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(57) Abstract: A laser transmitter (100, 200) is provided that includes a seed signal generator (104, 204), an amplitude modulator (106,
206) and a power amplifier (108, 208). The seed signal generator is configured to generate a seed signal (116, 216) that has a continuous
waveform. The amplitude modulator is configured to generate a tflat-top pulse signal (118, 218) based on the seed signal. The power
amplifier is configured to generate a laser output (102, 202) signal based on the flat-top pulse signal.
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LASER TRANSMITTER FOR GENERATING A COHERENT LASER OUTPUT SIGNAL
WITH REDUCED SELF-PHASE MODULATION AND METHOD

TECHNICAL FIELD

[0001]  This disclosure is directed, in general, to laser systems and, more specifically,
to a laser transmitter for generating a coherent laser output signal with reduced self-phase

modulation and method.

BACKGROUND

[0002]  Coherent laser detection and ranging (LADAR) applications use laser sources
as optical transmitters to meet many requirements, including high pulse energy/peak power,
good spatial beam quality and long pulse coherence time. These transmitters are often
implemented with fiber lasers due to their compact/rugged architecture, support for flexible
pulse waveform generation and high electric-to-optic efficiency. However, the long and small
guiding core of a fiber laser results in issues such as the optical Kerr effect at relatively low
peak powers. This parasitic, nonlinear effect manifests itself as self-phase modulation, i.e., an
intra-pulse, time-dependent shift in the optical phase, which reduces the pulse coherence

time, thereby hampering coherent LADAR.

SUMMARY

[0003]  This disclosure provides a laser transmitter for generating a coherent laser
output signal with reduced self-phase modulation and method.

[0004] In a first embodiment, a laser transmitter is provided that includes a seed
signal generator, an amplitude modulator and a power amplifier. The seed signal generator is
configured to generate a seed signal that has a continuous waveform. The amplitude
modulator is configured to generate a flat-top pulse signal based on the seed signal. The
power amplifier is configured to generate a laser output signal based on the flat-top pulse
signal.

[0005] In a second embodiment, a method for generating a laser output signal is

provided that includes generating a seed signal that has a continuous waveform. A flat-top
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pulse signal is generated based on the seed signal. The laser output signal is generated based
on the flat-top pulse signal.

[0006] In a third embodiment, a laser transmitter is provided that includes a seed
signal generator, a plurality of amplitude modulators and a plurality of power amplifiers. The
seed signal generator is configured to generate a seed signal that has a continuous waveform.
Each of the amplitude modulators is configured to modulate an amplitude of an input signal
to generate a flat-top pulse signal. The amplitude modulators include a first amplitude
modulator that is configured to modulate an amplitude of the seed signal to generate a first
flat-top pulse signal. Each power amplifier corresponds to one of the amplitude modulators
and is configured to amplify the flat-top pulse signal generated by the corresponding
amplitude modulator to generate an amplified signal. Each of a subset of the power amplifiers
is configured to provide the amplified signal as the input signal for a subsequent amplitude
modulator.

[0007] In a fourth embodiment, a method for generating a laser output signal is
provided that includes generating a seed signal that has a continuous waveform. A plurality
of flat-top pulse signals is generated. A first flat-top pulse signal is generated based on the
seed signal. An amplified signal is generated for each of the flat-top pulse signals. The laser
output signal is generated based on a final one of the flat-top pulse signals.

[0008]  Other technical features may be readily apparent to one skilled in the art from

the following figures, descriptions, and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] For a more complete understanding of this disclosure and its features,
reference is now made to the following description, taken in conjunction with the
accompanying drawings, in which:

[0010]  FIGURE 1 illustrates a laser transmitter for generating a coherent laser output
signal with reduced self-phase modulation in accordance with this disclosure;

[0011]  FIGURE 2 illustrates a laser transmitter for generating a coherent laser output
signal with reduced self-phase modulation in accordance with another embodiment of this
disclosure;

[0012] FIGURES 3A-3F illustrate graphs of laser pulses and interference terms in

accordance with this disclosure;
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[0013] FIGURE 4 illustrates a LADAR system including the laser transmitter of
FIGURE 1 or 2 in accordance with this disclosure;

[0014]  FIGURE 5 illustrates a method for generating a coherent laser output signal
with reduced self-phase modulation in accordance with this disclosure; and

[0015]  FIGURE 6 illustrates a method for generating a coherent laser output signal
with reduced self-phase modulation in accordance with another embodiment of this

disclosure.

