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Abstract: We propose, analyze and demonstrate the optoelectronic
phase-locking of optical waves whose frequencies are chirped continuously
and rapidly with time. The optical waves are derived from a common
optoelectronic swept-frequency laser based on a semiconductor laser in a
negative feedback loop, with a precisely linear frequency chirp of 400 GHz
in 2 ms. In contrast to monochromatic waves, a differential delay between
two linearly chirped optical waves resultsin a mutual frequency difference,
and an acoustooptic frequency shifter is therefore used to phase-lock the
two waves. We demonstrate and characterize homodyne and heterodyne
optical phase-locked loops with rapidly chirped waves, and show the
ability to precisely control the phase of the chirped optical waveform
using a digital electronic oscillator. A loop bandwidth of ~ 60 kHz, and
aresidual phase error variance of < 0.01 rad® between the chirped waves
is obtained. Further, we demonstrate the simultaneous phase-locking
of two optical paths to a common master waveform, and the ability to
electronically control the resultant two-element optical phased array. The
results of this work enable coherent power combining of high-power
fiber amplifiers—where a rapidly chirping seed laser reduces stimulated
Brillouin scattering—and el ectronic beam steering of chirped optical waves.
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1. Introduction

Optica phase-locking and phase-synchronization have found applications in a wide variety of
fields, including optical communication links [1-5], clock generation and transmission [6, 7],
synchronization and recovery [8,9], coherence cloning [10], coherent power combining and op-
tical phased arrays [11-17], and optical frequency standards [18, 19]. These applications take
advantage of the ability to precisely synchronize the phase of two optical waves using elec-
tronic feedback. With afew notable exceptions [20, 21], prior demonstrations of phase-locking
and synchronization have been performed using nominally monochromatic optical waves. In
this work, we explore the “dynamic” phase-locking of optical waves whose frequencies are
swept (“chirped”) rapidly with time and over large chirp extents. Whereas phase-locking opti-
cal waves with arbitrary frequency chirps is a difficult problem in general, we show that it is
possible to phase-lock linear frequency chirps with a very high locking efficiency. This result
is particularly relevant in the context of coherent combining of high-power fiber amplifiers,
and also has potential applications in electronic beam steering for LIDAR and 3-D imaging
systems.

The output power of optical fiber amplifiersis usualy limited by stimulated Brillouin scat-
tering (SBYS) in the fiber. The effects of SBS can be mitigated by careful design of the fiber
geometry and doping [22—24], and two separate approaches are typically used to obtain even
higher output powers: (i) increasing the threshold power for SBS by increasing the linewidth
of the seed laser by phase or frequency modulation [25, 26], and (ii) combining the outputs of
multiple fiber amplifiers [11-16]. In this work, we investigate a combination of these two ap-
proaches in order to enable the combining of fiber amplifiers that have alarger SBS threshold.
In particular, we will consider a coherent beam combining approach with active feedback, in a
master-oscillator-power-amplifier (MOPA) scheme where multiple fiber amplifiers are seeded
by a common seed |aser source.

The traditional approach to SBS suppression by broadening the linewidth of the seed laser
source results in areduction of the coherence length of the source, and coherent beam combin-
ing therefore requires precise path-length matching so as to prevent dephasing due to incoher-
ence. In recent work, Goodno et. a [26] have demonstrated the phase-locking of a 1.4 kW fiber
amplifier using a seed source with alinewidth of 21 GHz, but this required precise path-length
matching of active fibers to the order of ~1 mm in order to achieve efficient power combining.
Seed lasers with linewidths larger than 100 GHz are necessary to obtain even higher powers,
and precise path length matching to within ~ 10 um is required for coherent combining of
multiple amplifiers. Weiss et. a [21] have recently demonstrated that coherent combining can
still be achieved using a novel feedback |oop that senses the path length mismatch and corrects
it using afiber stretcher.

Our approach isto instead use arapidly chirped (> 101 Hz/s) laser as the seed source, which
increases the SBS threshold in the fiber by reducing the effective length over which SBS oc-
curs in the fiber [27]. The advantage of this approach is that the chirped source is based on
a narrow linewidth laser, and therefore has a large coherence length (several meters), which
obviates the need for any precise path length matching. In this paper, we describe the phase-
locking and electronic phase control of linearly chirped waves using acoustooptic frequency
shifters to compensate for static and dynamic optical path-length mismatch and phase noise.
We analyze these optical phase-locked loops in the homodyne and heterodyne locking configu-
rations, and present results of proof-of-concept experimental demonstrations of phase-locking,
coherent combining, and electronic phase control of passive fiber systems.

