US 20210234338A1

a9y United States

a2y Patent Application Publication o) Pub. No.: US 2021/0234338 A1

Prather 43) Pub. Date: Jul. 29, 2021
(54) TUNABLE OPTICAL PAIR SOURCE AND (52) US. CL
RELATED SYSTEMS AND METHODS CPC ... HO01S 5/068 (2013.01); HOIS 5/06226
(2013.01); HO1S 5/4012 (2013.01); HOIS
(71) Applicant: Phase Sensitive Innovations, Inc., 5/4006 (2013.01); H04B 10/505 (2013.01)
Newark, DE (US)

(72) Inventor: Dennis Prather, Newark, DE (US) (57 ABSTRACT
(21) Appl. No.: 17/214,354 Example embodiments disclose a tunable optical pair source
) (TOPS) configured to generate first and second output
(22) Filed: Mar. 26, 2021 optical beams having respective first and second frequencies
L. that are phase locked with each other. The TOPS may
Related U.S. Application Data include a first laser, such as a tunable laser, configured to
(63) Continuation of application No. 16/847.417, filed on generate a first laser beam, a radio frequency (RF) oscillator
Apr. 13, 2020, now Pat. No. 10,965,100. configured to transmit an RF reference signal, a beam
. o splitter in optical communication with the first laser, and an
(60)  Provisional application No. 62/833,310, filed on Apr. electro-optic modulator configured to modulate the second
12, 2019. split beam with the RF reference signal to form a modulated
. . . beam having a first sideband comb comprising a plurality of
Publication Classification harmonics. 1Z%Axdditionally, the TOPS ma?f incl%ldepan optt}i/cal
(51) Int. CL filter configured to receive the modulated beam and output
HO1S 5/068 (2006.01) a filtered optical beam, and a second laser configured to
HO1S 5/062 (2006.01) generate a second laser beam at the second frequency, the
H04B 10/50 (2006.01) second laser being configured to receive the filtered optical

HOIS 5/40 (2006.01)

beam as a seed.

PEuE L

avh




US 2021/0234338 Al

Jul. 29,2021 Sheet 1 of 4

Patent Application Publication

14y Jolid
T 314

o

ik

A AR

b A A




US 2021/0234338 Al

Jul. 29, 2021 Sheet 2 of 4

Patent Application Publication

P

ajqeuny)

Kyl

‘102




Patent Application Publication  Jul. 29,2021 Sheet 3 of 4 US 2021/0234338 A1

FI1G. 3

51 /Y generating a first laser beam

il |

253 /M generating an RF electrical signal
) I

2 splitting the first laser beam into first

and second split beams
I

257 providing the first split bearm in a first
> optical path

259 /Y providing the secon.d split beam in a
second optical path
1

s modulating the second split beam

263 N filtering the modulated beam and

outputting a filtered optical beam
]

a seeding a second laser with the

filtered optical beam
I

/N combining the first optical beam and
the second optical beam

a detecting the combined beam

A transmitting the RF electrical signal

267




Patent Application Publication  Jul. 29,2021 Sheet 4 of 4 US 2021/0234338 A1




US 2021/0234338 Al

TUNABLE OPTICAL PAIR SOURCE AND
RELATED SYSTEMS AND METHODS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a continuation application of
U.S. application Ser. No. 16/847,417 filed Apr. 13, 2020,
which claims priority to U.S. Provisional Patent Application
No. 62/833,310 filed Apr. 12, 2019, the disclosure of each of
these application being hereby incorporated by reference in
its entirety. This application also incorporates by reference
the disclosure titled, “Radiofrequency signal-generation sys-
tem with over seven octaves of continuous tuning,” authored
by Schneider et al., and published in Nature Photonics,
online Jan. 20, 2013, which may provide background infor-
mation such as exemplary details of structure and operation
of corresponding elements of this non-provisional applica-
tion.

BACKGROUND

[0002] Wireless communications utilize a wide variety of
RF frequencies, including S and C bands (2-6 GHz), Ku-
band (12-18 GHz), etc. Next generation broadband wireless
may utilize at higher RF frequencies. Schneider et al.
discloses a photonic radiofrequency system where a single
signal source that can generate carrier waves over a variety
of RF frequency bands, without sacrificing spectral purity. In
contrast, purely electrical solutions encounter obstacles to
realizing such a widely tunable source, as challenges arise
related to high conduction losses, parasitics and susceptibil-
ity to electromagnetic interference (EMI).

[0003] FIG. 1 is representative of the prior art system of
Schneider et al. Modulation is provided by an electro-optic
phase modulator driven by a low-frequency high-purity
reference. Phase modulation by a pure sinusoidal reference
signal yields a comb of sidebands offset from the reference
by multiples (harmonics) of the reference. Additional non-
linear distortion is contributed by including an electronic
element such as a saturated amplifier or a nonlinear trans-
mission line, which yields a broader comb of sidebands.
Injecting the entire comb of sidebands into a clone laser
(Laser 2), after filtering to suppress the reference laser’s
(Laser 1) fundamental line, phase-locks the Laser 2 with
Laser 1.

[0004] Wide tunability is realized by injection locking
using a broad comb of harmonics, all derived from exter-
nally modulating reference Laser 1 with a low-frequency RF
reference that has been subject to nonlinear distortion. The
output of Laser 1 may be used as the optical carrier. Laser
2 is a clone laser that is tuned to match and lock to the
frequency of any one of the injected harmonics and is used
as a reference beam. When the outputs of Laser 1 and Laser
2 are combined, a combined optical signal is generated
having a beat frequency equal to the offset (difference)
between the frequencies of Laser 1 and Laser 2. Choosing
higher harmonics allows very high offset frequencies to be
obtained, and because the locked lasers have identical phase
noise, the purity of the reference is preserved.

[0005] In the prior art system of FIG. 1, the primary laser
(Laser 1) is fixed. Tunability of the system is achieved by
generating and injecting a wide comb of sidebands into the
clone laser (Laser 2) that are offset from Laser 1 (the primary
laser) by harmonic multiples of a low-frequency tunable RF
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reference oscillator, and tuning the clone laser (Laser 2) to
select one of the harmonics of the injected comb of side-
bands. Specifically, prior to injection into the clone laser
(Laser 2), the optical carrier is suppressed by an optical filter
to reject the optical carrier while passing one entire sideband
comb; or interferometrically, as by null biasing in a Mach-
Zehnder Interferometer (MZI) type modulator (when the
optical carrier is suppressed in a Mach-Zehnder Interferom-
eter (MZI) type modulator, even harmonics are also sup-
pressed along with the carrier, and both upper and lower
sideband combs comprising odd harmonics are injected into
the clone laser (Laser 2)). The resonance of the injected laser
cavity of the clone laser (Laser 2) is thermally tuned to
match a targeted and/or selected harmonic in the sideband
comb injected into the clone laser (Laser 2). This technical
setup leads the laser beam of the clone laser (Laser 2) to lock
to that particular selected harmonic of several harmonics
that are injected into the clone laser (Laser 2).

[0006] As noted, in the prior art system of FIG. 1, har-
monics other than the selected harmonic in the comb are also
injected into the clone laser (Laser 2). Although these
non-selected harmonics are not resonantly amplified in the
laser cavity of the clone laser (Laser 2), they are present in
the output of the clone laser (Laser 2) as spurs. As a result,
when the output of the clone laser (Laser 2) is combined
with the reference laser (Laser 1), the non-desired harmonics
beat in conjunction with the output of the reference laser
(Laser 1) output on the photodiode detector which leads to
a particular problem of generating undesired spurious RF
output harmonics.