DETAILED DESCRIPTION

[0016]  FIGURES 1 through 6, described below, and the various embodiments used to
describe the principles of the present invention in this patent document are by way of
illustration only and should not be construed in any way to limit the scope of the invention.
Those skilled in the art will understand that the principles of the present invention may be
implemented in any type of suitably arranged device or system.

[0017]  Solid-state lasers are subject to self-phase modulation, which reduces the
coherence time of laser pulses, resulting in unwanted spectral broadening. Short coherence
times especially hamper coherent-detection LADAR, and broad spectrum generally reduces
spectral selectivity. Therefore, self-phase modulation effectively limits the peak power
achievable in solid-state lasers with the result that these lasers may be unusable for LADAR
or other remote sensing applications.

[0018] A direct approach to mitigating self-phase modulation in solid-state lasers has
been to maximize the optical beam cross-sectional area within the laser medium. As the beam
area increases, the optical intensity for a given pulse power becomes lower. In turn, a lower
optical intensity proportionally raises the pulse power at which self-phase modulation sets in.
In fiber lasers, this approach requires using fibers of increasingly large guiding cores.
However, the beam size in a laser medium cannot be arbitrary, but must satisfy several
concurrent constraints including maximization of beam quality. Increasing beam size may
lead to loss of spatial beam quality and/or loss of efficiency. In fiber lasers, ensuring single-
transverse-mode operation becomes more difficult as the core becomes larger. The residual
guidance of high-order transverse modes in large-core fibers may make such fibers more

sensitive to thermo-mechanical perturbations from the surroundings (i.e., less rugged) and



10

15

20

25

30

WO 2018/111351 PCT/US2017/044977

4

potentially degrade the spatial beam quality and pointing, thus offsetting the benefit of higher
pulse power in certain applications, such as LADAR applications.

[0019]  Another approach to mitigating self-phase modulation has relied on the fact
that the phase shift caused by self-phase modulation is proportional to the derivative of the
pulse amplitude with respect to time. An optical phase modulator can thus be used to counter-
shift the optical phase in pulses such that, as self-phase modulation sets in, the net phase
variation during the pulse is minimized. This approach requires detecting the temporal profile
of each laser output pulse and using this data to extract a correction signal that the phase
modulator then uses to ensure the successive pulse is self-phase-modulation free (i.e., a feed-
forward active loop).

[0020] However, as the peak power increases, self-phase modulation becomes faster
and thus the complexity and signal bandwidth required to drive this feed-forward loop may
become unmanageable quickly. In addition, LADAR systems often have severe size, weight
and power (SWaP) constraints on the platforms in which the LADAR systems are deployed.
As a result, the additional SWaP requirements associated with the increasingly complex
components used to implement a feed-forward loop for large-core fibers may render this
approach unusable for many applications.

[0021]  FIGURE 1 illustrates a laser transmitter 100 for generating a coherent laser
output signal 102 with reduced self-phase modulation in accordance with this disclosure. The
embodiment of the laser transmitter 100 shown in FIGURE 1 is for illustration only. Other
embodiments of the laser transmitter 100 could be used without departing from the scope of
this disclosure.

[0022]  As shown in FIGURE 1, the laser transmitter 100 is implemented with a
master oscillator/power amplifier (MOPA) configuration. For this embodiment, the laser
transmitter 100 includes a seed signal generator 104, an electro-optic amplitude modulator
106 and a power amplifier (PA) 108. The seed signal generator 104 in this example includes
adriver 110, a master oscillator (MO) 112 and a preamplifier 114.

[0023]  The driver 110 is configured to drive and control the master oscillator 112.
The master oscillator 112 is configured to generate an output signal based on input from the
driver 110. Thus, the output waveform of the master oscillator 112 may be determined based
on the input received from the driver 110. For example, the output of the master oscillator
112 may include a continuous waveform. The output of the master oscillator 112 is provided

to the preamplifier 114, which is configured to amplify that output to generate a seed signal
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[0024]  The driver 110 includes any suitable structure for driving and controlling an
output of the seed signal generator 104. The master oscillator 112 includes any suitable
structure for generating a continuous-wave optical signal, such as a continuous-wave, single-
frequency diode laser. The preamplifier 114 includes any suitable structure for amplifying an
optical signal.

