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We present a high-precision optical phase-locking based on wideband acousto-optical frequency shifting.
Increasing the modulating bandwidth stabilizes the loop at a high loop gain, thus improving phase correc-
tion capability. An optical phase-locked loop with a wide control bandwidth is constructed. The closed-loop
residual phase error is only 0.26◦ or smaller than λ/1000. The loop exhibits excellent correction capability
for high-frequency noises. The correctable frequency range reaches 35 kHz when the noise amplitude is
±λ/2, and becomes even wider for smaller noise amplitudes.
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Active coherent beam combining (ACBC) is an impor-
tant approach to scaling laser power while maintain-
ing near-diffraction-limited beam quality, in which ac-
tive phasing is one of the critical techniques[1−4]. Main
phasing methods include stochastic parallel gradient de-
scent (SPGD), dithering, and heterodyne detection[5]. In
SPGD, no reference beam is required, and only one detec-
tor is used[6,7]. With this technique, Wang et al. realized
phase-locking of two laser beams with a residual phase
error of λ/25 under a laser phase noise amplitude of λ/10
and a frequency of 3 kHz[5]. Yu et al. realized eight-beam
4-kW coherent combining with a residual phase error of
λ/40[8]. Dithering is another method that uses only a
single detector, with each signal beam requiring an indi-
vidual frequency or time channel. Using this technique,
Ma et al. realized phase-locking of four beams with a
residual phase error of λ/40[9]. Afterward, they achieved
nine-beam 1.08-kW coherent combining with a residual
phase error of λ/15[10]. In the aforementioned methods,
the signal processing circuits should become more sophis-
ticated as the number of beams increases.

Anderegg et al. presented the principle of heterodyne
detection by using electro-optical phase modulators as
phase actuators[11]. A reference beam and a photo detec-
tor array are required. Each signal beam corresponds to
a processing module. The performance requirement for
each module remains the same as the number of beams
increases, thus endowing this technique with a relative
advantage in scalability. McNaught et al. realized seven-
beam 100-kW coherent combining of a Nd:YAG mas-
ter oscillator power amplifier (MOPA) laser array with
a residual phase error of λ/50[12]. Augst et al. proposed
using an acousto-optical frequency shifter (AOFS) as the
phase actuator, which provides an unlimited phase dy-
namic range to keep the system in phase-lock during wide
range and continuous phase shifts in signal beams[13]. In
their study, ACBC was achieved, but phase-locking pre-
cision was not reported, and quantitative analysis was
not presented. In this letter, we analyze quantitatively

the influence of modulating bandwidths of AOFS on loop
performances based on phase-locked loop theory. In the
experiments, expanding the modulating bandwidth re-
sults in high-precision locking with residual phase er-
rors smaller than λ/1000 with no additional noise source
in the loop. For typical phase noise amplitude and
frequency range originating from fiber amplifiers, this
phase-locked loop achieves a residual phase error smaller
than λ/500, which can be a substantial improvement for
an optical phase-locked loop (OPLL) in correcting the
capability of phase noises.

The configuration of the OPLL based on an AOFS is
shown in Fig. 1(a). The single-frequency narrow-width
laser is generated by a nonplanar ring oscillator. The
laser is split by beam splitters 1 and 2 to generate a sig-
nal and a reference beam, respectively. The reference
beam is coupled with a polarization-maintaining (PM)
fiber by a fiber adapter. The signal beam is focused
into an 80-MHz AOFS by a lens with a 200-mm focal
length. The beam waist radius in the AOFS is 0.1 mm.
The first-order diffraction beam is also coupled with the
PM fiber by a fiber adapter. A fiber phase modulator
is used to introduce phase noises to signal beams. The
signal and reference beams are mixed in the 2×2 PM
fiber coupler. A PIN with 1.5-GHz bandwidth is used to
detect the heterodyne signal at one output of the cou-
pler. The heterodyne signal is mixed with an 80-MHz
sine wave signal from the local oscillator (LO) to gen-
erate the phase error signal. This signal passes through
the loop filter and the amplifier to generate feedback sig-
nals. The AOFS driver generates radio frequency waves,
the frequency of which is controlled by the feedback sig-
nal to realize phase-locking. Augst used an AOFS with
a 100-kHz modulating bandwidth. In our work, we em-
ploy an AOMO 3080-197 AOFS and an AODR 1075FM
driver from CTI Inc., with a 5-MHz modulating band-
width. Figure 1(b) shows the equivalent servo-loop di-
agram. The phase modulator functions as an adder for
phase noise. The fiber coupler and PIN function as phase
detectors.
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Fig. 1. (a) Schematic of the OPLL based on an AOFS and
(b) its equivalent servo-loop block diagram.