The basic concept of phase-locking multiple linearly chirped waves in the MOPA configura-
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Fig. 1. Concept of phase-synchronization of linearly chirped waves. A time delay between
the master and slave arms s equivalent to afrequency delay, and can be compensated using
an optical frequency shifter.

tion is depicted in Fig. 1 [28]. A common swept-frequency laser (SFL) with a perfectly linear
optical frequency chirp given by

oL (t) =wp+E&t, t€[0,T], @

is split into multiple arms that are separately amplified, and coherently combined to form a
high-power beam. Consider two arms with a relative time delay 7. Owing to the linearity of
the chirp, the time delay is equivalent to a frequency difference 6w = &1 between the two
waves, and an optical frequency shifter—such as an acoustooptic shifte—in one of the arms
can provide the desired frequency shift to synchronize the phases of the two waves. For alinear
chirp of & /2 = 10% Hz/s and a path-length mismatch of 10 cm in fiber, the required frequency
shift is 500 kHz, which is well within the dynamic range of acoustooptic frequency shifters.
Further, using a negative feedback phase-locked loop architecture with the frequency shifter
operating as a voltage-controlled oscillator, dynamic phase fluctuations are also suppressed for
frequencies within the loop bandwidth. Previous work using acoustooptic frequency shifters
and monochromatic seed lasers has shown that sufficient loop bandwidths can be achieved for
efficient combining of active fiber amplifiers[13].

In this paper, we consider the phase-locking and coherent combining of optical waveforms
whose frequencies vary perfectly linearly with time, as shown in Fig. 2. The motivation for
the choice of triangular frequency modulation istwofold. First, SBS suppression in high power
amplifiers scales with the chirp rate [27, 29], and a constant chirp rate ensures that uniform
SBS suppression is obtained throughout the duration of the frequency sweep, with minimal in-
crease of the SBS at the turning points of the chirp. Second, alinear chirp enables path-length
mismatches to be corrected by a constant frequency shift, as described above. Deviations from
linearity of the seed laser chirp are corrected using a feedback |oop, as long as these deviations
are small and at frequencies within the loop bandwidth. It is desirable that the chirp be close to
perfectly linear, particularly at high chirp rates £, in order to relax the requirements on the fre-
guency tuning range and bandwidth of the acoustooptic frequency shifter and the feedback |oop.
We notethat it is possible to further extend this approach to other deterministic frequency chirp
formats, by using a time-varying frequency shift to compensate for the known time-varying
slope of the optical frequency chirp, e.g. using a feedforward compensation scheme.

2. Precisely linear frequency chirpsusing an optoelectronic swept-frequency laser

A perfectly linear optical frequency-vs-time behavior is a prerequisite for the phase-locking
scheme shown in Fig. 1. We have previously shown that such a precisely linear chirp can be
generated using a semiconductor laser in a negative feedback loop [30]. The tuning of the
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frequency of the semiconductor laser viaitsinjection current eliminates any moving parts, and
the optoelectronic SFL is capable of generating high-speed linear frequency chirps over wide
tuning ranges. The operation of the SFL is briefly summarized below, and a more detailed
analysisis presented in Ref. [30].

Output
o, (t) =, + &t

. A
Ty g :
5] I
& I
; Reference . £ |
Liz?:el:]u?s oscillator sin(wgt +¢5) PD g :
Integrator I |
Cos(&ryt+wyry, ) g T! - >
< ime
Mixer
@)
—_ 0 " 0
£ €
N 220 H-m TC 10
o} o)
© 200 — o -
E,- -20 5‘ 20
* ]
e =
6 A :
04 07 1 13 16 24 27 3 33 36
Time (ms) Time (ms)
(b) (©)

Fig. 2. (8) Schematic diagram of an optoelectronic SFL using a semiconductor laser in a
negative feedback loop. SCL: Semiconductor laser, MZI: Mach-Zehnder interferometer,
PD: Photodetector. (b) and (c) Measured slope of the optical frequency chirp during the
up- and down-chirps respectively, for an optoelectronic SFL using avertical cavity surface
emitting laser. The chirp rateis +2 x 10% Hz/s, corresponding to a frequency excursion of
+400 GHz in 2 ms.