SUMMARY

[0007] Exemplary embodiments may disclose a tunable
optical pair source (TOPS) configured to generate first and
second output optical beams having respective first and
second frequencies that are phase locked with each other.
The TOPS may include, a tunable laser configured to gen-
erate a first laser beam at the first frequency, the first
frequency being variable, and a radio frequency (RF) oscil-
lator configured to transmit an RF reference signal oscillat-
ing at a radio frequency. The TOPS may further include, a
beam splitter in optical communication with the tunable
laser and configured to split the first laser beam and transmit
corresponding first and second split beams, a first optical
path in optical communication with the beam splitter to
receive the first split beam and to provide the first output
optical beam, and a second optical path in optical commu-
nication with the beam splitter to receive the second split
beam and to provide the second output optical beam. The
second optical path may include, an electro-optic modulator
configured to modulate the second split beam with the RF
reference signal to form a modulated beam having a first
sideband comb comprising a plurality of harmonics, an
optical filter configured to receive the modulated beam and
output a filtered optical beam, and a fixed laser configured
to generate a second laser beam at the second frequency, the
fixed laser being configured to receive the filtered optical
beam as a seed. In the disclosed TOPS, the first frequency
and the second frequency may be offset by an integer
multiple of the RF frequency, and the second frequency may
fall within the passband of the optical filter.

[0008] In some embodiments, the TOPS may further
include an optical circulator having first, second, and third
ports. The optical circulator may be configured to receive the
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filtered optical beam at the first port and pass the filtered
optical beam via the second port to the fixed laser, and
receive the second laser beam at the second port and pass the
second laser beam via the third port to an output of the
TOPS. In some embodiments, a TOPS system, such as an
antenna (e.g., phased array antenna) may be formed of a
TOPS, a combiner that combines the outputs of the TOPS
into a combined beam, a third optical path extending from
the combiner to a photodetector that is configured to detect
the combined beam.

[0009] Exemplary embodiments may disclose a method of
generating first and second output optical beams having
respective first and second frequencies that are phase locked
with each other. Exemplary methods may include generating
a first laser beam at the first frequency, the first frequency
being variable, and transmitting an RF reference signal
oscillating at a radio frequency. Exemplary methods may
further include, splitting the first laser beam and transmitting
corresponding first and second split beams, and receiving
the first split beam and providing the first output optical
beam in a first optical path. Exemplary methods may further
include, receiving the second split beam and providing the
second output optical beam in a second optical path, and
modulating the second split beam with the RF reference
signal to form a modulated beam having a first sideband
comb comprising a plurality of harmonics. Exemplary meth-
ods may further include, receiving the modulated beam at an
optical filter and outputting a filtered optical beam, and
receiving the filtered optical beam as a seed and generating
a second laser beam at the second frequency. In exemplary
methods, the first frequency and the second frequency may
be offset by an integer multiple of the RF frequency, and the
second frequency may fall within a passband of the optical
filter. In some exemplary methods, combining the first
optical beam and the second optical beam to thereby form a
combined beam, and detecting the combined beam may
additionally be performed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The present disclosure will now be described more
fully with reference to the accompanying drawings, in which
various embodiments are shown. The invention may, how-
ever, be embodied in many different forms and should not be
construed as limited to the exemplary embodiments. Like
numbers refer to like elements throughout the drawings,
which include the following:

[0011] FIG. 1 is an illustration of a prior art device;
[0012] FIG. 2 is a schematic diagram of an exemplary
embodiment;

[0013] FIG. 3 is an exemplary method; and

[0014] FIG. 4 is an exemplary graph illustrating some

aspects of the improved results of the exemplary embodi-
ment of FIG. 2.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0015] It will be understood that, although the terms first,
second, etc. may be used herein to describe various ele-
ments, these elements should not be limited by these terms.
These terms are used to distinguish one element from
another. For example, a first element could be termed a
second element, and, similarly, a second element could be
termed a first element, without departing from the scope of
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the disclosure. As used herein, the term “and/or” includes
any and all combinations of one or more of the associated
listed items.

[0016] It will be understood that when an element is
referred to as being “connected” or “coupled” to another
element, it can be directly connected or coupled to the other
element or intervening elements may be present. In contrast,
when an element is referred to as being “directly connected”
or “directly coupled” to another element, there are no
intervening elements present. Other words used to describe
the relationship between elements should be interpreted in a
like fashion (e.g., “between” versus “directly between,”
“adjacent” versus “directly adjacent,” etc.).

[0017] The terminology used herein is for the purpose of
describing particular embodiments and is not intended to be
limiting of the inventive concept disclosure and claims. As
used herein, the singular forms “a,” “an” and “the” are
intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will be further under-
stood that the terms “comprises,” “comprising,” “includes”
and/or “including,” when used herein, specify the presence
of stated features, integers, steps, operations, elements,
and/or components, but do not preclude the presence or
addition of one or more other.

[0018] Unless otherwise defined, all terms (including tech-
nical and scientific terms) used herein have the same mean-
ing as commonly understood by one of ordinary skill in the
art of this disclosure. It will be further understood that terms,
such as those defined in commonly used dictionaries, should
be interpreted as having a meaning that is consistent with
their meaning in the context of the relevant art and will not
be interpreted in an idealized or overly formal sense unless
expressly so defined herein.

[0019] FIG. 2 illustrates an improved system which may
address one or more of the technical problems discussed
above with respect to prior art systems. A notable difference
between the prior art systems and the present disclosure is
that the primary laser (or reference laser) 201 is tunable
across a range of frequencies. The secondary laser (or clone
laser) which is injected with a seed resulting from modula-
tion of the laser beam output by the tunable laser 201 may
be implemented as a fixed laser 215 (although a tunable laser
may also be used here). Selection of a harmonic for seed
injection to the secondary laser 215 may be performed
without requiring tuning of the secondary laser 215. For
example, selection of the harmonic (and frequency of the
secondary laser beam) may be performed by use of a narrow
pass-band optical filter 213 having a passband sufficient to
encompass only a single harmonic sideband from the input
sideband comb (and exclude or suppress others). The optical
filter passband is matched to the frequency of the fixed laser
215.

[0020] When including an optical filter 213 that has a very
narrow passband, the TOPS may efficiently attenuate
unwanted harmonics and leave only one harmonic at sig-
nificant enough signal strength for injection seeding to the
fixed laser 215. The secondary laser thus may automatically
lock to the harmonic selected by the optical filter without
requiring tuning to select between one of many harmonics.
Reducing the number of injected harmonics improves the
operation of the fixed laser 215 as it locks better to the
selected injected wavelength, which reduces instabilities and
phase noise. Similarly, an optical filter 213 that is fixed has
generally better filtering characteristics (is more selective) as
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compared to a conventional tunable filter. However, it
should be understood that tunable optical filters may cer-
tainly be used in place of a fixed filter. However, a fixed filter
may have certain advantages as, generally, it (1) reduces the
complexity of the system and (2) provides improved per-
formance compared to a tunable filter. However, those with
skill in the art will appreciate that having a tunability of the
optical filter may be desired in some configurations. For
example, a tunable optical filter may be desired to allow
slightly adjusting the center of the passband to better match
the frequency to the free oscillations of the secondary laser
(e.g., fixed laser 215) while still having the bulk of the
advantages of a fixed filter (e.g., by virtue of only being
limited in its tunability over a narrow range).

