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Fiber lasers have been widely used in medical care, industries, and scientific research in
recent years. The coherent beam combining of fiber lasers with an internal phase control
has drawn many interests at present, which is a promising method to achieve a large-scale
optical phased array. In this article, we presented a cascaded internal phase control
method to expand the internal all-fioer phased array. The method distributes the phase
measurements to a series of internal Mach—Zender interferometers. Then, the phase of
each loop is locked by the gradient descent algorithm. The electric control method to
compensate -ambiguity between channels is proposed. Finally, the phases of the three
fiber beams are locked experimentally to verify the feasibility of the method, and the residue
phase error is better than \/22.

Keywords: coherent beam combining, internal phase-locking, fiber laser array, gradient descent algorithm, laser
field manipulation

INTRODUCTION

Coherent beam combining (CBC) of the fiber laser array provides a promising way to obtain a higher
output power than the monolithic fiber laser whose output power is limited by nonlinear effects and
mode instability [1-3]. By aligning the phases of a bundle of fiber lasers, the far-field pattern presents
a main lobe and several weak side lobes which will increase energy concentration and maintain the
beam quality [4]. A large size optical phased array (OPA) of the fiber laser may provide a light source
for laser-driven facilities such as a rapid transit to the Mars mission [5], the Breakthrough Starshot
project [6-8], and the international coherent amplification network [9]. To realize the CBC of fiber
lasers, phase control is one of the core works. The main task of the phase control is to compensate the
phase noise in the laser chain [10]. There are many phase control methods such as interference
measurement [11], dithering technique [12-15], artificial intelligence algorithm [16-19], and
stochastic parallel gradient descent algorithm (SPGD) [20-23]. As a feedback control system, the
phase control module of CBC should include a feedback loop. In general, a feedback loop is set
outside the CBC system in free space. The light is transmitted by several mirrors or lens and then
collected by using a photodetector (PD) or camera. Dozens of fiber lasers have been coherently
combined based on this external structure and phase control methods mentioned previously [24-26].
To enlarge the fiber laser array, another feedback concept draws increasing attention which could
be named as an internal feedback, correspondingly [27, 28]. A little part of light can be reflected when
the laser emits to free space. The reflected light can be utilized as a feedback signal to achieve phase
control by a proper structure design. According to the reflection principle, the structure can be
divided into two categories: spatial [29, 30] and fiber-based [31]. The spatial reflection uses mirrors to
reflect a small portion of the light back. Then, the PD gathers the back-reflected signal to close the
loop. The fiber-based reflection is on the basis of Fresnel reflection at the air-glass interface. The
back-reflected light travels inside the fiber and then is collected at the proper position by PD.
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FIGURE 1 | Schematic representation of a cascaded internal phase-locking. AMP, amplifier; PD, photodetector; PM, phase modulator.

Py

collimator

99.9:0.1
coupler

As far as the all-fiber-based internal phase control, some
structures and phase-locking methods have been proposed
such as the digitally enhanced heterodyne interferometry
(DEHI) technique [32] and SPGD algorithm [33]. The
structure of the all-fiber-based internal phase control usually
contains a fiber coupler to divide the phase-locking task into
forward phase-locking and backward phase-locking so that the
internal backward light can be collected without turning back to
the amplifier. In previous works, there is usually a common port
in the backward loop such as the digitally enhanced heterodyne
interferometry (DEHI) technique, and our previous work used
the SPGD algorithm. The common port has its advantage of
saving hardware resources and the disadvantage of introducing
crosstalk. Another issue is that the backward lights have a round
trip in the fibers, so the m-ambiguity is not discernible. In this
article, we proposed a cascaded internal phase control of the all-
fiber structure to remove the common port. The structure can
improve the size-scaling ability for internal phase-locking. An
electric control method to compensate m-ambiguity between
channels is also proposed in this work. The m-ambiguity could
be discernible in some degree with this cascaded structure, which
will improve the practicality of the fiber laser array with internal
phase control. By distributing the phases of measuring loops
further through cascaded 3-dB couplers, the system can be
broken up into a series of Mach-Zehnder interferometers.
Phase locking can be achieved by locking the phases of two
Mach-Zehnder interferometers of each channel, which is
hopefully to improve control bandwidth while increasing the
size of fiber laser array further.