A schematic diagram of the optoelectronic feedback loop is shown in Fig. 2(a). The fre-
quency vs. current behavior of the semiconductor laser is highly nonlinear owing to its thermal
tuning mechanism. The laser is biased with a time-varying injection current, and its frequency
chirpislinearized using a negative feedback |oop—a phase-locked loop—whose operation may
be understood intuitively as follows. The slope of the laser frequency chirp is proportional to
the input current into the loop integrator, assuming the laser is a linear tuning element. This
assumption is valid for small signal fluctuations about the laser bias current. When a linear
frequency chirp @ (t) of the formin Eq. (1) is passed through a Mach-Zehnder interferometer
(MZ1) with delay ©y and isincident on a photodetector (PD), the resultant current has the form
cos(&mut + wpv ). The combination of the integrator, laser, MZI and PD therefore acts as an
effective current-controlled oscillator, where the output frequency deviation of the photocurrent
is proportional to the input current into the integrator. This “oscillator” is phase-locked to an
electronic oscillator whose output is of the form sin(wgt + ¢r). In lock, the chirp parameters
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are therefore given by

_ %R
é - TM7
+2mr
o = BT @
™

where misan integer. The slope of the optical frequency chirp istherefore set by the frequency
of the electronic oscillator. A triangular frequency deviation, as shown in Fig. 2(a), is obtained
by appropriately driving the laser bias current.

The experimental demonstrations in this work were performed using an optoelectronic SFL
based on a vertica cavity surface-emitting laser (VCSEL) at 1550 nm in the optoelectronic
feedback loop shown in Fig. 2(a). An amplitude controller based on a semiconductor optical
amplifier was used to maintain a constant output power level. While the SFL is capable of pro-
ducing precisely linear chirpswith chirp rates up to 1016 Hz/s, a chirp-rate of +2 x 1014 Hz/s—
corresponding to a frequency excursion of 400 GHz in 2 ms—was used in the experimental
demonstrations in thiswork. As described in the previous paragraph, the instantaneous optical
chirp rate of the SFL can be measured using an MZI and a photodetector. The measured values
of the optical chirp rate for the up- and down-chirps, using an MZI with atime-delay of 1.03 ns,
are plotted in Figs. 2(b) and 2(c), demonstrating the linearity of the chirp.

3. Phase-locking of chirped optical waves

3.1. Homodyne phase-locking
3.1.1. Theory

Bias — ®m Delay 74 (P/2) (1+cos48)

Delay (7+17) cai (P12) (1-cos40)

(@)

Phase

>~ ()
fluctuations
‘u% an(f)

+y Combiner

ou(f) —

SFL phase
noise

Relative delay

K(f) snA8,

Loop transfer function

(b)

Fig. 3. (a) Fiber-based homodyne phase-locking configuration. The upper and lower arms
are the master and slave waveforms respectively. SFL: swept-frequency laser, PD: pho-
todetector. (b) Small signal model of phase propagation in the loop. The variables are the
Fourier transforms of the deviations of the phases from their steady-state values.

We first consider the homodyne phase-locking configuration shown in Fig. 3(a). The output
of an optoelectronic SFL issplit into two arms using afiber splitter, and combined using a2 x 2
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fiber combiner. The goal of the experiment is to phase-lock the output of the “slave” arm to
the “master” arm. Acoustooptic frequency shifters with bias frequency shifts wm and ws are
used in the master and slave arms respectively. The differential delay between the two arms is
given by 7. One of the fiber combiner output channels serves as the useful optical output, while
the other channel is amplified and fed back to the acoustooptic frequency shifter in the slave
arm. The feedback loop isvery similar to atypical phase-locked loop [31], and can be analyzed
accordingly. The loop gain K is defined as the product of the optical power in each arm (P/2,
units: W), the gain of the photodetector (V/W), and the gains of the loop amplifier (V/V) and
the frequency shifter (rad/s/V). Let the SFL optical frequency be given by Eq. (1). The phase
difference between the master and slave armsis denoted by A6 = 6, — 65, and is given by