[0021] FIG. 2 illustrates and exemplary embodiment of
the present invention. A tunable optical pair source (TOPS)
200 is configured to generate and output at outputs 220a and
2206 first and second output optical beams having respective
first and second frequencies (w, and w,) that are phase
locked with each other is shown. The TOPS 200 includes a
tunable laser 201 and a fixed laser 215. The tunable laser 201
is configured to generate a first laser beam at the first
frequency w, (represented by spectrum 2a in FIG. 2) where
the first frequency , is adjustable. For example, the tunable
laser 201 may be thermally tuned or adjusted by a user from
an external control to emit the first laser beam of a selected
and/or adjustable frequency. Additionally, after selection of
the first frequency m,, the tunable laser 201 may operate to
generate the first laser beam at the selected first frequency m,
in a substantially constant manner (i.e., so that the frequency
of'the first laser beam remains substantially constant, such as
with acceptable variations in frequency due to noise). In
later, a subsequent operation, the tunable laser 201 may have
the first frequency oil adjusted to a frequency different from
its previous operation. Additionally, the tunable laser 201
may be tunable across the RF frequency range of the RF
signals input into EO modulator 211. Thus, the frequency of
the tunable laser may be adjusted in the higher frequency
optical domain over a range corresponding to this RF
frequency range. In some embodiments, a first frequency of
the tunable laser 201 may be adjustable at least by an amount
corresponding to a bandwidth of a first sideband comb (see
FIG. 2).

[0022] Inthe TOPS 200, the first laser beam generated by
tunable laser 201 is transmitted to a beam splitter 205. The
beam splitter 205 may be in optical communication with the
tunable laser by any known means, e.g., by an optical
waveguide such as an optical fiber. The beam splitter 205 is
configured to split the first laser beam originating from the
tunable laser 201 to generate corresponding first and second
split beams (each having the first frequency ;). The first
split beam is transmitted via a first optical path 207 to output
220a of the TOPS 200. The first optical path 207 may be
formed by an optical waveguide, such as an optical fiber.
Although not shown in FIG. 2, other optical elements may
be provided within first optical path 207 (e.g., beam splitter,
combiner, etc.) The second split beam provided by beam
splitter 205 may be transmitted to an electro-optic modulator
211 via a second optical path 209. In this example, the
second optical path 209 provides an optical communication
path from beam splitter 205 to output 2205 of the TOPS 200.
The output 22056 of the TOPS 200 is in optical communi-
cation with beam splitter 205 via the second optical path 209
and provides a second output optical beam of frequency w,
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that is both phase locked with the first output optical beam
and has a frequency w, that is offset from the first frequency
, by a set value. In this example, the second optical path
209 provides optical communication from the beam splitter
205 to output 2205 and extends through the following
elements in the following sequence: from beam splitter 205,
to electro-optic modulator 211, to optical filter 213, to
optical circulator 217, to fixed laser 215, back to the optical
circulator 217 and to output 2206 of the TOPS 200. In
addition, the second optical path 209 includes optical wave-
guides, such as optical fiber, connecting these optical ele-
ments to provide the various optical signals therebetween. It
will be appreciated that the single lines extending between
the elements shown in FIG. 2 represent optical waveguides
(with arrow heads denoting a direction of transmission),
while the double lines extending between the elements
shown in FIG. 2 represent RF waveguides (e.g., coaxial
cable, strip lines, microstrips, twisted pair, etc.) or other
electrical wiring.

[0023] The TOPS 200 may be provided with a comb of
harmonics provided from a radio frequency (RF) oscillator
203 and amplifier 202. RF oscillator 203 is configured to
generate an electrical RF reference signal oscillating at a
radio frequency. For example, the oscillator 203 may gen-
erate an RF reference signal having a frequency within the
range of several kHz to tens of GHz, such as between 30 kHz
to 100 GHz or more. The RF oscillator 203 may be a voltage
controlled oscillator and have a voltage input to adjust the
frequency of the RF reference signal generated by the RF
oscillator 203. The frequency of the RF reference signal
generated by the RF reference oscillator may be altered,
such as being selectable by a user (e.g., via programming) or
otherwise automatically determined.

[0024] The RF reference signal generated by the RF
oscillator 203 is provided to an amplifier 202. The amplifier
202 may be a saturated RF amplifier and generate a comb of
RF harmonics from the RF reference signal provided by the
RF reference oscillator 203. The comb of RF harmonics may
comprise an electrical signal having plurality of harmonics
(or RF tones) at frequencies equal to a corresponding integer
multiple of the RF reference signal provided by the RF
oscillator 203. For example, when the RF reference signal
provided by RF reference oscillator 203 has a frequency of
Q, the comb of RF harmonics may have RF harmonics
(tones) at frequencies of Q, 2*Q, 3*Q n*Q (where n is a
positive integer). Electronic circuitry other than an amplifier
202 may be used to generate the comb of RF harmonics,
such as other electronic components, such as a nonlinear
transmission line, or other electronic circuitry comprising a
nonlinear element.

[0025] The comb of RF harmonics generated by the ampli-
fier 202 is provided to an electro-optic modulator 211, e.g.,
a high-speed electro-optic (EO) modulator, or a Mach-
Zehnder-Interferometer (MZI) modulator. The electro-optic
modulator 211 modulates the second split beam (having a
frequency of w,) provided by beam splitter 205 with the
comb of RF harmonics to generate a modulated beam
comprising an optical signal having a center frequency of m,
and first and second sideband combs of a plurality of
harmonics (as represented in spectrum 25 of FIG. 2). Each
sideband comb of this modulated beam corresponds to the
comb of RF harmonics provided to the electro-optic modu-
lator 211 as upconverted to an optical signal. Thus, the
frequencies of the harmonics of the modulated beam output
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by the electro-optic modulator 211 are offset from w, by a
corresponding integer multiple of €2, (or an integer multiple
of the frequency of the RF reference signal generated by RF
oscillator 203). Spectrum 25 of FIG. 2 shows teeth of the
sideband combs of the modulated beam representing corre-
sponding harmonics in the optical realm at locations of
w,+/-n*€Q2 (where n is an integer). It should be appreciated
that generation of a comb of harmonics (at both the RF
frequencies and corresponding optical frequencies) is not
necessary. For example, the RF reference signal provided by
the RF reference oscillator 203 may be provided directly to
the electro-optic modulator 211 as a single RF harmonic
resulting in sidebands of the modulating beam each having
a single harmonic. It should be understood, unless context
indicates otherwise, that the description of various systems
and methods herein also applies to such single harmonic
implementation.

