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A high-speed, high-efficiency phase controller for coherent beam
combining based on SPGD algorithm
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Abstract. A phase controller for coherent beam combining (CBC)
of fibre lasers has been designed and manufactured based on a sto-
chastic parallel gradient descent (SPGD) algorithm and a field pro-
grammable gate array (FPGA). The theoretical analysis shows
that the iteration rate is higher than 1.9 MHz, and the average
compensation bandwidth of CBC for 5 or 20 channels is 50 kHz or
12.5 kHz, respectively. The tests show that the phase controller
ensures reliable phase locking of lasers: When the phases of five
lasers are locked by the improved control strategy with a variable
gain, the energy encircled in the target is increased by 23 times than
that in the single output, the phase control accuracy is better than
Al20, and the combining efficiency is 92 %.

Keywords: coherent optics, fibre laser arrays, beam combining, sto-
chastic parallel gradient descent, phase controller.

1. Introduction

High-power and good-beam-quality lasers have a wide range
of applications in materials processing, medicine and sensors.
Because of the restrictions due to thermal and nonlinear
effects, radiation from a single laser cannot have an immense
energy while maintaining a high beam quality. The successful
recent demonstrations of high-power coherent beam combin-
ing (CBC) systems with active phase-locking of a master oscil-
lator power amplifier (MOPA) array [1-9] show a way to
achieve high brightness beyond the limit of a single laser
source.

The key element of this technique is active phasing, which
has been proposed in many approaches, e.g., heterodyne
detection phase control technique [10], multi-dithering tech-
nique [11, 12], phase control technique of the stochastic paral-
lel gradient descent (SPGD) algorithm [13, 14] and single-
frequency dithering technique [15]. Coherent beam combin-
ing of n channels by the heterodyne method requires n
photodetectors and n-channel signal processing circuits; as a
result, such a system becomes too complicated. Although
multi-dithering and single-frequency dithering methods
require only a single detector, they still need modulation and
demodulation for the n-channel signals, and the control strat-
egies are complex. A CBC system based on the SPGD optimi-
sation algorithm is simple and compact, which makes it
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widely used. The phase controller is the core of CBC systems
based on the SPGD algorithm.

In 2005, Liu et al. [13] designed a computer-based SPGD
phase controller. The iteration rate was 16 kHz and the con-
trol bandwidth was 310 Hz. In 2007, they had used an AVR
microprocessor instead of the computer and the iteration rate
of the controller increased up to 95 kHz, while the compensa-
tion control bandwidth reached 100 Hz [16]. In 2009, they
improved the controller: The iteration rate of coherent com-
bining for seven channels reached 1 kHz, and the phase noise
control bandwidth was 1 kHz [17]. In 2009, Yang Ruo-fu
obtained coherent combining of two fibre amplifiers using a
DSP processor based on the SPGD algorithm at the control
bandwidth of 50 Hz[18]. In 2010, Wang Xiao-lin [19] designed
a phase controller based on the SPGD algorithm using a DSP
processor for two channel coherent combining: The iteration
rate was up to 200 kHz, and the average control bandwidth
was greater than 12.5 kHz.

In addition, the researchers designed controllers based on
the SPGD algorithm for the beam purification and adaptive
optics applications. Wang San-hong et al. [20] controlled 37
units of the deformable mirror system utilising the beam puri-
fication controller based on the SPGD algorithm, while the
iteration rate was about 100Hz. In this paper, a phase con-
troller based on the SPGD algorithm for coherent beam com-
bining was designed using a field programmable gate array
(FPGA).

2. Principle of coherent combining based
on the SPGD algorithm

The MOPA configuration for SPGD-based coherent combin-
ing is shown in Fig. 1. The laser beam passing through an
optical isolator is split into five beams, which are controlled
by five LiNbO; phase modulators. The five fibre outputs are
combined via an integrated beam combiner, which can be
replaced in a high power system by diffractive optical ele-
ments, for example. Then, the light passes through a fibre-
coupled beam collimator (an output beam of 14 mm in diam-
eter) and next is split by a 50:50 beam splitter. The transmit-
ted beam goes through a lens with a focal length of I m into a
CCD camera, and the reflected beam goes through a similar
lens into a photodetector (the photodetector is an InGaAs
amplifier with a 700- to 1800-nm response wavelength, 800-
um aperture size, and 17-MHz bandwidth at a gain of 0 dB)
placed in the focal plane. The output signal from the photode-
tector after AD conversion is fed into the optimised algorithm
controller.

