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A system for generating a frequency modulated linear laser
wavelorm includes a single frequency laser generator to
produce a laser output signal. An electro-optical modulator
modulates the frequency of the laser output signal to define
a linear triangular waveform. An optical circulator passes the
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width. The optical circulator receives the pure filtered modu-
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1

SYSTEM AND METHOD FOR GENERATING
A FREQUENCY MODULATED LINEAR
LASER WAVEFORM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application claims the benefit of priority to

and 1s a continuation of U.S. patent application Ser. No.
13/527,638, filed on Jun. 20, 2012, the contents of which are
hereby incorporated by reference 1n its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The mvention described herein was made in part by
employees of the United States Government and may be
manufactured and used by or for the Government for gov-

ernmental purposes without payment of any royalties
thereon or therefore.

TECHNICAL FIELD

The invention generally relates to a system and a method
of generating a frequency modulated linear laser wavetorm.

BACKGROUND OF THE INVENTION

Frequency modulation of a single frequency laser with a
linear triangular waveform 1s of great importance to many
laser remote sensing and interferometry applications. An
application of a linear frequency modulation may include a
laser radar (e.g. light detection and ranging (LIDAR)) sys-
tem for target ranging and three-dimensional profiling of
surfaces. Linear frequency modulation of a continuous wave
laser beam may enable such a LIDAR system to make
precise target distance measurements. However, the fre-
quency modulation must be nearly perfectly linear with time
to provide high resolution and accuracy.

SUMMARY OF THE INVENTION

A system for generating a frequency modulated laser
wavetorm 1s provided. The system includes a laser that 1s
configured for producing a laser output signal. The laser
output signal includes a single frequency and a linewidth
centered at w_. An electro-optical modulator 1s coupled to
the laser. The electro-optical modulator receives the laser
output signal from the laser. An electric ramp generator 1s
coupled to the electro-optical modulator. The electric ramp
generator generates a ramp having a frequency chirp with a
bandwidth B over a time period T, and a modulation oflset
frequency m,_ . The ramp controls the electro-optical modu-
lator to modulate the laser output signal to define a modu-
lated waveform. A band-pass optical filter 1s coupled to the
clectro-optical modulator. The band-pass optical (filter
receives the modulated wavetorm and filters out harmonic
frequencies created by the electro-optical modulate during
modulation of the laser output signal. The band-pass optical
filter includes a bandwidth BW that 1s greater than the
modulation bandwidth B and less than the modulation offset
frequency m,, and 1s centered at the frequency of the laser
output signal w_ plus the modulation offset frequency w_ .

A Trequency modulated laser wavelorm generating sys-
tem 1s also provided. The frequency modulated laser wave-
form generating system includes a single frequency laser
that produces a laser output signal. The laser output signal
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2

includes a single frequency having a narrow linewidth
defining a sine wave centered at m_ . An electro-optical
modulator 1s coupled to the laser and receives the laser
output signal from the laser. An electric ramp generator 1s
coupled to the electro-optical modulator. The electric ramp
generator generates a linear ramp having a frequency chirp
with a bandwidth B between the range of 300 MHz and 3.0
GHz over a time period T between the range of 0.01 msec
and 0.20 msec, a modulation oflset frequency w, between
the range of 5.0 GHz and 30 GHz, and a deviation less than
or equal to 71 Khz. The linear ramp controls the electro-
optical modulator to modulate the laser output signal to
define a modulated waveform. A band-pass optical filter 1s
coupled to the electro-optical modulator. The band-pass
optical filter recerves the modulated wavetorm and filters out
harmonic frequencies created by the electro-optical modu-
lator during modulation of the laser output signal to define
a pure filtered modulated wavetorm. The band-pass optical
filter includes a bandwidth BW that 1s greater than the
modulation bandwidth B and less than the modulation oflset
frequency w_, and 1s centered at the frequency of the laser
output signal w_ plus the modulation oflset frequency w_ .
An optical circulator interconnects the electric ramp gen-
erator and the band-pass optical filter. The optical circulator
includes an input that receives the modulated wavetform
from the electric ramp generator, an output/input that sends
and receives the modulated wavelorm to and from the
band-pass optical filter, and an output leg that transmits the
pure filtered modulated wavetorm.

A method of generating a laser frequency modulated
wavetlorm 1s also provided. The method includes generating
a laser output signal having an ultra narrow linewidth
defining a sine wave. A linear ramp having a frequency chirp
with a bandwidth B over a time period T, and a modulation
oflset frequency m, 1s generated. The laser output signal
from the single frequency laser 1s modulated with an electro-
optical modulator driven by the linear ramp to define a
modulated waveform. The modulated waveiform from the
clectro-optical modulator 1s filtered with a band-pass optical
filter to remove harmonic frequencies i1n the modulated
wavelorm created by the electro-optical modulator during
modulation of the laser output signal. The band-pass optical
filter produces a pure filtered modulated wavetorm.