PRINCIPLE OF THE CASCADED INTERNAL
PHASE CONTROL

Schematic Representation of Cascaded

Internal Phase-Locking

The schematic representation of cascaded internal phase-locking
is shown in Figure 1. The system includes two parts: the main
laser chain and a cascaded measuring loop. The seed laser is split
into two channels by a 1 x 2 splitter. The first channel is pre-
amplified and then split into N channels. Each channel passes
through a phase modulator (PM), amplifier (AMP), and fiber
coupler (99.9:0.1) in turns. Most laser outputs from the fiber
coupler (99.9:0.1) to the collimator and emits to free space. The
optical path mentioned previously can be called as the main laser
chain. The second part inputs into a circulator and then inputs
into a 3-dB fiber coupler, which can be named as the measuring
loop. The laser is split into two beams. One of the two beams
passes through a PM and then inputs into the fiber coupler (99.9:
0.1). The light in the fiber coupler interferes with the remaining
light of the first part. The PD gathers the interference signal and
converts it into an electric signal. The phase controller receives
the interference signal and controls the PM of the main laser
chain to make the phase of the main laser chain consist within the
corresponding measuring loop:

(Pui = goci' (1)

Then, another output of the 3-dB fiber coupler inputs into a
second 3-dB fiber coupler. This should be continued until the
second part of the seed is split into N channels. The measuring
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FIGURE 2 | Schematic diagram of Mach-Zehnder interferometers. (A) Forward loop. (B) Measuring loop.

loops are cascaded by this method. There are totally N-1 3-dB
fiber couplers in the measuring loop. The laser from the main
laser chain is reflected at the collimator with ~4% reflectivity. The
backward reflected light then goes back to the fiber coupler, PM of
the measuring loop, and output from the 3-dB fiber coupler. The
ith backward reflected light is interfered with the (i-1)th reflected
backward light, where i =2, 3, . . ., N. Then, the interference signal
outputs from the (i-1)th 3-dB fiber coupler and is collected by the
PD and phase controller. The phase-locking is achieved between
channels by controlling the (i-1)th PM of the measuring loop as

P 20 + P = Py + 2041 + Q- 2)

Mach-Zehnder Interferometer and Phase
Control Strategy

The schematic diagram of the Mach-Zehnder interferometer is
shown in Figure 2. The ith loop is taken as an example. The input
of I, ;1 (in blue) in the measure loop is split into two beams (I, ;
and I, ;1) with equal intensities shown in Figure 2B. The I, ; is
interfered with a part of the main laser I,,, ; (in red) at the fiber
coupler (99.9:0.1), as shown in Figure 2A. The controller makes
the signal of the forward PD in the Figure 2A maximized.
According to the condition of the two-beam interference,

= Im_i + Ib_i +2 \/Im_i . Ib_,' COS(G), (3)

I
Ic =1y i+ Iy = 2~/1,,_; - Ip_i cos (0),

where I is the complementary output of another arm of the
coupler, and 0 = ¢,;—¢,; is the phase difference of the two input
arms. When I, ;=1,,, ; = I, the light intensity at forward PD is 41,
and the light intensity to another arm is 0, which is benefitted to

stabilize the output by reducing stray light. At the same time, 6 =0
and the phases of the two input arms are equal as Eq. 1.

The backward reflected light r; (red-dotted arrow) of the
main laser goes back to the 3-dB fiber coupler, as shown in
Figure 2B. The ith backward reflected light is interfered with
(i+1)th backward reflected light r;,; at the ith 3-dB fiber. The
controller makes the signal of the backward PD in the Figure 2B
minimized. Thus, almost all the light can go back to the input
arm (the complementary arm of PD) of the 3-dB coupler to the
previous stage. The phases of the two backward reflected lights
are equal under this condition, as shown in Eq. 2. The
interference light can continue to the (i-1)th 3-dB fiber
coupler to form another Mach-Zehnder interferometer. This
is repeated until all the backward light output from the
circulator.