[0025]  The amplitude modulator 106 is configured to receive the seed signal 116
from the seed signal generator 104 and to generate a flat-top pulse signal 118 based on the
seed signal 116. As used herein, a “flat-top pulse” means a pulse having a flat-top temporal
profile, such as the example illustrated in FIGURE 3C below. Thus, a flat-top pulse is a pulse
having a temporal profile with no amplitude change during a predefined portion of the pulse,
with the predefined portion determined based on the application in which the laser transmitter
100 is implemented. For example, for a particular embodiment, the predefined portion may
be greater than 90% of the pulse. For other embodiments, the predefined portion may be
greater than 99% of the pulse. For some embodiments, the amplitude modulator 106 may be
configured to generate the flat-top pulse signal 118 by acting as a chopper, alternately
blocking the light of the seed signal 116 and letting the light pass at regular intervals to
generate flat-top pulses.

[0026]  The amplitude modulator 106 includes any suitable structure for modulating
the amplitude of the seed signal 116, such as a lithium-niobate, fiber-coupled Mach-Zehnder
modulator (MZM). For example, commercially available MZMs can generate pulses with
rise/fall times less than 100 picoseconds. As pulses used in many coherent LADAR
applications, for example, are typically a few nanoseconds long, MZM-generated pulses can
be flat for over 90% of their duration. Since the optical phase variation caused by self-phase
modulation is proportional to the derivative of the pulse shape function with respect to time,
there is no phase shift during the flat portion of the pulse, regardless of pulse power. The
phase shift is then confined to the rising and falling edges of the pulse, which contain only a
small fraction of the total pulse energy.

[0027]  The power amplifier 108 is configured to generate the coherent laser output
signal 102 based on the flat-top pulse signal 118 received from the amplitude modulator 106
by amplifying the flat-top pulse signal 118. Thus, the laser output signal 102 has higher-
amplitude pulses compared to the flat-top pulse signal 118. The power amplifier 108 includes

any suitable structure for amplifying optical signals, such as an ordinary rare-earth-doped



10

15

20

25

30

WO 2018/111351 PCT/US2017/044977

6

fiber, a specialty fiber such as a semi-guiding high-aspect-ratio core (SHARC) fiber or micro-
structured fiber, a rare-earth-doped planar waveguide (PWG@G), or a rare-earth-doped bulk
(non-wave-guided) crystal, to mention a few. The power amplifier 108 has the capacity to
generate peak and average powers in accordance with a specific application of interest. As a
particular example, the power amplifier 108 could be implemented using a fiber amplifier
with high efficiency, good beam quality, and desirable SWaP characteristics.

[0028] Because the phase shifts associated with self-phase modulation mimic the
amplitude profiles of pulses generated by the laser transmitter 100, no phase shift occurs
during the flat-top portion of a flat-top pulse because there is no amplitude change. Therefore,
because the pulses generated by the laser transmitter 100 exhibit very fast rise and fall times
with the pulse profile staying flat during most of the pulse duration, the laser output signal
102 generated by the laser transmitter 100 includes minimal self-phase modulation.
Accordingly, the power of pulses generated by fiber lasers may be scaled up significantly
without incurring the coherence degradation caused by self-phase modulation, thus
improving the capability of fibers used in optical transmitters for coherent LADAR and other
suitable applications.

[0029] In this way, the benefits of fiber technology (e.g., good beam quality and
ruggedness) for LADAR and other applications may be maintained without requiring large-
core fibers or a broadband feed-forward/feedback loop involving phase detection and
correction. However, the laser transmitter 100 is also compatible with other approaches. For
example, if desired, the laser transmitter 100 can be used in combination with large-core
fibers and/or the phase-correction schemes described above in order to further scale up fiber-
laser pulse power without coherence degradation.

[0030]  Although FIGURE 1 illustrates one example of a laser transmitter 100, various
changes may be made to the embodiment of FIGURE 1. For example, various components of
the laser transmitter 100 could be combined, further subdivided, moved, or omitted and
additional components could be added according to particular needs. As a specific example,
the preamplifier 114 could represent one or more preamplifiers as opposed to a single
preamplifier. In addition, the amplitude modulator 106 could represent multiple amplitude
modulators and the power amplifier 108 could represent multiple power amplifiers, similar to
the embodiment of FIGURE 2.