AB(t) = {(wo+wm)t+ ;5t2+¢m}

1 t—1g
_ [(a)oers) (t—r)+§§(t71)2+/0 K (1cosA9(t’))dt’} )

where ¢, is a constant phase difference between the two arms, and we assume that the loop
propagation delay tg4 is much larger than the path-length mismatch t. The final termin Eq. (3)
represents the phase shift due to the feedback to the acoustooptic frequency shifter, which is
theintegral of the frequency shift. The steady-state solution to Eq. (3) is obtained by setting the
time derivative of A6 to 0, to obtain

Afg = cos™* {1— W} =cos ! <1— A:f") . 4)

The quantity Awx = om— s+ &1 isthe free-running frequency difference between the master
and slave arms, and the phase-locked |oop adjusts the value of A6y to bring the loop into lock.
When in lock the two optical waves only differ by a phase A8y at the combiner, and there is
no frequency difference. We note here that the value of the steady-state phase can be adjusted
(within the range [0, zr]) by varying the bias frequency shifts o, and ws.

The loop can be linearized about the steady-state operating point of Egs. (3) and (4) in order
to understand its dynamic performance. The Fourier transform of the small signal deviations
from the steady-state solution are used in thisanalysis, as shown in Fig. 3(b). For smplicity, we
have not included the effects of amplitude noise and shot noise in the photodetector, but these
can be incorporated into the analysis in a straightforward manner. The phase noise added to
the master and slave arms are denoted by ¢m(f) and ¢s( f) respectively, and include the phase
noise of the frequency shifters and the noise wpd t(f) due to fluctuations (6 t) of the optical
path length. The phase noise (including residual chirp non-linearity) of the SFL is given by
¢L(f), and is delayed by an additional amount t in the slave arm. The frequency dependence
of the loop gain ismodeled by K( ), which is given by

Ka(f)ep(—j2nf )
j2rf ' ®)

Thepole 1/(j2rf) isthe consequence of the frequency shifter behaving as an integrator with
respect to the phase, Kg (f) isthe frequency response of the loop electronics, and the exponen-
tial term isthe effect of theloop propagation delay 4. The solution to the feedback loop isthen
given by

K(f) =

om(f) —0s(f)  ¢u(f) (1—ei2m1T)

AO(f) = : -
(f) 1+K(f)sinA6g 1+K(f)sinA6g
1+K(f)sinABy = 1+K(f)snAgy’
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The first term in the above expression demonstrates the reduction of the phase fluctuations in
the fiber by afactor (14 K(f)sinA6p). For frequencies within the loop bandwidth, K(f) isa
large number, and efficient noise suppression is obtained. The second term describes the effect
of SFL phase noise. For small delays 1, the system behaves like afrequency discriminator with
gain t, and this frequency noise is also suppressed by the factor (1+ K(f)sinA6p). It is clear
that a smaller delay and an SFL with low phase noise result in lower phase error in the loop.

3.1.2. Experiment
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Fig. 4. Experimental results of homodyne phase-locking of two chirped optical waves.
(8 Unlocked combining, where the path-length mismatch results in a rapid oscillation of
the combined power. (b) Phase-locked operation, for different values of the free-running
frequency difference Awy,. The SFL chirps +400 GHz in the first 2 ms, and —400 GHz in
the next 2 ms.

The homodyne phase-locking experiment of Fig. 3(a) was performed using the VCSEL op-
toelectronic SFL with a chirp rate of 2 x 10% Hz/s shown in Fig. 2. Polarization-maintaining
fiber-optic components were used in the loop. A passive delay of 74 ~ 20 m in fiber was intro-
duced in each arm, in order to study the loop performance in the presence of large delays such
as those introduced by fiber amplifiers. The nominal path length difference between the two
armswas 7 = 0, but no specia care was taken to ensure path-length matching, and we estimate
an accuracy of +2 cm. Fiber-coupled acoustooptic modulators (Brimrose Corporation) with a
nominal frequency shift of 100 MHz and a frequency modulation bandwidth of ~ 75 kHz were
used in each arm. An op-amp based electronic amplifier was used in the loop to provide the
necessary gain. Amplified photodetectors (Thorlabs) with a bandwidth of 150 MHz were used
to measure the combined signals. The measured output at the photodetector PD1 is plotted in
Fig. 4(a) and 4(b) for the unlocked and phase-locked cases respectively. The free-running fre-
guency difference Awy, was adjusted, via the bias of one AOFS, to bring the loop into lock,
and to vary the fraction of power in the useful arm, as given by Eq.(4). Note that the sign of
the optical chirp & reversesat t = 2 ms, and the bias frequency shift was therefore periodically
adjusted using a custom arbitrary waveform generator to maintain the same locked phase along
both the up- and down-chirps.