Then, precise phase control is implemented by the phase
modulator using the SPGD algorithm, consisting of an infi-
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Figure 1. Scheme of the setup for coherent beam combining in a MOPA configuration using the SPGD algorithm.
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Figure 2. Block diagram of the phase controller based on the SPGD
algorithm.

nite number of iterations (the iteration process can be termi-
nated manually). Let the metric function J = J(u) be specified,
where u = (u,u,,...,u,) and u; are the control signals applied
to phase modulators. Each iteration of active phasing using
this algorithm works as follows:

1. Generation of statistically independent random pertur-
bations converted to the voltages Su® = {Suy, du,, ..., Su,}®
(k is the iteration number and 7 is the number of channels).

2. Application of control voltages with positive perturba-
tions to the phase modulators and measurement of the metric
function J* = j(u + du), and then measurement of the metric
function J~ = j(u — du), corresponding to negative perturba-
tions.

3. Calculation of the difference 8J = J*— J~ and forma-
tion of new control voltages u;-k = u;") — §8J(k)8u§-k), where
& =wv,l0%, v, is the gain and k is the iteration step number.

3. Design of the phase controller

Figure 2 shows the block diagram of the phase controller
designed. At each iteration, the FPGA, being the core of the
controller, generates the random perturbation vector du® so
that the positive and negative perturbation signals u® £ §u *®)
are applied to the phase modulators through the digital-to-
analogue converters (DAC) and the voltage amplifiers, which
make the phases of the laser beams change. Thus, the evalua-
tion functions J® and J® detected in Fig. 1 are changed.
Then, the evaluation functions are converted into digital sig-
nals from the analogue-to-digital converters (ADC).
According to the gradient of the evaluation function and out-
put, the FPGA replaces the control parameter. The above
steps are repeated until the phase controllers are put off.

3.1. Control bandwidth

The characteristic time delays of the performance evaluation
function is shown in Fig. 3. In the coherent combining system,
the 0-dB bandwidth of the photodetector is 17 MHz, and its
time delay is 59 ns. The time delay of the ADC (AD9224) is
13 ns. Thus, the time delay of the performance evaluation
function is ¢; = 72 ns.

The output delay of the control signal is determined by the
time delay between the moment of the output of the control
signal in the algorithm control chip and the phase response
time generated in the phase modulator. The output of the
control signal from the FPGA is processed by the DAC
(AD768) whose time delay is 10 ns and enters the amplifier

| Photodetector |—>|ADC |—>| FPGA |—>| DAC |—>| Amplifier |—>| Phase modulator |

5ns |

| 59 ns |+|13ns|+|14ns|+|10ns|+| 170 ns |+|

151 [5)

Figure 3. Time delays of the system control.

13




A high-speed, high-efficiency phase controller for coherent beam combining

303

whose time delay is 170 ns. Then, it is applied to the phase
modulator whose time delay is Sns. The total delay is 185 ns.

The data processing delay of the algorithm controller (z, =
4 ns) is equal to the time delay between the moment of the
input of the performance evaluation function and the control
signal in the FPGA.

According to the above analysis, the single iteration time
of the system is 7y = 21 + t, + 2¢3, which is 528 ns, and the
iteration rate is 1.9 MHz, which is close to 2 MHz. After the
optimisation of the parameters, the control bandwidth of the
system for M = 5 beams is

F=(8MT,)" =50 kHz. (1)

Thus, the average compensation bandwidth of CBC for 2
or 20 channels is 125 kHz or 12.5 kHz, respectively.

3.2. Control accuracy

The control accuracy of the actual system can be evalu-
ated in our case as

_Odu, 1
5’1—27/1—211’ (2

where V7 is the modulator voltage changing the radiation
phase by 7.

