of changes in seed pulse PRI to maintain constant
gain in the section of doped optical fiber.

6. The MOPA as defined in claim 1 wherein the MOPA
further comprises a feedback path between the output of the
section of doped optical fiber and the pump driver circuit,
the feedback path used to adjust either one or both of a drive
current and a bias voltage applied to the pump source.

7. The MOPA as defined in claim 1 wherein the section of
doped optical fiber includes an erbium dopant and the pump
source generates pump pulses at a wavelength of 980 nm.

8. A LIDAR system comprising

a master optical power amplifier (MOPA) source of high

power optical pulses, the master optical power ampli-

fier including

a section of doped optical fiber for providing signal
gain to input light in the presence of a pump light
beam operating at a defined wavelength and gener-
ating as an output high power optical pulses which
are thereafter directed to an external target;

an input pulse source for generating seed pulses applied
as a first input to the section of doped optical fiber,
the input pulse source designed to adjust a pulse
repetition interval (PRI) between adjacent pulses in
response to a “PRI change” control signal; and

a pump source for generating pump pulses applied as a
second input to the section of doped optical fiber,
wherein the presence of the seed and pump pulses
within the section of doped optical fiber amplifies the
power of the seed pulses and generates the high
power optical output pulses, the pump source
designed to control pump pulse parameters including
repetition rate and pulse width to maintain an essen-
tially constant signal gain in the section of doped
optical fiber to provide transient-free energy in the
high power optical output pulses regardless of
changes in the seed pulse PRI;

an optical receiver configured to detect at least a portion

of returned optical pulses reflected or scattered by the
target into the LIDAR system, the optical receiver
further configured to analyze the portion of returned
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optical pulses and determine therefrom a distance
between the LIDAR system and the target; and

an optical beam splitter disposed between the MOPA

source of high power optical pulses and the optical
receiver and configured to direct the high power optical
pulses toward the target and direct the portion of
returned optical pulses toward the optical receiver.

9. The LIDAR system as defined in claim 8 wherein the
MOPA source of high power optical pulses further com-
prises

a laser driver circuit coupled to the input pulse source;

a pump driver circuit coupled to the pump source; and

a control circuit coupled to the laser driver circuit and the

pump driver circuit for transmitting the PRI change
control signal to both the laser driver circuit and the
pump driver circuit.

10. The LIDAR system as defined in claim 9 wherein the
pump driver circuit modifies a pump pulse width in the
presence of a PRI change control signal to maintain an

Aug. 6, 2020

essentially constant accumulation of amplified spontaneous
emission between seed pulses, regardless of changes in PRI.

11. The LIDAR system as defined in claim 8 wherein the
MOPA source of high power optical pulses further com-
prises a delay element for controlling arrival times of the
seed pulses and the pump pulses at the section of doped
optical fiber such that a pump pulse arrives slightly before its
associated seed pulse.

12. The LIDAR system as defined in claim 9 wherein the
control circuit is configured to adjust a width of the pump
pulse as a function of changes in seed pulse PRI to maintain
constant gain in the section of doped optical fiber.

13. The LIDAR system as defined in claim 8 wherein the
MOPA source of high power pulses further comprises a
feedback path between the output of the section of doped
optical fiber and the pump driver circuit, the feedback path
used to adjust either one or both of a drive current and a bias
voltage applied to the pump source.
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