The homodyne phase-locking approach demonstrated above has a few shortcomings. 1) In-
tensity fluctuations at the photodetector due to variations in the laser power—as seen in the
non-constant envelope of the oscillations in Fig. 4(a)—cannot be decoupled from the phase
fluctuations to be corrected by the loop, and the phase-locked output (Fig. 4(b)) is affected by
these fluctuations. This problem can be mitigated using a balanced detection scheme, but the
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loop is still susceptible to large 1/ f photodetector noise at low frequencies. 2) The desired op-
erating point for maximum power-combining is A6y ~ 0 in Eq. (4); however, from Eq. (6), the
loop gain is multiplied by (sinA6p), and the loop is consequently not very stable at this oper-
ating point. It is desirable that the loop be locked at quadrature (A6p = 7/2), and the control
of the optical phase by varying the free-running frequency difference is not optimal since it
adversely impacts loop performance. 3) Finally, it is not straightforward to scale this approach
to multiple phase-locked arms. These problems are all addressed by adopting a heterodyne (or
offset) phase-locking architecture, as described in the next section.

3.2. Heterodyne (offset) phase-locking

3.21. Theory
B 2 Delay 7 P/2) (1+cos46
Phase ~ wot + {72 ) (P2) ( ) Triggered
Scope
SFL
2x10™ Hz/s

Delay (%+7)
Bias (P/2) (1-cos460)

Gain | Difference
| frequency

o Offset
SN(@st + o)

Fig. 5. Fiber-based heterodyne phase-locking configuration. The offset frequency of the
loop is 100 MHz. SFL: swept-frequency laser, PD: photodetector.

The heterodyne phase-locking architecture is shown in Fig. 5, where the chirped slave path
is locked to the master arm at a frequency offset determined by an electronic oscillator. The
two optical waves are mixed in a photodetector, resulting in an oscillating photocurrent at the
difference frequency between the two waves. This photocurrent is mixed with an electronic
oscillator sin(wost + ¢os) Using an electronic mixer. The difference frequency output of the
mixer is amplified, and fed back into the AOFS. This loop can be analyzed in the same way
as the homodyne loop of Section 3.1, using standard phase-locked loop theory [31]. Defining
the loop gain as the product of the SFL power in each arm and the gains of the photodetector,
mixer, loop amplifier and the AOFS; and setting the time-derivative of the mixer output to zero,
we obtain the steady state phase difference between the master and slave arms (A8 = 6, — 6s):

- —G6T— .1 (A
ABg = —ost — Pos— SIN 1(ws<§K0)os) = —Wost — Pos— SN 1< |C<0fr> (7)

The phase of the dave optical wave now follows that of the master wave with a frequency
and phase offset determined by the offset electronic oscillator. A number of slave arms may
be locked to a common master wavefront with the same electronic offset frequency wgs, for
coherent power combining. The advantage of heterodyne locking is that it enables electronic
control over the phase of the chirped slave optical wave, since a change in ¢qs is reflected in a
change in the optical phase in a one-to-one manner. This electronic phase control is important
for beam-steering and phase-controlled optical apertures. The final term in EqQ. (7) is the loop
phase error Goop = sin~!(Awy /K), which may be brought close to zero by adjusting the bias
frequency shift of the AOFS. A small-signal phase noise analysis may be performed about the
steady-state operating point, using amodel very similar to Fig. 3(b), except for the addition of

#169978 - $15.00 USD Received 6 Jun 2012; revised 4 Sep 2012; accepted 12 Oct 2012; published 22 Oct 2012
(C) 2012 OSA 5 November 2012 / Vol. 20, No. 23 / OPTICS EXPRESS 25221



the phase noise ¢os( f) of the electronic offset oscillator. The resultant output phase error is

po(ty= Om(D—0s(f) , 7li2nfou(D]  dos( K (F) cOSBoop
~ 14+K(f)cosbloop  1+K(f)cosbloop  1+K(f)coSBloop |

®

The first two terms are identical in form to Eq. (6), while the final term shows that the phase
noise of the electronic offset source is transferred to the optical wave, and should be kept as
small as possible.