The loop control bandwidth is mainly determined by
the modulating bandwidth of the AOFS. The influence
of the modulating bandwidth on locking performance
can be demonstrated by analyzing the open-loop transfer
function. When an active proportion integration filter is
used as the loop filter, this function can be written as

H0 (f) = K
1 + 2iπfτ2

2iπfτ1

1

1 + if/fH

1

2iπf
exp (−i2πfτ) .

(1)

The five terms on the right side represent loop gain, loop
filter, low-pass filter, integrator, and loop delay, respec-
tively. The transfer function of an AOFS is defined as
the product of a low-pass filter and an integrator. fH is
a modulating bandwidth, τ is a loop delay, and τ1 and
τ2 are the time constants of the filter. The loop gain K
is the product of the amplitude of phase error signal ud

shown in Fig. 1(b), the frequency modulating coefficient
of the AOFS, and the gain of the loop amplifier. K has
the physical unit of rad/s. The loop phase shift is

Arg (H0 (f)) = −π + arc tan (2πfτ2)

− arc tan (f/fH) − 2πfτ. (2)

The Bode criterion for stability states that a phase-
locked loop (PLL) will be stable if its phase lag at the
gain crossover frequency fgc is less than 180◦[14]. Thus, in
the low-frequency range (f < fgc), Arg (H0 (f)) should
be higher than -π. A necessary condition for a stable

loop in the frequency range between 0 and fgc should be

arc tan (f/fH) + 2πfτ < arc tan (2πfτ2) . (3)

The time constant τ2is typically set to be significantly
larger than the summary of τ and 1/2πfH to improve
the stability of the loop.

According to Gardner[14], in the presence of additional
components (such as a low-pass filter or delayer) in the
loop, the pull-in voltage Vd is approximately equal to
the pull-in voltage of the standard loop multiplied by
the cosine of the added phase shift (APS), as shown in
Eq. (14.6)[14]. The APS should be higher than −π/2 to
obtain the correct sign for Vd and the correct lock. By
contrast, an APS lower than −π/2 will result in a false
Vd sign and a false lock. Therefore, pull-in frequency fp

can be estimated by

arc tan (fp/fH) + 2πfpτ = π/2. (4)

The pull-in frequency is typically high enough, such that
the phase shift of the loop filter approaches 0. Integrat-
ing the AOFS function contributes to the phase shift of
−π/2. Therefore, pull-in frequency fp is approximately
equal to the frequency at which Arg(Ho(f)) reaches −π.
Based on Eq. (4), the loop pull-in range widens as the
loop control bandwidth increases. Thus, the pull-in abil-
ity for initial frequency difference is improved, which is
important during the start of the system when the fre-
quency difference between the LO and the heterodyne
signal is comparatively large.

The calculated loop phase shift from Eq. (2) versus
the frequency at different control bandwidths is shown
in Fig. 2. In the calculation, the loop gain is 3.2×105

rad/s, and the loop delay is 300 ns. Phase shift increases
at low frequency, where τ2 exerts a major influence; and
decreases at high frequency, where fH and τ dominate
the phase shift. For a stable loop, pull-in range fp in-
creases from approximately 200 kHz to higher than 700
kHz as fH increases from 100 kHz to 5 MHz.

Loop delay is also crucial in loop phase shift. The pull-
in range decreases as loop delay increases. As implied in
Eq. (4), the increased loop delay is, to a certain extent,
equivalent to decreased control bandwidth. In our loop
design, loop delay is mainly caused by ultrasonic sound
transiting time across the laser beam in an AOFS. The
reasonable minimum transiting time is 265 ns. Total loop
delay is approximately 300 ns when the delay of the light
path and the electrical wire are considered.

Fig. 2. Phase shift versus frequency at different modulating
bandwidths.
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Fig. 3. Magnitude and phase shift of H0(f) versus frequency
with a modulating bandwidth of 5 MHz.

The magnitude of the open-loop transfer function
20 log (|H0 (f)|) decreases rapidly with frequency, as
shown in Fig. 3. Loop gain K is a key parameter in
the loop design. With high loop gain, phase-locking
precision is improved, and pull-in time is decreased.
However, if K is too high, then |H0 (f)| will be higher
than 1 when the phase shift reaches −π. Thus, the loop
becomes unstable according to Bode’s rule. If the control
bandwidth is broaden, then a high loop gain can be used
while keeping the loop stable, as shown in Figs. 2 and
3. For a 5-MHz bandwidth, the loop gain can be set to
3.2×105 rad/s. In this status, the loop maintains good
balance between stability and performance, with a loop
phase margin of 60◦ and a damping factor of 0.86. By
contrast, when the bandwidth is 100 kHz, K should be
smaller than 8.0×104 rad/s to achieve a reasonable phase
margin and damping factor.