Accordingly, the output from the frequency modulated
laser wavelorm generating system 1s a pure linear triangular
frequency modulated waveform that i1s suitable for use 1n
remote laser sensing applications, such as a LIDAR system,
as well as other applications that may require a highly linear
frequency modulated laser beam.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic diagram of a system for generating,
a Irequency modulated laser waveform.

FIG. 2 1s a graph of a linear tnangular frequency modu-
lated waveform of a laser beam.

FIG. 3 1s graph showing bandwidth over which the linear
triangular frequency modulated waveform 1s filtered and the
harmonic frequencies filtered out of the linear triangular
frequency modulated waveform.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

Referring to the Figures, wherein like numerals indicate
like parts throughout the several views, laser generating
system 15 generally shown at 20 in FIG. 1. Referring to FIG.
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2, the laser generating system 20 produces a frequency
modulated linear laser wavelform generally shown at 22.
Within FIG. 2, time 1s shown along a horizontal axis 24, and
the frequency of the modulated linear waveiorm 1s shown
along a vertical axis 26. The modulated linear waveform
produced by the laser generating system 20 and shown in
FIG. 2 1s suttable for use 1n, but 1s not limited to, a laser radar
(e.g. LIDAR) system for target ranging and three-dimen-
sional profiling of surfaces. As shown in FIG. 2, the modu-
lated linear waveform includes and/or defines a triangular or
sawtooth shape. The modulated linear wavetform 1s shown
being transmitted at 28, and 1s shown being received at 30
upon retlection ofl of a target. The modulated linear wave-
form 1s delayed between transmission and receipt by a light
round trip time (t). The delay between the received modu-
lated linear wavetform and the transmitted modulated linear
wavelorm causes the received modulated linear waveform to
mix with the transmitted modulated linear waveform,
thereby generating an interference signal. The frequency of
the interference signal 1s equal to the difference between
frequency of the transmitted modulated linear waveform and
the frequency of the received modulated linear waveform.
The frequency of the interference signal 1s directly propor-
tional to a distance to the target. The frequency of the
interference signal shifts due to the Doppler effect when the
target and/or the laser generating system 20 moves relative
to the other during time t. The relative velocity between the
laser generating system 20 and the target may be determined
by the frequency of the interference signal during “up chirp”™
periods, generally indicated at 32, and during “down chirp”™
periods, generally indicated at 34. In order for this targeting
technique to work accurately, the frequency modulated laser
wavelorm must be highly linear.

Referring to FIGS. 1 and 3, the laser generating system 20
includes a single output frequency laser 36 that produces a
laser output signal having a single frequency. The laser
output signal includes a very pure spectrum with an ultra-
narrow linewidth. The linewidth of the laser output signal 1s
close to a perfect sine wave, and 1s centered at w_, shown at
60 in FIG. 3. The laser output signal w_ 60 1s unmodulated.

An electro-optical modulator 38 1s coupled to the single
output frequency laser 36. The electro-optical modulator 38
receives the laser output signal from the single output
frequency laser 36, and modulates the frequency of the laser
output signal. The electro-optical modulator 38 includes an
clectro-optical crystal that changes properties of the laser
output signal when an electric field 1s applied.

An electric ramp generator 40 1s coupled to the electro-
optical modulator 38 and drives the electro-optical modu-
lator 38 with a pre-defined modulation wavetform to define
a modulated wavetorm. For example, the electric ramp
generator 40 may drive the electro-optical modulator 38
with a linear frequency modulation waveform. However, it
should be appreciated that the pre-defined modulation wave-
form may differ from the linear frequency modulation
wavetorm described herein. The electric ramp generator 40
includes a voltage controlled oscillator 42 controlled by a
digital micro-controller 44. The digital micro-controller 44
generates a pre-defined ramp, which 1s provided to the
voltage controlled oscillator 42 to create the pre-defined
modulation waveform. For example, the digital micro-con-
troller 44 may generate a nearly perfect linear ramp to create
the linear frequency modulation waveform.