[0026] The modulated beam generated by electro-optic
modulator 211 is transmitted along the second optical path
209 to an optical filter 213. The optical filter 213 receives
and filters the modulated beam and outputs a filtered optical
beam along the second optical path 209. The dashed line in
spectrum 25 illustrates an exemplary passband (encompass-
ing frequency m,) of the optical filter 213, which when
applied to the spectrum 25 via optical filter 213 results in
exemplary spectrum 2¢ of FIG. 2 (which represents the
output of optical filter 213). The optical filter 213 may have
avery narrow passband that includes and/or is centered upon
the operational frequency of fixed laser 215. The optical
filter may have passband width of less than 2*Q and to
encompass only a single harmonic of the modulated beam
(with other harmonics outside the passband) and thereby
suppress and/or eliminate the remaining harmonics of the
modulated beam. For example, the RF oscillator 203 may be
configured to generate an RF reference signal of a frequency
(a) 2.4 GHz, (b) 5 GHz, (c¢) 28 GHz, (d) 37 GHz, (¢) 39 GHz
and/or with RF frequencies in the ranges of (f) 27.5-28.35
GHz, (g) 37-40 GHz and (h) 64-71 GHz. For cases (a) to (h),
the optical filter 213 may have a passband width of (a) less
than 4.8 GHz, (b) less than 10 GHz, (c) less than 56 GHz,
(d) less than 74 GHz, (e) less than 78 GHz (f) less than 55
GHz, (g) less than 74 GHz and (h) less than 128 GHz,
respectively. For example, the optical filter 213 may have a
passband of less than 6 GHz, such as less than 5 GHz.
Additionally, in some embodiments the suppression of the
remaining harmonics (other than the passed single har-
monic) of the modulated beam may be attenuated by at least
3 dB. For example, the optical filter 213 may have a
passband of 5 GHz or less (where the outer range of the
passband corresponds to a 3 dB attenuation as compared to
maximum power transmission) where out of band suppres-
sion is at least 20 dB, such as at least 30 dB (where such
suppression is reached at an offset of approximately 10 GHz
from the center of the filter passband). When the passband
of'the optical filter 213 encompasses only a single harmonic,
the optical filter 213 may be responsive to identify (select)
the harmonic to be resonated by laser 215, thereby not
necessitating laser 215 to filter and select between several
harmonics as the resonant frequency of laser 215. As the
laser 215 may be relieved of this filtering role, laser 215 may
be implemented to provide a wider locking range, which
may improve the overall phase-noise performance of the
system.
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[0027] As described herein, the filter 213 may select a
different one of the harmonics of the modulated beam by
adjusting the frequency of the tunable laser 201, thus shift-
ing the center frequency (w,) of the modulated beam along
with the sideband combs (and thus shifting each of the
harmonics of the sideband combs). Also, the frequency Q of
the RF reference oscillator 203 may be adjusted to maintain
a particular tooth of the comb in the passband of filter 213
as the center frequency w, of tunable laser 201 is shifted.
Additionally, in some embodiments, a width of the passband
of the filter 213 may be greater than 2*Q but less than a
bandwidth of the first sideband comb of the modulated
beam.

[0028] Use of a fixed optical filter for optical filter 213
may be preferred in certain implementations as a fixed
optical filter may provide better filtering characteristics (e.g.,
be more selective) than a tunable optical filter. A fixed
optical filter may also reduce the complexity of the TOPS
providing a more economic and robust configuration. The
filter 213 may be implemented as a Fiber Bragg Grating
filter, a dielectric stack filter, an interferometric filter, such as
a Fabry-Perot interferometer (or etalon) or Mach-Zehnder
interferometer (or etalon) with a differential path length, an
optical ring resonator (or ring cavity), an optical filter having
a photonic-crystal. In some examples a conventional
DWDM filter/multiplexer may be used. Filter 213 may be
implemented as one of these optical filters or several of these
optical filters cascaded together. Alternatively, the optical
filter 213 may be tunable. In some examples, the tunability
may be less than +/-Q or less than +/-0.5*Q to align (shift
closer to each other) the center of the passband with a center
of the selected harmonic (within the passband) of the
modulated beam. Tunability may be implemented by con-
trolling the size of the optical filter 213, such as by expand-
ing or contracting the optical filter 213 by controlling its
temperature and/or applying a compressive or tensile force
to the optical filter (e.g., via a piezoelectric transducer), or by
changing the angle and/or shifting the position or orientation
of a dielectric-stack filter.

[0029] The TOPS may include an optical circulator 217. In
some embodiments, the optical circulator 217 may have
first, second, and third ports. In the example of FIG. 2, a first
port receives the filtered optical beam from the optical filter
213 and the second port transmits/passes the filtered optical
beam to the fixed laser 215. The second port also receives
the second laser beam from the fixed laser 215 and the third
port transmits/passes the second laser beam of the fixed laser
215 to the second output 2205 of the TOPS.

[0030] The TOPS may include a fixed laser 215 that is
configured to generate a second laser beam at a second
frequency (w,) (as represented by spectrum 24 in FIG. 2).
The second frequency (w,) may fall within the passband of
the optical filter 213. The fixed laser 215 may be an injection
locked laser and produce an injection locked, or phase-
locked, laser signal. The fixed laser 215 may be considered
a clone laser with tunable laser 201 being considered the
reference laser. The fixed laser 215 receives the filtered
optical beam from optical filter 213 via optical circulator
217 and uses the same as a seed. For example, the fixed laser
215 may be seeded with the filtered optical beam.

[0031] In other examples, the fixed laser 215 may receive
the filtered optical beam without use of an intervening
circulator, such as (for example), as being directly coupled
with rom the optical filter 213 with an optical waveguide,
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without other intervening optical components interpose on
that portion of the second optical path. In this alternative
implementation without circulator 217, a separate port into
the secondary laser 215 may be used to receive and input the
filtered optical beam for injection locking. Specifically, the
laser cavity of fixed laser 215 may be structured so as to
provide for coupling of light to and from the laser cavity at
two separate ports. For example, a Fabry-Perot cavity may
be used where a semi-transparent mirror is used at both ends
of the cavity so that each end of the cavity may serve as a
port. In this configuration, filtered optical beam from optical
filter 213 may (the seed signal) may be injected through a
first port and the second laser beam may be output from a
second port of the laser cavity of fixed laser 215. Such a
configuration may not need circulator 217 to separate the
injected signal from the second laser beam output from fixed
laser 215.

[0032] As represented in spectrum 2d, filtered optical
beam received by the fixed laser 215 (represented by dashed
lines) may include attenuated harmonics (attenuated by the
optical filter 213 due to falling outside its passband) on
either side of the harmonic selected by the optical filter 213
(at frequency m,). These attenuated harmonics may be
further filtered (attenuated), relative to the selected har-
monic, as a result of the fixed laser 215 automatically
locking on to the selected harmonic (at frequency w,) in
generating the second laser beam (at frequency w,). The first
frequency ®, of the tunable laser 201 and the second
frequency , of the fixed laser 215 are offset from one
another by an integer multiple of the RF frequency Q.

[0033] Additionally, the tunable laser 201 may be tuned to
shift a desired harmonic of the modulated beam to a fre-
quency range within the passband of filter 213. Tuning laser
201 in this way may be used to select the desired integer
multiple of the RF frequency Q by which the frequencies of
the first and second output optical beams are offset. It will
be apparent that tuning laser 201 to shift the first frequency
, of the tunable laser 201 causes a shift in the frequency
(also m,) of the first output optical beam as well as a shift
of'the sideband combs of the modulated signal (i.e., all of the
spectrum 26 is shifted). However, when the optical filter
remains substantially fixed (e.g., the dashed line in spectrum
2b representing optical filter 213 passband is not shifted), a
new harmonic (a new sideband tooth) of the modulated
signal is eventually shifted into the passband of optical filter
213 to be selected by optical filter 213. Thus, the frequency
, of the second laser beam generated by fixed laser 215
may correspond to the frequency of a different harmonic of
the modulated signal (but remaining in the range of the
passband of the optical filter 213). As each harmonic of the
modulated signal is offset from the center frequency w, of
the modulated signal by a corresponding integer multiple of
the RF reference frequency of 2 (the frequency of each
harmonic=w, +/-n*(2), tuning the tunable laser 201 in this
way may be used to select this integer multiple of the RF
reference frequency of Q (i.e., select the value of the integer
“n” in w,=mw,+/-n*€2), The resonant operational frequency
of the fixed laser 215 may be aligned with the center
frequency of the passband of the optical filter 213 or
otherwise match the optical filter 213 to fall within the
passband of the optical filter 213.