The open-loop phase error signal Ud is detected at po-
sition A in Fig. 1. In the open loop status, a frequency
difference occurs between the heterodyne signal and the
LO signal, as shown in Fig. 4(a). The open-loop ampli-
tude of Vd is 98 mV. As the loop closes, high precision
phase-locking is realized, as shown in Fig. 4(b). The
pull-in range is measured to be 700 kHz by tuning the
output frequency of the AOFS driver with a step signal.
The rms amplitude of Vd is measured to be 0.44 mV
through signal analysis by using an oscilloscope. Com-
pared with the open-loop amplitude of Vd, the residual
phase is 0.26◦, which is smaller than λ/1000. During a
2-h test, the loop is kept locked, and the residual phase
error exhibits no apparent variation.

The locking precision is mainly determined by correct-
ing phase noise capability. Loop phase noise is mainly
attributed to variations in the fiber refraction index.
According to the measurements made by Augst, the
open-loop phase noise spectrum extends to the kHz or-
der under laboratory conditions[13]. Ideally, the loop
phase noise can be corrected because the loop control
bandwidth is significantly higher than the noise band-
width and an AOFS has an unlimited dynamic range.

We conduct experiments on high-frequency noise cor-
rection to overcome high-frequency phase noises in high-
power laser systems or noisy environments. Sine wave
signals with different amplitudes and frequencies are ap-
plied to the phase modulator to simulate phase noise.
Figure 5 shows the closed-loop residual phase error sig-
nal at the artificial noise frequencies of 1, 10, 20, and

50 kHz with a noise amplitude of ±λ/2. The root mean
square (RMS) amplitudes of the residual phase error sig-
nal are measured to be 0.6, 1.2, 4.5, and 33 mV. The
corresponding residual phase errors are 0.35◦, 0.7◦, 2.63◦,
and 19.3◦, respectively.

The measured residual phase errors versus the artificial
noise frequencies at different noise amplitudes are shown
in Fig. 6. Under the same noise amplitude, residual
phase errors increase with frequency primarily because
of the small |H0 (f)| at high frequencies, which reduces
correcting capability. Under the same noise frequency,
residual phase error increases with increasing noise am-
plitude. This phenomenon can be mainly attributed
to enhanced high-order noise harmonics that is more
difficult to correct. For a typical λ/10 noise amplitude
under a 3-kHz noise frequency from a fiber amplifier[5],
the residual phase error is smaller than 0.4◦ (or λ/500)
with this phase-locked loop.

The experiment al results verify that[8], in coherent
combining, the loss of combining efficiency is less than
2.5% if the RMS amplitude of the residual phase error
is smaller than λ/40 (or 9◦). According to this criterion,
the correctable frequency range is 35 kHz when the ar-
tificial noise amplitude is ±λ/2. For smaller artificial
noise amplitudes, the correctable frequency range is even
wider. By contrast, the phase noise bandwidth of a typ-
ical MOPA system is within the kHz order, with a mea-
sured phase excursion of approximately λ/3 in 24 ms[13].
According to Fourier analysis, the bandwidth-limited

Fig. 4. Phase error signals. (a) Open loop and (b) closed
loop.

Fig. 5. Residual phase error signals at different noise frequen-
cies with an amplitude of ±λ/2.
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Fig. 6. Measured residual phase erros versus noise frequency
at different noise amplitudes.

random phase noise can be considered as a superposition
of phase fluctuations in a sine wave at different frequen-
cies. The frequency range of intensive noise is within the
kHz order for a typical fiber amplifier. Thus, the loop
can correct nearly all dominant noises in the phase noise
spectrum of the fiber amplifier.

Phase dynamic range is unlimited in an OPLL that
employs an AOFS as the phase actuator. Thus, the loop
is kept locked during continuous and large-range phase
shifting. Increasing the frequency modulating bandwidth
stabilizes the loop at high gains, thus improving phase-
locking precision. In the experiments, an AOFS with a
5-MHz bandwidth is used in the loop. The residual phase
error is 0.26◦ or smaller than λ/1000. The loop exhibits
excellent correcting capability for high-frequency noises,
which is valuable in high-power systems or systems that
operate in noisy environments.
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