The electric ramp generator 40 controls the electro-optical
modulator 38 to modulate the laser output signal to define
the modulated wavetorm. The linear ramp output from the
digital micro-controller 44 1includes a deviation from a
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perfect ramp that 1s less than or equal to 71 Khz, or less than
0.001%. The linear ramp includes a frequency chirp with a
bandwidth B over a time period T, and a modulation oflset
frequency w_, that 1s oflset from Direct Current, 1.e., ®_ 60.
Pretferably, the modulation oflset frequency w_ of the linear
ramp 1s between the range of 5 GHz and 30 GHz, and more
preferably 1s equal to 6.0 GHz, and the bandwidth B of the
linear ramp 1s preferably between the range of 300 MHz and
3.0 GHz, and 1s more preferably equal to 600 MHz over a
time period T between the range of 0.01 msec and 0.20
msec, and more preferably equal to 0.15 msec. However, 1t
should be appreciated that the values of the modulation
oflset frequency m, , the bandwidth B of the linear ramp, and
the time period T may differ from the preferred values
described above. As shown 1n FIG. 3, the modulated wave-
form includes a first order sideband 62, a second order
sideband 64, a third order sideband 66, etc.

A band-pass optical filter 46 1s coupled to the electro-
optical modulator 38. An optical circulator 48 interconnects
the electric ramp generator 40 and the band-pass optical
filter 46. The optical circulator 48 includes an mput leg 50
that receives the modulated wavelform from the electric
ramp generator 40, an output/input 52 that sends the modu-
lated waveform to the band-pass optical filter 46 and
receives the reflected modulated waveform from the band-
pass optical filter 46, and an output leg 54 that transmits the
pure filtered modulated waveform returned from the band-
pass optical filter 46 to the target.

The very narrow band-pass optical filter 46 receives the
modulated waveform and filters out other harmonic frequen-
cies created by the electro-optical modulator 38 during
modulation of the laser output signal. The harmonic fre-
quencies are generally shown in the regions labeled by
reference numeral 56. The band-pass optical filter 46 may
include but 1s not limited to a fiber optic-based reflective
filter that retlects the pure filtered modulated wavetform back
to the optical circulator 48, whereupon the optical circulator
48 directs the pure filtered modulated waveform to the
output leg 54 of the optical circulator 48. The band-pass
optical filter 46 includes a bandwidth BW that 1s greater than
the bandwidth B of the linear ramp and less than the
modulation offset frequency w_ . The bandwidth BW of the
band-pass optical filter 46 1s centered at the frequency of the
laser output signal w_ plus the modulation oflset frequency
w_, 1.e., (o _+mw_). The band-pass optical filter 46 removes

the harmonic frequencies, 1.e., filters the harmonic frequen-
cies (generally indicated by regions 56) that are outside of
the bandwidth BW of the band-pass optical filter 46. There-
fore, the modulated wavelorm output from the optical cir-
culator 48 includes a pure linear frequency modulated
wavelorm suited for transmission to the target.

As shown 1n FIG. 3, the band-pass optical filter 46 1s
centered at the first order sideband 62 at w_+m_, away from
Direct Current, 1.e., _ 60. However, the band-pass optical
filter 46 may alternatively be positioned at the second order
sideband 64, the third order sideband 66, or some other
higher order sideband. Positioming the band-pass optical
filter 46 at a higher order sideband, 1.e., the second order
sideband 64 or higher, multiplies the modulation bandwidth
B. For example, if the modulation bandwidth B 1s equal to
600 MHz when the band-pass optical filter 46 1s centered at
the first order sideband 62, then the modulation bandwidth
B will equal 1200 MHz when the band-pass optical filter 46
1s centered at the second order sideband 64, and will equal
1800 MHz when centered at the third order sideband 66.
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This allows for bandwidth multiplication of the linear ramp
just by selecting the position of the band-pass optical filter
46 on the desired sideband.

A method of generating frequency modulated laser wave-
form 1s also provided. The method includes generating the
laser output signal. The laser output signal 1s generated from
the single output frequency laser 36 described above. As
noted above, the laser output signal includes an ultra narrow
linew1dth defining a nearly perfect sine wave.

A pure linear ramp 1s generated with an electric ramp
generator 40. The linear ramp 1s used to drive the electro-
optical modulator 38 to modulate the frequency of the laser
output signal. The linear ramp includes a frequency chirp
with a bandwidth B over a time period T, and a modulation
oflset frequency m_ . As noted above, the modulation offset
frequency w_ of the linear ramp 1s preferably between the
range of 5 GHz and 30 GHz, the bandwidth B of the linear
ramp 1s preferably between the range of 300 MHz and 3.0
GHz over a time period T between the range of 0.01 msec
and 0.20 msec, and the linear ramp may include a deviation
from a pertect ramp of less than or equal to 71 Khz, or less
than 0.001%.

The laser output signal from the single output frequency
laser 36 1s modulated with the electro-optical modulator 38
to define the modulated wavetform. As described above, the
modulated wavelorm preterably includes linear triangular
modulated waveform. The modulated wavetform 1s then
transmitted from the electro-optical modulator 38 to the
band-pass optical filter 46 through an optical circulator 48.