[0034] It should be appreciated that the frequency of the
second laser beam of laser 215 may vary (to align with the
frequency of the selected harmonic) even when the second
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laser beam is generated by a fixed laser and not generated by
a tunable laser. As used herein, a tunable laser 201 may refer
to a laser designed so that the wavelength of light it
generates may be changed, or tuned, over a certain range. In
the case of semiconductor lasers, the tuning may be achieved
by a controller (e.g., computer) that controls a change in the
temperature at which the laser operates via the use of a
thermo-electric cooler or a heater, and/or that controls a
change in the injection current of the laser. When designing
a system with a tunable laser, e.g., tunable laser 201,
provisions may be made for varying the temperature or
injection current, or both. In contrast, for a fixed laser, e.g.,
fixed laser 215, care may be taken in designing the circuitry
powering it and environmental control to keep them stable
s0 as to avoid unintentional change in the operating wave-
length. For example, a fixed laser may have a control system
(e.g., a controller, such as a computer) to maintain a sub-
stantially constant injection current and/or substantially con-
stant temperature of the fixed laser. Both the fixed laser 215
and the tunable laser 201 may be implemented using similar,
or identical, semiconductor chips. Power control circuitry
and environment control circuitry surrounding the chip or
chips, in which the resonant cavity of laser is formed
determines whether such a laser constitutes a fixed laser or
tunable laser. Generally, a fixed laser, e.g., laser 215 may
include a stable power supply and a stable environment
whereas for a tunable laser, e.g., tunable laser 201 may
include a power supply and/or environment that are con-
trolled to be altered. Thus, it should be appreciated that a
fixed laser may have frequency that is not perfectly fixed. A
fixed laser has a finite linewidth, indicating how much its
frequency tends to vary even when there is no intentional
variation of its inputs/operating conditions. Thus, laser 215
may be considered fixed by virtue of the absence of power
control circuitry and environmental control circuitry config-
ured to alter the operating frequency from a first target (i.e.,
selectable) operating frequency to a second target operating
frequency in response to some direction (e.g. user input
and/or programming) of the overall system operation.

[0035] In some embodiments, the fixed laser 215 may be
substantially fixed during operation. However, the fixed
laser 215 is phased locked with a harmonic offset from the
frequency of the laser beam of the tunable laser 201. Thus,
changes to first laser beam of the tunable laser 201, whether
intentional or unintentional (i.e., noise), whether in phase or
frequency, are correspondingly reproduced in the second
laser beam of the fixed laser 215.

[0036] The TOPS 200 may be implemented in a variety of
TOPS systems, such as a variety of wireless communication
systems. FIG. 2 also illustrates an exemplary TOPS system,
including the TOPS 200, a combiner 302, a photodetector
304, an antenna 310 and one or more electro-optic modu-
lators 312 that may be used with the TOPS 200. U.S. patent
application Ser. No. 16/198,652, filed Nov. 21, 2018,
(hereby incorporated by reference in its entirety) provides
exemplary details of the structure and operation of the
elements of such a TOPS system, as well as exemplary
details of the structure and operation of other TOPS systems
that may be implemented with the improved TOPS of the
present invention. For example, modulation of the one or
more electro-optic modulators 312 may be used to encode
information to provide the same as part of the combined
optical beam (e.g., by phase and/or amplitude modulation of
one or more of the first and second output optical beams)
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according to a variety of encoding schemes, such as OFDM,
QAM, etc. The encoded information may be represented in
corresponding phase and/or amplitude modulation of the
beat RF signal and the RF electromagnetic wave output by
antenna 310. The combiner 302 may be disposed where the
first optical path 207 and the second optical path 209
converge, and may combine the output of the first optical
path 207 (the first optical beam) and the output of the second
optical path 209 (the second optical beam) to form a
combined optical beam. The combined optical beam is
transmitted via a third optical path 306 to photodetector 304.
The third optical path may be embodied by an optical
waveguide, such as an optical fiber. Spectrum 2e is repre-
sentative of the combined optical beam, showing the com-
bined optical beam comprising frequency components of ,
and m, (corresponding to the contributions of the first and
second output optical beams forming the combined optical
beam).

[0037] One or more modulators 312 may be provided to
phase and/or amplitude modulate one or both of the first and
second output optical beams output by TOPS 200. FIG. 2
illustrates options for providing a modulator 312a in first
optical path 207 to modulate the first output optical beam
and/or a modulator 3125 in the second optical path 209 to
modulate the second output optical beam (prior to their
being combined by combiner 302). After phase and/or
amplitude modulating one or both of the first and second
output optical beams with modulators 312« and/or 3125, the
first and second optical beams may be combined by com-
biner 302 to interfere with each other in the combined
optical beam.

[0038] Alternatively, modulation of a modulator 312¢ may
be provided to receive the combined optical beam from
combiner 302. In this configuration, the combiner 302 may
combine the first and second output optical beams so that
their polarization directions (linear or circular) are orthogo-
nal to each other in the combined optical beam. Modulator
312¢ may be a vector modulator and phase and/or amplitude
modulate one or both of the first and second output optical
beams and alter the polarization direction of one or both of
the first and second output optical beams so that they
interfere with one another.

[0039] When the polarization direction of the combined
first and second optical beams forming the combined optical
beam are (at least partially) aligned and not orthogonal to
each other (as provided by either the combiner 302 or
modulator 312¢), the first and second output optical beams
may constructively and destructively interfere with each
other. The combined optical beam may thus have a beat
frequency of lw,—m, |, an RF frequency corresponding to an
integer multiple of the RF reference frequency Q (i.e., n*Q).
Further, any modulation of the first and/or second output
optical beams also is reflected in modulation of this RF beat
signal. This modulation of the beat signal corresponds to the
modulation, both in amplitude and phase, of the RF elec-
tromagnetic wave output by the corresponding antenna 310
(discussed below).

[0040] The photodetector 304 receives the combined opti-
cal beam to generate an RF electrical signal (a photocurrent)
corresponding to the RF beat frequency of the combined
optical beam. The photocurrent produced by photodetector
304 may faithfully regenerates an original input RF signal to
the TOPS. The intrinsic noise components of the phases of
lasers 201, 215 correlate to each other and may be identical
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or otherwise correlate to each other, and hence may not
contribute to the time-varying component of the photocur-
rent, but may rather cancel out.

[0041] The RF electrical signal output of photodetector
304 may then drive or control antenna 310 to be transmitted
as an electromagnetic wave. The RF electrical signal may be
applied directly to antenna 310 (without an RF transmission
line or an amplifier), or may be transmitted to antenna 310
via an RF transmission line 308 with optional amplification
by an amplifier inserted in the RF path from the photode-
tector 304 to antenna 310 (amplifier not shown). In some
examples, the RF signal output by the photodetector may be
processed by a computer for data extraction and/or synthe-
tization (e.g., after downconversion to baseband and digiti-
zation by an A/D converter). Owing to the superposition
principle obeyed by the total electric field incident on the
photodetector 304, the photocurrent (and hence the output
RF signal) may be dependent on the phase difference of
lasers’ 201, 215 outputs and, consequently, the frequency of
the photocurrent’s oscillations proportional to (e.g., an inte-
ger multiple of) the RF-reference-signal frequency of the RF
oscillator 203.

[0042] Additionally, the combined optical beam may have
properties and/or attributes where the phase noise of the first
optical beam and the phase noise of the second optical beam
are correlated (see FIG. 2). The phase noise may be corre-
lated as a result of the particular configurations described
hereinabove and illustrated in FIG. 2. Consequently, optical
contributions to phase noise in the RF output from the
tunable laser 201 and from the fixed laser 215 are sup-
pressed.