[0031] FIGURE 2 illustrates a laser transmitter 200 for generating a coherent laser

output signal 202 with reduced self-phase modulation in accordance with another
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embodiment of this disclosure. The embodiment of the laser transmitter 200 shown in
FIGURE 2 is for illustration only. Other embodiments of the laser transmitter 200 could be
used without departing from the scope of this disclosure.

[0032]  For the illustrated embodiment, the laser transmitter 200 includes a seed signal
generator 204, a plurality of electro-optic amplitude modulators (AM) 206 and a plurality of
power amplifiers (PA) 208. The seed signal generator 204 is configured to generate a seed
signal 216 having a continuous waveform. For some embodiments, the seed signal generator
204 may correspond to the seed signal generator 104. Thus, the seed signal generator 204
may include a driver, a master oscillator and a preamplifier configured to generate an
amplified, continuous-wave optical signal as the seed signal 216.

[0033]  For this embodiment, the plurality of amplitude modulators 206 may be used
in synchronization with each other to create extinction of the pulses and to make pulse
contrast higher in the final laser output signal 202. The first amplitude modulator 206, is
configured to receive the seed signal 216 from the seed signal generator 204 and to generate a
first flat-top pulse signal 218, based on the seed signal 216. The first power amplifier 208, is
configured to receive the first flat-top pulse signal 218, and to generate a first amplified
signal 220, based on the first flat-top pulse signal 218;.

[0034]  Similarly, each subsequent amplitude modulator 206, is configured to
receive an amplified signal 220 from a preceding power amplifier 208 and to generate a flat-
top pulse signal 218 based on the amplified signal 220. Likewise, each subsequent power
amplifier 208,., (except for a final, output power amplifier 208,,,) 1s configured to receive a
flat-top pulse signal 218 from a preceding amplitude modulator 206 and to generate an
amplified signal 220 based on the flat-top pulse signal 218. The output power amplifier 208,
is configured to receive the amplified signal 220, from the power amplifier 208, and to
generate the laser output signal 202 based on the amplified signal 220,

[0035] The amplitude modulators 206;., may each correspond to the amplitude
modulator 106. For example, for some embodiments, the amplitude modulators 206;.,, may
each include any suitable structure for modulating the amplitude of an input signal, such as a
lithium-niobate, fiber-coupled MZM. In addition, the power amplifiers 208,., and the output
power amplifier 208,,, may correspond to the power amplifier 108. For example, for some
embodiments, the power amplifiers 208;., and 208,;, may each include any suitable structure
for amplifying optical signals, such as an ordinary rare-earth-doped fiber, a specialty fiber

such as a SHARC fiber or micro-structured fiber, a rare-earth-doped PWG, a rare-earth-
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doped bulk (non-wave-guided) crystal, or other suitable amplifier.

[0036]  Although FIGURE 2 illustrates one example of a laser transmitter 200, various
changes may be made to the embodiment of FIGURE 2. For example, various components of
the laser transmitter 200 could be combined, further subdivided, moved, or omitted and
additional components could be added according to particular needs. As a specific example,
the final power amplifier 208,,, may be omitted, and the amplified signal 220, generated by
the n™ power amplifier 208, may correspond to the laser output signal 202. In addition, the
number 7 may be any suitable integer greater than or equal to 2.

[0037] FIGURES 3A-3F illustrate graphs of laser pulses and interference terms in
accordance with this disclosure. The graphs 300, 320, 340, 360, 365 and 380 shown in
FIGURES 3A-F are for illustration only.

[0038]  The optical field in a laser amplifier may be expressed as follows:
E(z,2) = gz) Az = 0 fF(r)etrz—at+e]

where z is the position along a laser medium, g is the optical gain, A4 is the input peak
amplitude, f'is the normalized pulse power profile, 7 is time, k& is the propagation constant, ®
is the carrier frequency and ¢ is the optical phase. In addition, the optical phase may be
defined as follows:

O = Qo+ ONL,
where @ is a static term and @y is a nonlinear term corresponding to the amount of self-
phase modulation, which may be written as:

on(t) = BAY),

where
L
A Jo

and where n, is the nonlinear refractive index coefficient, & is the wavelength, L is the
amplifier length and /(z) is the optical intensity at the pulse peak.