The modulated wavetorm from the electro-optical modu-
lator 38 1s filtered with the band-pass optical filter 46 to
remove harmonic frequencies in the modulated waveform
that are created by the electro-optical modulator 38 during
modulation of the laser output signal. Filtering out the
harmonic frequencies from the modulated wavelform pro-
duces a pure filtered modulated wavetorm. The pure filtered
modulated wavetorm 1s reflected from the band-pass optical
filter 46 back to the optical circulator 48; whereupon the
optical circulator 48 may transmit the pure filtered modu-
lated wavetorm to the target.

While some embodiments of the invention have been
herein 1illustrated, shown and described, 1t 1s to be appreci-
ated that various changes, rearrangements and modifications

may be made therein, without departing from the scope of

the mmvention as defined by the appended claims. It 1s
intended that the specific embodiments and configurations
are disclosed for practicing the invention, and should not be
interpreted as limitations on the scope of the mvention as
defined by the appended claims and 1t 1s to be appreciated
that various changes, rearrangements and modifications may
be made therein, without departing from the scope of the
invention as defined by the appended claims.

The 1nvention claimed 1s:

1. A system generating a Ifrequency modulated laser

wavelorm, the system comprising:

a laser capable of producing a laser output signal having
a single frequency and a linewidth centered at _;

an electro-optical modulator coupled to the laser and
configured to receive the laser output signal from the
laser;

a electric ramp generator including a voltage controlled
oscillator controlled by a digital micro-controller, the
clectric ramp generator coupled to the electro-optical
modulator and capable of generating a ramp having a
frequency chirp with a bandwidth B over a time period
T, and a modulation offset frequency w, for controlling
the electro-optical modulator to modulate the laser
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output signal to define a modulated wavetform includ-
ing harmonic frequencies, wherein the digital micro-
controller 1s capable of generating a linear ramp;

a band-pass optical filter coupled to the electro-optical
modulator and capable of receiving the modulated
wavelorm and filtering out the harmonic frequencies
created by the electro-optical modulator during modu-
lation of the laser output signal and reflecting a filtered
modulated wavetorm; and

an optical circulator separate from the band-pass optical
filter and interconnecting the electric ramp generator
and the band-pass optical filter, the optical circulator
being configured to transmit the filtered modulated
wavelorm from the band-pass filter to a target;

wherein the band-pass optical filter includes a bandwidth
BW greater than the modulation bandwidth B and less
than the modulation offset frequency w_., and 1s cen-
tered at the frequency of the laser output signal w_ plus
the modulation ofiset frequency w_ , wherein the linear
ramp includes a deviation less than or equal to 71 Khz,
and wherein the modulation oflset frequency m,, of the
linear ramp 1s between the range of 5.0 GHz and 30
GHz, and the bandwidth B of the linear ramp 1is
between the range o1 300 MHz and 3.0 GHz over a time
period T between the range of 0.01 msec and 0.20
msec.

2. A method of generating a laser frequency modulated

wavelorm, the method comprising:

generating a laser output signal having an ultra narrow
linewidth defining a sine wave;

generating a linear ramp having a frequency chirp with a
bandwidth B over a time period T, and a modulation

offset frequency m, ;

modulating the laser output signal from the single fre-
quency laser with an electro-optical modulator driven
by the linear ramp to define a modulated wavetorm
including harmonic frequencies;

filtering the modulated waveform from the electro-optical
modulator with a band-pass optical filter having a
bandwidth BW that 1s greater than the modulation
bandwidth B and less than the modulation ofiset fre-
quency o _ and 1s centered at a frequency of the laser
output signal m_ plus the modulation oflset frequency
m_ to remove the harmonic frequencies in the modu-
lated wavelorm created by the electro-optical modula-
tor during modulation of the laser output signal to
produce a pure filtered modulated waveform;

reflecting the pure modulated waveform from the band-
pass optical filter to an optical circulator separate from
the band-pass optical filter and interconnecting the
linear ramp and the band-pass optical filter; and

transmitting the pure modulated wavetorm from the opti-
cal circulator to a target, wherein modulating the laser
output signal includes modulating the laser output
signal to define a linear triangular waveform, wherein
the linear ramp includes a deviation less than or equal
to 71 Khz and wherein the modulation ofiset frequency
w_. of the linear ramp 1s between the range of 5.0 GHz
and 30 GI-z, and the bandwidth B of the linear ramp 1s
between the range o1 300 MHz and 3.0 GHz over a time
period T between the range of 0.01 msec and 0.20
msec.

3. The method as set forth in claim 2, further comprising,
transmitting the modulated waveform from the electro-
optical modulator to the band-pass optical filter through the
optical circulator.
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4. The method as set forth 1n claim 3, further comprising
reflecting the pure filtered modulated waveiform from the
band-pass optical filter back to the optical circulator.
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