[0043] The TOPS system of FIG. 2 may also include a
controller 400. The controller, like other controllers
described herein, may be a computer, such as a general
purpose computer or may be dedicated hardware or firm-
ware (such as, for example, a digital signal processor (DSP)
or a field-programmable gate array (FPGA)). The computer
may be configured form several interconnected computers.
The computer may be configured by software to perform/
effect the relevant methods, functions and/or operations
described herein. The controller 400 may provide control
inputs to tunable laser 201 and RF oscillator 203 in a
coordinated manner. The control inputs of controller 400
may be in the form of commands or may directly control the
operation of tunable laser 201 and RF oscillator 203. The
controller 400 may receive an input 402 which may select
the RF carrier frequency to be generated by the TOPS
system (where the RF carrier frequency may be the RF beat
frequency of the combined optical signal described herein to
control operation of antenna 310). Input 402 may be a user
input which may be in the form of a configuration of
switches, a configuration of a fuse set, a programmed
EEPROM, a software program, etc.

[0044] For example, a desired frequency of the second
laser beam may be w, (e.g., in this example, the desired
frequency w, corresponding to a predetermined value cor-
relating to the center of or otherwise within the passband of
optical filter 213 (and corresponding to the operational
frequency range of second fixed laser 215)). As described
herein, to obtain the desired second laser beam frequency ,
at a selected Nth harmonic to provide a desired RF beat
frequency (and corresponding RF carrier frequency of the
antenna 310) of N*Q (where N*Q=lw,-wm, 1), the controller
400 may control (e.g., provide a command to) tunable laser
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201 to generate an initial first laser beam frequency w, and
control (e.g., provide a command to) reference oscillator 203
to generate the RF reference signal with an RF frequency of
Q2. As noted herein, by virtue of the passband of optical filter
213 encompassing the Nth harmonic, the Nth harmonic of
the sideband is passed to the fixed laser 215 to seed fixed
laser to generate the second laser beam at a frequency of w,.
As described herein, the Nth harmonic has a frequency of
w,=m,+-N*Q, thus obtaining the desired RF beat fre-
quency (and RF carrier frequency of antenna 310) of N*Q.

[0045] During a later operation, the desired RF beat fre-
quency (and RF carrier frequency of antenna 310) may be
altered by coordinating the control of the tuning of laser 201
and the RF frequency Q of the reference signal of RF
oscillator 203. Such a later operation may be a real-time
alteration of the TOPS system to alter in real-time the RF
beat frequency and RF carrier frequency of antenna 310, or
the later operation may be a reconfiguration of the TOPS
system for a different later implementation (e.g., with a
different antenna or antenna array to operate at a different RF
carrier frequency). For example, it may be desired to change
the RF beat frequency of lw,—w, | in an initial configura-
tion of the TOPS system to an RF beat frequency of
lw,—w,_,| in a subsequent configuration. Assume an initial
configuration of an RF beat frequency of w,_;, with an RF
frequency of RF oscillator 203 of Q, via selection of an Nth
harmonic is obtained in a manner as described above. To
achieve the desired subsequent configuration (with a subse-
quent RF beat frequency and RF carrier frequency of
lw,-m,_,1), the controller 400 may controller may control
(e.g., provide a command) tunable laser 201 to alter the
frequency of the generated a first laser beam to w,_, while at
the same time control RF oscillator 203 to alter the RF
frequency of the RF reference signal to €2,. The frequency
of the second laser beam may be maintained at w, or
otherwise maintained within the passband of the optical
filter 213 in both the first configuration and the second
configuration of the TOPS system. As noted herein, in some
embodiments, when the frequency of w, of the first laser
beam is changed, the frequencies of comb of sidebands may
change correspondingly and the optical filter 213 may select
a new harmonic to pass to the fixed laser 215 (e.g., change
selection of Nth harmonic in the first configuration to the
(N+1)th harmonic in the second configuration). However, in
this example, controller 400 may control the RF frequency
€2 to be altered by 1/N*Aw, as a function of the change of
, (the frequency of the first laser) (where N is the integer
number of the harmonic falling within with optical filter
213). Specifically, when w, is increased, the RF frequency €2
may be decreased by 1/N*Aw, and when m, is decreased, the
RF frequency © may be increased by 1/N*Aw, thus main-
taining the Nth harmonic at o, and within the passband of
the optical filter 213, while changing (i.e., tuning) the
frequency of the first laser beam of tunable laser 201 and
thus the RF beat frequency of the combined beam and RF
carrier frequency of antenna 310. In this example, changing
the frequency of the first laser from w, ; to w, , may be
made while altering RF frequency of the RF reference signal
from Q; to Q, where Q,=Q,-1/N*lm; ,—w;_,| (when
W,_,>w, ;) or ,=Q,+1/N*lw, ,—m,_,| (when w, ,<w,_)
and N is the Nth harmonic that is within the passband of
optical filer 213. Although the above example has been made
with respect to first and second configurations with respec-
tive first and second sets of frequencies, it will be appreci-
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ated that such coordinated alteration of the configuration of
the TOPS system may be continuous and/or provided per-
formed with respect to any number of configurations. How-
ever, if the RF beat frequency/RF carrier frequency are
altered to a significant extent, it may be beneficial to also
modify the antenna 310 (e.g., replace with a new antenna) to
provide an operating frequency of the antenna 310 corre-
sponding to the RF beat frequency.

[0046] To maintain the frequency of the second laser beam
at w, (e.g., to maintain at the center of or within the passband
of the optical filter 213) in both the first and second
configurations, controller 400 may control the frequency of
the first laser beam to be is the frequency of the second laser
beam of fixed laser 215, w, ; is an initial frequency of the
first laser beam of laser 201, and ®,,, is an adjusted
frequency of the first laser beam. To maintain w, is the
frequency of the second laser beam

[0047] FIG. 3 is an exemplary method in accordance with
the disclosure. The steps as illustrated in FIG. 3 may be
implemented in conjunction with the TOPS 200 as disclosed
herein with respect to FIG. 2. As illustrated in FIG. 3, a
method of generating first and second output optical beams
having respective first and second frequencies that are phase
locked with each other is disclosed. Additionally, it shall be
understood that certain steps disclosed here below may be
performed simultaneously and/or continuously, although
they will be explained sequentially for ease of explanation.
Step 251 may include: generating a first laser beam at a first
frequency, and the first frequency may be variable, e.g., by
tunable laser 201. Step 253 may include: generating an RF
reference signal oscillating at a radio frequency, e.g., by
reference oscillator 203. Step 255 may include: splitting the
first laser beam and transmitting corresponding first and
second split beams, e.g., by beam splitter 205. Step 257 may
include: transmitting the first split beam via a first optical
path, e.g., first optical path 207. Step 259 may include:
transmitting the second split beam via a second optical path,
e.g. second optical path 209. Step 261 may include: modu-
lating the second split beam with the RF reference signal or
a comb of harmonics generated from the RF reference signal
to form a modulated beam having first and second sideband
combs comprising a plurality of harmonics, e.g., by modu-
lator 211. Step 263 may include: filtering the modulated
beam with an optical filter and outputting a filtered optical
beam, e.g., by optical filter 213 which may be a fixed filter.
Step 265 may include: providing the filtered optical beam as
a seed to a fixed laser and generating a second laser beam at
the second frequency, e.g., by fixed laser 215. The first
frequency and the second frequency may be offset by an
integer multiple of the RF frequency of the RF electrical
signal, and the second frequency falls within the passband of
the optical filter. The first split beam and the second laser
beam may be output by the TOPS as first and second output
optical beams, respectively.