[0039] FIGURE 3A is a graph 300 of the pulse profiles corresponding to a pulse
having a Gaussian amplitude profile with varying B values (corresponding to varying pulse
peak power). In the same graph 300, the temporal profile of the phase shift corresponding to
each B value is also plotted (right vertical axis). FIGURE 3B is a graph 320 of the
interference term between a laser pulse having varying B values illustrated in the graph 300,

and a continuous-wave single-frequency signal (referred to as “local oscillator™). The overall
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interference function may be expressed as:
S} = FCe) + g + Z4f quof Ctlcasleg + ey (el
where czo is the local oscillator constant power (normalized to the pulse peak power) and

2 erg Fticos [@g + @x (011 is the interference term, with:

=1 for constructive interference
cos|po + pnr(f)] = -1 for destructive interference,
= 0 for incoherent sum.

Thus, as shown in the graphs 300 and 320, for Gaussian pulses, self-phase modulation effects
exist throughout the pulses, which decreases the coherence time of the pulses. This results in
spectral broadening, which generally reduces spectral selectivity and limits the peak power
achievable in solid-state lasers.

[0040] FIGURE 3C is a graph 340 of a pulse profile corresponding to a flat-top pulse
signal 116, 216. For this particular embodiment, the rise time of the pulse is about 100
picoseconds, the fall time is about 100 picoseconds, and the flat-top portion with no
amplitude change is about 1 nanosecond. FIGURE 3D is a graph 360 of the interference term
corresponding to the self-phase modulation coherence degradation for the pulse shown in the
graph 340 for various B values. Thus, as shown in the graph 360, the interference term is flat
during the flat portion of the corresponding pulse in the graph 340. As self-phase modulation
is confined to the rising and falling edges of the pulse, FIGURE 3E is a graph 365 illustrating
an expanded view of the rising edge interference shown in the graph 360 to illustrate more
clearly the interference corresponding to the various B values.

[0041]  Finally, for the illustrated embodiment, FIGURE 3F is a graph 380 illustrating
the normalized interference signal for the pulses shown in the graphs 300 and 340 for various
B values. The interference signal is obtained by integrating the interference term with respect
to time and, in many embodiments, represents the signal detected in typical coherent LADAR
applications. An upper line 382 indicates the maximum coherence, while a zero line 384
indicates an incoherent sum. Thus, for the Gaussian pulses of the graph 300, a Gaussian
coherence line 386 shows the declining coherence associated with increasing B values. For
the flat-top pulse of the graph 340, a flat-top coherence line 388 shows a much higher and
more consistent coherence (as compared to the Gaussian coherence line 386) that only drops
slightly with increasing B values. Thus, as shown in the graph 380, a flat-top pulse signal

116, 216 greatly minimizes the coherence degradation due to self-phase modulation that
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occurs to a much greater extent with a Gaussian pulse waveform.

[0042] FIGURE 4 illustrates a LADAR system 400 including a sensor 402 that
includes a laser transmitter 404 in accordance with this disclosure. The embodiment of the
LADAR system 400 shown in FIGURE 4 is for illustration only as one example of an
application implementing the laser transmitter 404. Other embodiments of the LADAR
system 400 including the laser transmitter 404 could be used without departing from the
scope of this disclosure. For some embodiments, the laser transmitter 404 may correspond to
the laser transmitter 100 or 200.

[0043] A laser output signal having a flat-top pulse waveform is provided from the
laser transmitter 404 to a pointer/scan unit 406, which can direct the output laser beam in
desired directions. For instance, the pointer/scan unit 406 could sweep a given area with the
beam in order to identify aircraft, vehicles, cyclists, pedestrians, or other targets/objects of
interest. For example, for a particular embodiment, the LADAR system 400 may be
implemented as part of a weapons system, and the pointer/scan unit 406 could identify
objects to be targeted for destruction. For another particular embodiment, the LADAR system
400 may be implemented in a self-driving vehicle, and the pointer/scan unit 406 could
identify objects in the road to assist in maneuvering the vehicle. A transmitter electronics and
power supply unit 408 provides power and control signals to the laser transmitter 404 and the
pointer/scan unit 406 in order to control the generation and steering of the output laser beam.