3.2.2. Experiment

The heterodyne phase-locking experiment of Fig. 5 was performed using the VCSEL-based
SFL with a chirp rate of 4+-2 x 10* Hz/s, polarization maintaining fiber-optic components, and
an AOFS (Brimrose Corporation) with a frequency shift of 100 MHz and a frequency modula-
tion bandwidth of ~ 75 kHz. Thetwo armswere mixed in an amplified photodetector (Thorlabs)
with abandwidth of 150 MHz, and the resultant beat signal was mixed with an electronic offset
signal in a discrete electronic mixer (MiniCircuits). The mixer output was amplified and fed
back into the AOFS. The 100 MHz electronic offset signal was derived from a custom-built
direct digital synthesis (DDS) oscillator with adjustable amplitude, phase and frequency. A
custom arbitrary waveform generator was used to provide the different AOFS bias frequencies
during the up- and down-chirps, in order to maintain the same free-running frequency differ-
ence. The experiment was performed for different values of the loop propagation delay g and
path-length mismatch 7. The optical delay is reported here in units of length, and is to be un-
derstood as the time taken for light to propagate along that length of polarization-maintaining
Panda fiber.

o

Spectral density (dB)

99.5 100 100.5
Frequency (MHz)

Fig. 6. Fourier spectrum of the measured beat signal between the master and phase-locked
slave arms, over a2 ms chirp interval. The nominal loop delay parameters are iy = 20 m
and 7 = 0 m of fiber. A Hamming window was used in the calculation to eliminate the
spectral sidebands due to the finite measurement time.

The performance of the heterodyne phase-locked loop was characterized by measuring the
beat signal between the master and slave arms using the photodetector PD1 and a high-speed
(1.6 ns) sampling oscilloscope. In lock, the oscillating component of the photocurrent has the
form

i(t) o< cOS(ABy+ AB(t)) = COS(Wost + Pos+ Bloop — AB(1)) 9
where the phase fluctuations A6(t) are described in the frequency domain by Eqg. (8). The

variance of these phase fluctuations, <A62>, is the critical metric of loop performance since it
determines the fraction of the slave power that is coherent with the master laser [16, 32]. The
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Fig. 7. (&) Algorithm for calculation of the relative phase between the master and phase-
locked slave beams from the measurement of the beat signal between the two waves. LPF:
Low-passfilter. (b) Phase difference between the master and slave arms for different values
of the loop delay 14 and the path-length mismatch 7. (c) Transient during the switching of
the chirp from an SFL down-chirp to up-chirp. The bandwidth (locking time) is limited by
the AOFS driver used in the experiment.

Fourier transform of the measured beat signal over one 2 ms chirp duration (with a Hamming
window to eliminate edge effects), for 7y = 20 m and 7 ~ O, is plotted in Fig. 6, showing a
transform-limited peak at 100 MHz, with a small noise pedestal. The loop bandwidth is about
60 kHz, limited by the electronic driver for the AOFS, and can be improved using a faster RF
driver. The residual noise may be calculated by integrating the noise in the spectral measure-
ment [16, 32]. From Fig. 6, the standard deviation of the phase fluctuations is calculated to be
0.08 rad, which corresponds to 99.4% of the slave optical power being coherent with the master
wave.

We further characterize the phase fluctuations using a phase demodul ation technique, which
allows us to directly calculate and characterize the phase fluctuations A6(t) as a function of
time. The phase demodulation algorithm is shown in Fig. 7(a). The components of the measured
beat signal cos(wost + dos + Bloop — AB(t)) along the two quadrature axes coswost and sin west
(also called In-phase and Quadrature or I/Q components) are calculated, from which the phase
Pos+ Bloop — AB(t) is computed. Since the first two terms are constant, this allows us to directly
characterize the fluctuations of the phase with time. The demodulated phase during one 2 ms
chirp duration for three different values of theloop delay 1y and the path-length mismatch 7 are
plotted in Fig. 7(b). The curves are offset by different phases, for the sake of clarity. The initial
transient owing to the limited loop bandwidth is shown in Fig. 7(c).