[0048] Additional steps for optional use in conjunction
with the disclosed steps above, may be disclosed below. Step
267 may include: combining the first output optical beam
and the second output optical beam to thereby form a
combined optical beam, e.g., by beam combiner 302. Step
269 may include: detecting the combined optical beam, e.g.,
by photodetector 304. The method may also include the
sub-step comprising modulating at least one of: phase and
amplitude of one or both of the first and second output
optical beams prior to combining the same in step 267 or
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after combining in step 267 and prior to step 269. Step 271
may include: transmitting the RF reference signal, e.g., by
antenna 310.

[0049] In some embodiments, step 263 may further
include passing a single harmonic of the modulated beam
and suppressing the remaining harmonics of the modulated
beam. Furthermore, the first and second output optical
beams may be mutually coherent.

[0050] As noted, tunable laser 201 acts as the primary or
reference laser used to generate a seed signal, which injec-
tion-seeds the fixed laser 215. Use of a fixed laser 215 or
other laser operating in a known or selected (e.g., program-
mable) range of frequencies allows for the inclusion of an
optical filter 213 with a narrow passband, which may be
narrow enough to encompass only a single harmonic side-
band from the modulation-sideband comb. Thus, the pass-
band of the optical filter and the frequency of the fixed laser
215 may be matched. For example, the passband of the
optical filter may be matched to the resonant frequency of
the fixed laser 215 and thus the passband of the optical filter
may encompass the frequency of the beam generated by the
fixed laser 215. When the optical filter is fixed, a simpler
more robust system may result.

[0051] Optical beams originally generated by laser beams
of the tunable laser 201 and the fixed laser 215 are then
combined to form a combined beam having a beat frequency
corresponding to the difference in frequencies of the beams
output by tunable laser 201 and fixed laser 215, such beat
frequency being an RF frequency corresponding to the RF
reference oscillator (e.g., an integer multiple thereof, which
should be understood to include the integer of 1). As tunable
laser 201 is tunable and the frequency of fixed laser 215 may
be fixed, adjusting the frequency of tunable laser 201 results
in changing this difference in laser beam frequencies and
thus changing the RF beat frequency formed by the com-
bined beam. Specifically, adjusting the frequency of tunable
laser 201 shifts the comb of harmonics so that the optical
filter selects a different harmonic (although within the same
passband frequency). Continuous tuning of the RF beat
frequency may be achieved by concurrent adjusting the
frequency of tunable laser 201 and the RF-reference-oscil-
lator-203 frequency Q so as to maintain one of the teeth in
the comb of harmonics within the passband of filter 213 and
within the locking range of fixed laser 215.

[0052] These modifications may provide improved har-
monic spur suppression. For example, filtering the sideband
comb output by electro-optic modulator 211 may be per-
formed with a fixed optical filter. A fixed optical filter may
thus provide a narrow and more precise passband as com-
pared to the tunable filter. For example, Fiber Bragg Grating
(FBQ) filters may be implemented with passbands of 50 pm
(6 GHz) wide. Such a narrow filter may thus be used to
select a single harmonic for injection locking prior to
injection to laser 215, thereby relieving the injected laser
cavity (of laser 215) of its filtering role. Thus, tuning of the
laser 215 to select one of several injected harmonics may be
avoided, and the laser 215 may be implemented as a fixed
laser.

[0053] The significant reduction of spurs in the output of
this modified TOPS configuration can be seen in FIG. 4,
illustrating the spectrum of the beat signal between the
seed-injected laser 215 and the tunable laser 201 when
implemented according to the inventive concepts described
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herein. As illustrated, the spurs of FIG. 4 are seen to be more
than 40 dB below the output tone, close to the noise floor of
the spectrum analyzer.
[0054] Additionally, the embodiment of FIG. 2 is capable
of'locking the laser beams produced by the tunable laser 201
and fixed laser 215 using modulation-sideband injection
locking. Thus, the beams produced by the tunable laser 201
and fixed laser 215 are mutually coherent, such mutual
coherence being maintained when combined and transmitted
(e.g., in a wave guide/optical fiber) by combiner 302.
Therefore, when the combined light beam is impinged on
photodetector 304, e.g., a photodiode, the optical contribu-
tions to the phase noise (e.g., originating in the laser sources
201, 215) cancel each other out and a high quality RF signal
that has a frequency of the beat frequency corresponding to
an integer multiple of the RF reference oscillator is gener-
ated (see RF output in FIG. 2). As spurs in the second output
optical signal generated by the seed injected laser (e.g., laser
215) are significantly suppressed/substantially eliminated,
corresponding spurious beat frequencies in the combined
optical beam and corresponding spurious RF frequencies in
the RF signal produced by the photodetector 304 are simi-
larly suppressed/avoided.
[0055] The foregoing is illustrative of exemplary embodi-
ments and is not to be construed as limiting thereof.
Although a few exemplary embodiments have been
described, those skilled in the art will readily appreciate that
many modifications are possible without materially depart-
ing from the novel teachings and advantages of the inventive
concepts. Accordingly, all such modifications are intended to
be included within the scope of the present invention as
defined in the claims.
What is claimed is:
1. A tunable optical pair source (TOPS) apparatus con-
figured to generate first and second output optical beams
having respective first and second frequencies that are phase
locked with each other, the TOPS apparatus comprising:
a tunable first laser configured to generate a first laser
beam at the first frequency, the first frequency being
adjustable in response to tuning of the tunable first
laser;
a radio frequency (RF) oscillator configured to provide an
RF reference signal oscillating at an RF frequency;
a beam splitter in optical communication with the tunable
first laser and configured to split the first laser beam and
transmit corresponding first and second split beams;
a first optical path in optical communication with the
beam splitter to receive the first split beam and to
provide the first output optical beam to a first output;
a second optical path in optical communication with the
beam splitter to receive the second split beam and to
provide the second output optical beam to a second
output,
the second optical path comprising:
an electro-optic modulator configured to modulate the
second split beam in response to the RF reference
signal to form a modulated beam having a first
sideband;

an optical filter configured to receive the modulated
beam and output a filtered optical beam; and

a second laser configured to generate a second laser
beam at the second frequency, the second laser being
configured to receive the filtered optical beam as a
seed,
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wherein the first frequency and the second frequency are
offset by an integer multiple of the RF frequency, and

wherein the second frequency falls within a passband of
the optical filter.

2. The TOPS apparatus of claim 1, further comprising:

an optical circulator having first, second, and third ports;

and

wherein the optical circulator is configured to receive the

filtered optical beam at the first port and pass the
filtered optical beam via the second port to the second
laser, and receive the second laser beam at the second
port and pass the second laser beam via the third port
to the second output.

3. The TOPS apparatus of claim 1, further comprising a
combiner to combine the first output optical beam and the
second output optical beam to thereby form a combined
optical beam.

4. The TOPS apparatus of claim 3, further comprising a
photodetector configured to detect the combined optical
beam.

5. The TOPS apparatus of claim 4, further comprising a
vector modulator configured to receive the combined optical
beam and modulate at least one of: phase and amplitude of
at least one of the first output optical beam and the second
output optical beam of the combined optical beam.

6. The TOPS apparatus of claim 1, further comprising an
amplifier configured to receive the RF reference signal and
generate a RF comb of a plurality of RF harmonics,

wherein the electro-optic modulator is configured to

modulate the second split beam with the RF comb.