[0044]  Laser illumination reflected from at least one object of interest can be received
at the sensor 402 via a telescope 410, which directs the laser illumination to a splitter or
steering mirror 412. The splitter or steering mirror 412 can deliver part or all of the laser
illumination to a passive receiver 414. The splitter or steering mirror 412 can also deliver part
or all of the laser illumination to receiver optics 416 that focus the laser illumination onto a
receiver/detector array 418. The passive receiver 414 can engage in passive target/object
detection, while the receiver/detector array 418 can support active or semi-active target/object
detection.

[0045]  Data from the receiver/detector array 418 can be provided to a data formatter
and frame buffer 420, which formats the data in a suitable manner. A display or automatic
target recognition (ATR) unit 422 displays information, such as potential or acquired targets
identified by the sensor 402 using the laser illumination. A platform computer 424 can
support various functions such as data processing, target acquisition, and guidance commands

for directing the sensor 402 towards an object. A sensor controller 426 can control various
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operations of the sensor 402, such as operations of the passive receiver 414 or the
receiver/detector array 418.

[0046]  Although FIGURE 4 illustrates one example of a LADAR system 400
including a laser transmitter 404, various changes may be made to the embodiment of
FIGURE 4. For example, while described as using laser illumination for target acquisition,
various other applications can use the transmission of laser illumination and the detection of
reflected laser illumination.

[0047]  FIGURE 5 illustrates a method 500 for generating a coherent laser output
signal 102 with reduced self-phase modulation in accordance with this disclosure. The
method 500 shown in FIGURE 5 is for illustration only. A coherent laser output signal 102
with reduced self-phase modulation may be generated in any other suitable manner without
departing from the scope of this disclosure.

[0048] Initially, a seed signal 116 having a continuous waveform is generated (step
502). For example, for a particular embodiment, a seed signal generator 104 could generate
the seed signal 116. A flat-top pulse signal 118 is generated based on the seed signal 116
(step 504). For example, for a particular embodiment, an amplitude modulator 106 could
generate the flat-top pulse signal 118 by modulating the amplitude of the seed signal 116. The
laser output signal 102 is generated based on the flat-top pulse signal 118 (step 506). For
example, for a particular embodiment, a power amplifier 108 could generate the laser output
signal 102 by amplifying the flat-top pulse signal 118.

[0049]  In this way, self-phase modulation may be corrected by shaping (into flat-top
waveforms) the amplitude of pulses prior to amplification, without requiring the detection of
amplified pulse profiles and/or feed-back/feed-forward loops with pulse information. In
addition, fully coherent pulses may be generated with pulse energy that is at least an order of
magnitude greater than would be possible with Gaussian pulses. As a result, fiber lasers may
be used for high-power coherent laser transmitters, such as the laser transmitter 100, while
being minimally affected by self-phase modulation.

[0050]  Although FIGURE 5 illustrates one example of a method 500 for generating a
coherent laser output signal 102 with reduced self-phase modulation, various changes may be
made to the embodiment shown in FIGURE 5. For example, while shown as a series of steps,
various steps in FIGURE 5 could overlap, occur in parallel, occur in a different order, or

occur multiple times.



10

15

20

25

30

WO 2018/111351 PCT/US2017/044977

12

[0051] FIGURE 6 illustrates a method 600 for generating a coherent laser output
signal 202 with reduced self-phase modulation in accordance with this disclosure. The
method 600 shown in FIGURE 6 is for illustration only. A coherent laser output signal 202
with reduced self-phase modulation may be generated in any other suitable manner without
departing from the scope of this disclosure.

[0052] Initially, a seed signal 216 having a continuous waveform is generated (step
602). For example, for a particular embodiment, a seed signal generator 204 could generate
the seed signal 216. A first flat-top pulse signal 218, is generated based on the seed signal
216 (step 604). For example, for a particular embodiment, an amplitude modulator 206, could
generate the first flat-top pulse signal 218; by modulating the amplitude of the seed signal
216. A first amplified signal 220, is generated based on the first flat-top pulse signal 218,
(step 606). For example, for a particular embodiment, a power amplifier 208; could generate
the first amplified signal 220, by amplifying the first flat-top pulse signal 218;.