4. Experiment on coherent beam combining
with a phase controller

We have carried out an experiment on coherent combining
of five fibre lasers using the phase controllers designed (see
Fig. 1). Because the experiment is performed to verify the per-
formance of the controller, fibre amplifiers are not added to
the configuration.

According to theoretical calculations, in SPGD coherent
combining experiment, the voltage perturbations should be
subject to the Bernoulli distribution. The evaluation function
Jis defined as the energy detected by the detector. The control
voltage has the form

-
uf,—“ D= uff") + %(ijiaj)ﬁu}k). (3)

In accordance with formula (3), the voltage signal u
applied to the phase modulator is constantly iterated and
updated. To find the perturbation amplitude o and the gainy,
we used the following approach. Firstly, using a fixed pertur-
bation amplitude of 0.3 rad s~!, the gain was varied in the
range from 0.28 to 0.8. Aty = 0.28 the evaluation function J
rises slowly and requires many iterative steps for convergence.
Aty = 0.8, the evaluation function J oscillates, and the con-
trol of the combining for five beams is unstable (Fig. 4).

Aty = 0.5 the algorithm is stable (Fig. 5) and /=980 mV,
which is 19.6 times for a single output. Thus, the combining
efficiency reaches 78.4%.

To find the maximum of the evaluation function and to
avoid falling into the local minima or oscillation, the improved
control strategy utilising the variable gain (variable perturba-
tion amplitude) is implemented in the experiment to obtain a
higher combining efficiency. The gain in the SPGD algorithm
is defined as:
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Figure 4. Evaluation function J for five beams at y = 0.8.
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Figure 5. Evaluation function J for five beams aty = 0.5.
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where J,,,, is the maximum value of the evaluation function
in an open loop. The perturbation amplitude u,(0) is divided
into nine grades:

J > 95%Jax> 4, = 0.111 rad;

J > 90%J pax> Uy = 0.111 rad;

J > 85%J pax> Uy = 0.147 rad,;

J > 80%Jpax> U, = 0.184 rad;

J > 75%J pax> Uy = 0.221 rad; (5

J > 70%J paxs ur = 0.258 rad;

J > 65%J pax ty = 0.295 rad;

J > 60%J paxs ur = 0.332 rad;

J > 60%J pax, ur = 0.405 rad.

Figure 6 shows the change in J with changing the gain C

in the oscilloscope display. If the gain is too large or too small,
the phase locking will be unstable. In Fig. 6a (C = 0.00073),
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Figure 6. Evaluation function J at C = (a) 0.00073, (b) 0.00317 and (c)
0.03125.

the phase control is unstable and the signal power experiences
large fluctuations. At an optimal C = 0.00317 (Fig. 6b), the
phase control is stable, and at C = 0.03125, the phase control
is unstable again.

When the phase controller does not execute the SPGD
algorithm, the system is in the open-loop state and the value
of J is constantly changed. When the system goes from the
open-loop to the closed-loop state, the value of J becomes
stable (Fig. 7). In the closed loop, the average value of the
evaluation function increases by 23 times than that in the
single output and the combining efficiency is 92% due to the
improved control strategy with a variable gain.

The intensity distribution of the light spot in the far field
also depends on the phase controller operation (Fig. 8): When
the phase controller performs the SPGD algorithm, the power
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Figure 7. (a) Evaluation function J for five fibre lasers in the closed-
loop state and (b) during the transition from the open-loop state into
the closed-loop state.

of the output beam increases and the camera is always in satu-
ration.

5. Conclusions

A phase controller for coherent beam combining of fibre
lasers has been designed and manufactured based on the sto-
chastic parallel gradient descent algorithm. Its iteration rate is
more than 1.9 MHz and control accuracy is better than 1/20,
which is significantly higher than that of similar previously
designed controllers. The compensation bandwidth of the
phase controller designed for 5 or 20 channels is 50 kHz or
12.5 kHz, respectively. In the experiment on the CBC for five
fibre lasers, when use is made of the improved control strat-
egy with a variable gain, the average value of the evaluation
function increases by 23 times than that in the single output,
and the combining efficiency is 92 %.
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