The standard deviation of the phase error can directly be calculated from the demodulated
phase, ignoring the initial transient, and the achieved phase error for different delays are tabu-
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lated in Table 1. Note that the fiber delays are only nominal values, since no extra effort was
made to precisely cut fibers. We estimate the accuracy of the fiber length to be +2 cm. For a
given path-length mismatch, the addition of a large loop delay 1y = 20 m dlightly reduces the
bandwidth of the loop, resulting in a lower phase-locking efficiency. On the other hand, for a
given loop delay, the addition of 32 cm of path-length mismatch resultsin increased phase-noise
due to aloss of coherence, as given by Eq. (8). This reduces the phase-locking efficiency from
~ 99% to ~ 90%, as shown in Table 1. Path-length mismatches much smaller than 32 cm are
very easily achieved in practice, corresponding to phase-locking efficiencies larger than 90%.

Table 1. Measured residual phase error and phase-locking efficiency for different values of
the loop delay 14 and the path-length mismatch .

Loop delay | Path-length mismatch Phase error Locking efficiency
74 (M) 7 (cm) o = (A620))* (rad) | n=1/(140?)
2 0 0.047 99.8%
2 32 0.279 92.8%
20 0 0.076 99.4%
20 32 0.315 91.0%
= 2 = 2 = 2
8 8 8
= 1 = 1 = 1
20 =0 = 0
8 8 8
- -1 o - - -1
T T T
e} O e}

-2 -2 -2
2 A 0 1 2 2 A 0 1 2 2 A 0 1 2

OPLL2 beat signal (a.u.) OPLL2 beat signal (a.u.) OPLL2 beat signal (a.u.)

Fig. 8. Measured optical beat signas between the slave and master chirped waves in two
distinct phase-locked loops, with synchronized offset electronic signals with a frequency
wos = 100 MHz. The phase ¢os of one of the electronic oscillators was set to 0°, 90° and
180° in the three panels, which is reflected in a change in the optical phase of the slave
laser phase by the same amount. The delaysin each loop were 1y =2 mand 7 ~ 0.

To demonstrate el ectronic control over the phase of the chirped optical wave, we constructed
two separate heterodyne optical phase-locked |oops derived from the same SFL. The SFL out-
put was split into four paths using fiber splitters. Two of these paths acted as master wavefronts
for two distinct slave arms, and the two loops were locked at the same offset frequency wgs in
fiber-based loops. The electronic offset signals were provided by a pair of synchronized DDS
oscillators, with individually controllable amplitudes and phases. The beat signals in the two
OPL Lswere measured over a2 ms chirp duration, and are plotted against each other in Fig. 8.
Asthe electronic phase ¢os in one of the arms was changed, the phase of the optical beat signal
changed in a one-to-one manner, demonstrating digital phase-control.

4. Coherent combining and phase-controlled apertures

The phase-locking of slave armsto a master wavefront can be scaled to multiple fiber paths, as
shown in the tiled-aperture coherent combining experiment in Fig. 9(a). A small portion of the
output of each amplified slave arm is beat with a common master wavefront, and phase-locked
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Fig. 9. (a) Schematic diagram of atiled-aperture coherent combining experiment with mul-
tiple chirped amplifiers. (b) Schematic diagram of a proof-of-concept passive fiber-based
experiment to demonstrate el ectronic beam steering. The fiber path-length mismatches not
corrected by the optical phase-locked loops are shown in red. The camerais placed in the
far field of the output aperture.

to aset of synchronized electronic oscillators that have the same frequency and individual phase
control. The results of such an active-fiber coherent combining experiment will be reported
separately; here we describe a proof-of-concept passive fiber-based experiment to demonstrate
the principle of electronic control of a chirped optical phased array. A schematic diagram of
the fiber-based experiment is shown in Fig. 9(b), which is different from Fig. 9(a) in two ways.
First, the master wavefront was split using afiber splitter and delivered to the two optical phase-
locked loops. Second, the output of each slave path (after the AOFS and additional fiber delay)
was split into two parts using a fiber splitter: one part was used for phase-locking as in Fig.
5, while the other part formed the useful optical output aperture. Thisimplies that differential
delays in these additional fiber paths, shown in red in Fig. 9(b) are not accounted for by the
phase-locked loop. In the experimental demonstration, an effective precise path-length match-
ing was achieved by simply phase-locking the two loops at slightly different offset frequencies.
As described throughout this paper, the perfect linearity of the chirp means that a frequency
shift is equivalent to atime delay. In addition, the fiber portions outside the phase-locked loops
were isolated thermally and acoustically to minimize dynamic fluctuations of the path length
over the measurement time of the experiment (a few minutes). It is important to note that no
path-length matching efforts are necesssary in the free-space experiment of Fig. 9(a).