[0053] A subsequent flat-top pulse signal 218 is generated based on an amplified
signal 220 (step 608). For example, for a particular embodiment, an amplitude modulator
206, could generate the subsequent flat-top pulse signal 218, by modulating the amplitude of
the first amplified signal 220;. A subsequent amplified signal 220 is generated based on a
flat-top pulse signal 218 (step 610). For example, for a particular embodiment, a power
amplifier 208, could generate the subsequent amplified signal 220, by amplifying the
subsequent flat-top pulse signal 218,.

[0054] If there are additional amplitude modulators 206 (step 612), the method
returns to steps 608 and 610 where a subsequent amplitude modulator 206 and a subsequent
power amplifier 208 generate a subsequent flat-top pulse signal 218 and a subsequent
amplified signal 220, respectively. For example, for a particular embodiment, amplitude
modulators 206;., could, in turn, successively generate subsequent flat-top pulse signals 218;.
» by modulating the amplitude of corresponding amplified signals 220;..1). In addition, for
this particular embodiment, power amplifiers 2085, could, in turn, successively generate
subsequent amplified signals 2205, by amplifying the corresponding flat-top pulse signals
218;.n.

[0055]  If there are no additional amplitude modulators 206 (step 612), the laser output
signal 202 is generated based on the final amplified signal 220 (step 614). For example, for a
particular embodiment, an output power amplifier 208,4, could generate the laser output

signal 202 by amplifying the final, subsequent amplified signal 220, generated by the power
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amplifier 208, As another example, the power amplifier 208, could provide the final,
subsequent amplified signal 220, as the laser output signal 202.

[0056]  In this way, self-phase modulation may be corrected by shaping (into flat-top
waveforms) the amplitude of pulses prior to amplification, without requiring the detection of
amplified pulse profiles and/or feed-back/feed-forward loops with pulse information. In
addition, fully coherent pulses may be generated with pulse energy that is at least an order of
magnitude greater than would be possible with Gaussian pulses. As a result, fiber lasers may
be used for high-power coherent laser transmitters, such as the laser transmitter 200, while
being minimally affected by self-phase modulation.

[0057]  Although FIGURE 6 illustrates one example of a method 600 for generating a
coherent laser output signal 202 with reduced self-phase modulation, various changes may be
made to the embodiment shown in FIGURE 6. For example, while shown as a series of steps,
various steps in FIGURE 6 could overlap, occur in parallel, occur in a different order, or
occur multiple times.

[0058] Modifications, additions, or omissions may be made to the apparatuses and
methods described herein without departing from the scope of the disclosure. For example,
the components of the apparatuses may be integrated or separated. The methods may include
more, fewer, or other steps. Additionally, as described above, steps may be performed in any
suitable order.

[0059] It may be advantageous to set forth definitions of certain words and phrases
used throughout this patent document. The terms “include” and “comprise,” as well as
derivatives thereof, mean inclusion without limitation. The term “or” is inclusive, meaning
and/or. The phrase “associated with,” as well as derivatives thereof, may mean to include, be
included within, interconnect with, contain, be contained within, connect to or with, couple to
or with, be communicable with, cooperate with, interleave, juxtapose, be proximate to, be
bound to or with, have, have a property of, have a relationship to or with, or the like. The
phrase “at least one of,” when used with a list of items, means that different combinations of
one or more of the listed items may be used, and only one item in the list may be needed. For
example, “at least one of: A, B, and C” includes any of the following combinations: A, B, C,
Aand B, Aand C, B and C, and A and B and C.

[0060] While this disclosure has described certain embodiments and generally
associated methods, alterations and permutations of these embodiments and methods will be

apparent to those skilled in the art. Accordingly, the above descriptions of various
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embodiments does not define or constrain this disclosure. Other changes, substitutions, and
alterations are also possible without departing from the spirit and scope of this disclosure, as

defined by the following claims.
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WHAT IS CLAIMED IS:

1. A laser transmitter, comprising:
a seed signal generator configured to generate a seed signal comprising a
continuous waveform;
an amplitude modulator configured to generate a flat-top pulse signal based on
the seed signal; and
a power amplifier configured to generate a laser output signal based on the

flat-top pulse signal.

2. The laser transmitter of Claim 1, wherein the flat-top pulse signal comprises a
plurality of pulses, and wherein each of the pulses has a temporal profile with no amplitude

change for more than 90% of the pulse.