7. The TOPS apparatus of claim 1,

wherein the first sideband comprise a first sideband comb

comprising a plurality of harmonics,

wherein the optical filter has a passband of a width that

encompasses only a single harmonic of the first side-
band comb of the modulated beam so as to attenuate the
remaining harmonics of the first sideband comb of the
modulated beam.

8. The TOPS apparatus of claim 7, wherein the remaining
harmonics as provided with the second laser beam are no
more than -20 dBc.

9. The TOPS apparatus of claim 7,

wherein the second laser is an injection-locked laser, and

wherein the optical filter provides the filtered optical

beam to the second laser and the second laser is
configured to automatically lock to the single harmonic
without tuning.

10. The TOPS apparatus of claim 9, wherein the optical
filter is a fixed optical filter having a passband matching an
operational frequency of the second laser.

11. The TOPS apparatus of claim 7, wherein the first
frequency of the tunable first laser is adjustable at least by
an amount corresponding to a bandwidth of the first side-
band comb.

12. The TOPS apparatus of claim 7, wherein the tunable
first laser is configured to adjust the first frequency of the
first laser beam so that the passband of the optical filter
encompasses a second harmonic of the modulated beam that
is different than the single harmonic.

13. The TOPS apparatus of claim 1, wherein a width of
the passband of the optical filter is less than two times the RF
frequency of the RF reference signal.

14. The TOPS apparatus of claim 1, wherein a width of
the passband of the optical filter is 6 GHz or less.
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15. The TOPS apparatus of claim 13, wherein the optical
filter is a Fiber Bragg Grating filter.

16. The TOPS apparatus of claim 1, further comprising at
least one additional electro-optic modulator configured to
modulate at least one of: phase, amplitude, and frequency of
the first output optical beam and/or the second output optical
beam.

17. The TOPS apparatus of claim 3, wherein the com-
bined optical beam has a beat frequency of the integer
multiple of the RF frequency.

18. The TOPS apparatus of claim 17, further comprising:

a photodetector configured to detect the combined optical
beam and generate an electrical signal having a fre-
quency of the integer multiple of the RF frequency; and

an antenna in electrical communication with the photo-
detector to emit an electromagnetic wave at a frequency
of the integer multiple of the RF frequency.

19. The TOPS apparatus of claim 18, further comprising
at least one additional electro-optic modulator configured
modulate at least one of: phase, amplitude, and frequency of
the first output optical beam and/or the second output optical
beam to encode information,

wherein the encoded information is provided with the
electromagnetic wave emitted by the antenna.

20. The TOPS apparatus of claim 1, wherein the first and

second output optical beams are mutually coherent.

21. The TOPS apparatus of claim 1, wherein phase noise
of the second laser correlates to phase noise of the tunable
first laser.

22. The TOPS apparatus of claim 1, wherein the optical
filter is tunable.

23. A tunable optical pair source (TOPS) apparatus con-
figured to generate first and second output optical beams
having respective first and second frequencies that are phase
locked with each other, the TOPS apparatus comprising:

a tunable first laser configured to generate a first laser
beam at the first frequency, the first frequency being
adjustable in response to tuning of the tunable first
laser;

a radio frequency (RF) oscillator configured to generate
an RF reference signal oscillating at an RF frequency;

a beam splitter in optical communication with the tunable
first laser and configured to split the first laser beam and
transmit corresponding first and second split beams;

a first optical path in optical communication with the
beam splitter to receive the first split beam and to
provide the first output optical beam to a first output;

a second optical path in optical communication with the
beam splitter to receive the second split beam and to
provide the second output optical beam to a second
output,

the second optical path comprising:
an electro-optic modulator configured to modulate the

second split beam in response to the RF reference
signal to form a modulated beam having a first
sideband comprising at least one harmonic;

a fixed optical filter configured to receive the modu-
lated beam and output the harmonic of the first
sideband as a filtered optical beam; and

a second laser configured to generate a second laser
beam at the second frequency, the second laser being
configured to receive the harmonic of the filtered
optical beam as a seed; and
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a controller in communication with the tunable first laser
and the RF oscillator, the controller configured to alter
the first frequency of the first laser generated by the
tunable first later and to alter the RF frequency of the
RF reference signal generated by the RF oscillator;

wherein the first frequency and the second frequency are
offset by an integer multiple of the RF frequency, and

wherein the second frequency falls within a passband of
the optical filter.

24. The TOPS apparatus of claim 23,

wherein the controller is configured to alter the first
frequency of the first laser generated by the tunable first
later and to alter the RF frequency of the RF reference
signal generated by the RF oscillator in a coordinated
manner so that the frequency of the harmonic of the
first sideband remains within the passband of the opti-
cal filter.

26. The TOPS apparatus of claim 25, wherein the fre-

quency of the harmonic is the second frequency.

25. The TOPS apparatus of claim 23, wherein the con-
troller is configured to alter the first frequency of the first
laser generated by the tunable first later and to alter the RF
frequency of the RF reference signal generated by the RF
oscillator in a coordinated manner to set the frequency of the
harmonic of the first sideband to the center frequency of the
passband of the optical filter.

26. The TOPS apparatus of claim 23, further comprising
a combiner to combine the first output optical beam and the
second output optical beam to thereby form a combined
optical beam,

wherein the combined optical beam has a beat frequency
of an integer multiple of the RF frequency, and

wherein the controller is configured to alter the first
frequency of the first laser generated by the tunable first
laser and to alter the RF frequency of the RF reference
signal generated by the RF oscillator in a coordinated
manner to alter the RF beat frequency of the combined
signal while maintaining the frequency of the harmonic
of the first sideband within the passband of the optical
filter.

27. The TOPS apparatus of claim 26, wherein the con-
troller is configured to alter the RF beat frequency of the
combined signal in real time.

28. The TOPS apparatus of claim 23,

wherein the harmonic is the Nth harmonic of a plurality
of harmonics of the first sideband, and
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the controller is configured to maintain the Nth harmonic
within the passband of the optical filter while altering
the first frequency of the first laser generated by the
tunable first later and the RF frequency of the RF
reference signal generated by the RF oscillator in a
coordinated manner.

29. The TOPS apparatus of claim 28, wherein the pass-
band of the optical filter is no more than 6 GHz.

30. The TOPS apparatus of claim 23,

wherein the harmonic is the Nth harmonic of a plurality

of harmonics of the first sideband where N is an integer,
and

wherein, when the first frequency of the first laser gen-

erated by the tunable first laser is altered by Aw,, the
controller is configured to alter the RF frequency of the
RF reference signal generated by the RF oscillator by
1/N*Aw,.

31. The TOPS apparatus of claim 30, wherein the con-
troller is configured to alter the first frequency of the first
laser and to alter the RF frequency of the RF reference signal
in real time.

32. A method of generating first and second output optical
beams having respective first and second frequencies that
are phase locked with each other, the method comprising:

with a first tunable laser, generating a first laser beam at

a first frequency;

generating an RF reference signal having an RF fre-

quency;

splitting the first laser beam and to provide corresponding

first and second split beams;

transmitting along a first optical path the first split beam

as the first output optical beam;

transmitting the second split beam along a second optical

path to generate the second output optical beam, gen-

erating the second output optical beam comprising:

modulating the second split beam in response to the RF
reference signal to form a modulated beam having a
first sideband;

filtering the modulated beam to provide a filtered
optical beam; and

using the filtered optical beam as a seed for a second
seed injected laser, generating a second laser beam at
the second frequency, the second frequency falling
within a passband of the optical filter and being offset
from the first frequency by an integer multiple of the
RF frequency.

#* #* #* #* #*