The outputs of the two phase-locked slave arms were brought together to form a coherent
aperture using afiber V-groove array placed at the focal plane of amicrolensarray. The emitter
spacing was 250 um. The loop parameters were iy = 2 m and 7 ~ 0. A camera with a low
frame rate was used to image the far-field intensity distribution of the aperture. The frame
rate of the camera was more than an order of magnitude smaller than the chirp repetition rate,
which ensured that the intensity distribution was measured across many chirp periods. The
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Fig. 10. Experimental demonstration of electronic phase control and beam steering of
chirped optical waves. (a) Far-field intensity profiles for the unlocked and phase-locked
cases. The position of the fringesis controlled by varying the phase of the electronic oscil-
lator in one loop. (b) Horizontal cross-section of the far-field intensity pattern.

experimentally measured far-field intensity profiles for the unlocked and phase-locked cases
are shown in Fig. 10. Compared to incoherent combination, the phase-locked (in-phase) beam
has anarrower central lobewhoseintensity islarger by afactor of 1.6. By electronically varying
the phase of the electronic oscillator in one of the optical phase-locked loops, we demonstrate
the steering of the far field intensity pattern, as shown in Fig. 10.

The visibility of the fringesin Fig. 10 is limited by phase fluctuations introduced by the un-
compensated fiber segments, shown in red in Fig. 9(b), and wavefront aberrations in the com-
bining optics. In addition, no effort was made to match the polarizations of the two combining
beams. When the free-space experiment of Fig. 9(a) is used, the fringe visibility is expected to
improve towards a value limited by the residual loop phase error, given by Table 1. The demon-
strated coherent combining approach also scales well to larger systems, since the combination
of coherent signal gain and incoherent phase errors leads to a higher interferometric visibility
with increasing number of optical beams (e.g., see[33]).

5. Summary and discussion

We have analyzed and demonstrated the phase-locking and electronic phase control of opti-
cal waves whose frequencies are swept rapidly over large chirp extents. Precisely linear op-
tical frequency chirps generated using an optoelectronically controlled swept-frequency laser
(SFL) were used for coherent combining in a master-oscillator-power-amplifier (MOPA) con-
figuration, wherein the linearity of the optical chirp enabled optical delays to be electronically
compensated using acoustooptic frequency shifters. In proof-of-principle experiments, we have
demonstrated the phase-locking of optical waves that chirp over afrequency range of 400 GHz
in 2 ms—i.e., achirp rate of +2 x 10 Hz/s—in both the homodyne and heterodyne configura-
tions, and have shown the ability to electronically control the phase and direction of the optical
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beam asits frequency is chirped with time. Feedback loop bandwidths of ~ 60 kHz and phase
error variances of < 0.01 rad? were obtained. The use of an SFL asaseed laser for ahigh-power
optical amplifier has the potential to increase the SBS threshold, leading to larger achievable
output power from asingle amplifier; and the coherent combining of multiple chirped amplifier
outputs can therefore lead to larger powers than using single frequency amplifier arrays. The
experimental demonstrations of phase-locking in this work were performed using passive fiber
delaysin the feedback loops; however, the addition of active fibers with comparable delays re-
sultsin predominantly low-frequency noise[13,15] which iswell within the demonstrated loop
bandwidths, and should therefore be corrected by the loop. The experiments were performed
at a chirp rate of 2 x 10* Hz/s, at which rate we have observed significant SBS suppression
in long fiber segments [27]. Higher chirp rates may be necessary for efficient SBS suppres-
sion in high-power amplifiers with short active fibers, and the demonstration can be scaled to
faster chirp rates using optoelectronic SFLs and faster electronic components in the combining
system.

Acknowledgments

The authors acknowledge the support of the U.S. Army Research Office (W911NF-11-2-0081)
and the High Energy Laser Joint Technology Office (11-SA-0405).

#169978 - $15.00 USD Received 6 Jun 2012; revised 4 Sep 2012; accepted 12 Oct 2012; published 22 Oct 2012
(C) 2012 OSA 5 November 2012 / Vol. 20, No. 23 / OPTICS EXPRESS 25227