3. The laser transmitter of Claim 1, wherein the flat-top pulse signal comprises a
plurality of pulses, and wherein each of the pulses has a temporal profile with no amplitude

change for more than 99% of the pulse.

4. A method for generating a laser output signal, comprising:
generating a seed signal comprising a continuous waveform;
generating a flat-top pulse signal based on the seed signal; and
generating the laser output signal based on the flat-top pulse signal.

5. The method of Claim 4, wherein generating a flat-top pulse signal based on

the seed signal comprises modulating an amplitude of the seed signal.

6. The method of Claim 4, wherein generating a laser output signal based on the

flat-top pulse signal comprises amplifying the flat-top pulse signal.

7. The method of Claim 4, wherein the flat-top pulse signal comprises a plurality
of pulses, and wherein each of the pulses has a temporal profile with no amplitude change for

more than 90% of the pulse.
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8. The method of Claim 4, wherein the flat-top pulse signal comprises a plurality
of pulses, and wherein each of the pulses has a temporal profile with no amplitude change for

more than 99% of the pulse.

9. A laser transmitter, comprising:

a seed signal generator configured to generate a seed signal comprising a
continuous waveform;

a plurality of amplitude modulators, wherein each amplitude modulator is
configured to modulate an amplitude of an input signal to generate a flat-top pulse signal,
wherein the amplitude modulators comprise a first amplitude modulator configured to
modulate an amplitude of the seed signal to generate a first flat-top pulse signal; and

a plurality of power amplifiers, wherein each power amplifier corresponds to
one of the amplitude modulators and is configured to amplify the flat-top pulse signal
generated by the corresponding amplitude modulator to generate an amplified signal, and
wherein each of a subset of the power amplifiers is configured to provide the amplified signal

as the input signal for a subsequent amplitude modulator.

10. The laser transmitter of Claim 9, wherein a final one of the power amplifiers is

configured to provide the amplified signal as a laser output signal.

11. The laser transmitter of Claim 9, further comprising an output power
amplifier, wherein a final one of the power amplifiers is configured to provide the amplified
signal as an input signal for the output power amplifier, and wherein the output power
amplifier is configured to generate a laser output signal based on the amplified signal

provided by the final one of the power amplifiers.

12. The laser transmitter of Claim 9, wherein each of the flat-top pulse signals
comprises a plurality of pulses, and wherein each of the pulses has a temporal profile with no

amplitude change for more than 90% of the pulse.



10

15

20

25

30

WO 2018/111351 PCT/US2017/044977

17

13. The laser transmitter of Claim 9, wherein each of the flat-top pulse signals
comprises a plurality of pulses, and wherein each of the pulses has a temporal profile with no

amplitude change for more than 99% of the pulse.

14. A method for generating a laser output signal, comprising:
generating a seed signal comprising a continuous waveform;
generating a plurality of flat-top pulse signals, wherein a first flat-top pulse
signal is generated based on the seed signal;
generating an amplified signal for each of the flat-top pulse signals; and
generating the laser output signal based on a final one of the flat-top pulse

signals.

15. The method of Claim 14, wherein generating a plurality of flat-top pulse
signals comprises, for each of a plurality of amplitude modulators, modulating an amplitude

of an input signal for the amplitude modulator.

16. The method of Claim 15, wherein generating an amplified signal comprises,
for each of a plurality of power amplifiers, amplifying a flat-top pulse signal generated by a

corresponding amplitude modulator.

17. The method of Claim 14, wherein generating the laser output signal based on a
final one of the flat-top pulse signals comprises amplifying the final one of the flat-top pulse
signals.

18. The method of Claim 14, wherein generating the laser output signal based on
one of the flat-top pulse signals comprises amplifying the final one of the flat-top pulse
signals to generate a final amplified signal and amplifying the final amplified signal to

generate the laser output signal.

19. The method of Claim 14, wherein each of the flat-top pulse signals comprises
a plurality of pulses, and wherein each of the pulses has a temporal profile with no amplitude

change for more than 90% of the pulse.
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20. The method of Claim 14, wherein each of the flat-top pulse signals comprises
a plurality of pulses, and wherein each of the pulses has a temporal profile with no amplitude

change for more than 99% of the pulse.
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