20, + 204, = 20,5 + 205 = .. = 20, + 20,y (4)

At last, all the backward reflected lights are gathered by PD
after the circulator. The controller makes the signal maximum
to let

20, 20, =20, +2¢,,. )

The phase of each channel is locked.

Gradient Descent Algorithm

The main objective of each controller is to control the phase
between the two beams. The gradient descent (GD) algorithm is
utilized in this work. Different with the SPGD, the SPGD
algorithm is used to control the multi-phase simultaneously,
and GD can be used to solve the optimization problem of one
object. The process of GD is as follows:
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FIGURE 3 | Resuilts of the electric control method to compensate 7-ambiguity.

(A) Before compensation. (B) After compensation.

1) The initial phase ¢, is given;

2) The current value of evaluation function J, is obtained;

3) A small step Ag is moved;

4) The current value of evaluation function J; is obtained;

5) The phase ¢, = ¢, -yn(J; - Jo) is updated, where y is the gain,
and 7 is the direction; # = 1 means the optimized direction is
minimum, and # = -1 means the optimized direction is
maximum;

6) Steps (2)—-(5) should be repeated.

The GD algorithm is executed by an advanced RISC machine
(ARM) microcontroller with a max clock rate of 480 MHz.

Electric Control Method to Compensate
n-ambiguity

As for the common factor 2 in Eq. 4, there may be 7 phase
difference after collimators between the different beams. The
reason for this is that the light for phase control does the round
trip in the fibers [33]. The phase between the two adjacent beams
after the collimators will be

Poi + Py = Pair T Ppiy + KT, (6)

where k is an integer. When k in the Eq. 6 is an odd number, the
two beams will represent an interference of 7 phase difference in
the far-field, as shown in Figure 3A. When k in Eq. 6 is an even
number, the two beams will interfere with each other without a
phase difference, as shown in Figure 3B. Due to the unknown
initial phase and noise states, the odevity of k is uncertain. As for
the phase control algorithm, no matter what k is, the feedback
signal of the PD is the same. Hence, the m-ambiguity occurs [27].

In this work, an electric control method to compensate 7-
ambiguity is proposed. The base of the compensation process is
the interference of two adjacent beams. Taking beam i+1 and
beam i as examples, the process of compensating m-ambiguity can
be divided into two steps. First, 7 phase voltage is added to the PM
in the ith main laser chain by a forward controller in Figure 2A.
Then, the corresponding ith backward controller will treat the
injected phase of the ith main laser chain as noise and trace the =
phase synchronously under the control of the GD algorithm, so
the 7 phase difference can be compensated electrically, as shown
in Figure 3B. The adjustment process is implemented by two
beams for one time such as beam 3&2 and beam 2&1.

EXPERIMENTAL SETUP AND RESULTS

The experimental setup is shown in Figure 4. The principle has
been illustrated in the Principle of Cascaded Internal Phase
Control section. The seed laser is single frequency with a line
width <10 MHz. As a proof-of-concept experiment, the sub-
lasers are not amplified again, and the power of each sub-laser
is ~30 mW. In addition, there is a fiber isolator at the front of the
PD of the forward loop to isolate the unwanted light reflected
from the fiber tip. Another difference with Figure 1 is that the
circulator in the measuring loop is not used in the proof-of-
concept experiment as the power of the backward reflected light is
low. The optical path difference (OPD) is not compensated for
this experimental setup, but it is necessary to maintain the
coherence between sub-lasers when increasing the power of
sub-lasers, and a narrow line width seed is employed. The
inset shows the arrangement of the three beams.

The PD signals of the three forward loops are shown in
Figures 5A-C. When the forward loop is in the open loop,
the interference signal is floating. When the forward loop is
closed, the interference signal maintains at a high level. The PD
signals of the two backward loops are shown in Figures 5D,E.
The control strategy of the 2nd backward loop is to minimize the
interference signal, as illustrated previously. When the 2nd
backward loop is in the closed loop, the interference signal
maintains a low level, as shown in Figure 5D. The light
continues going back to the complementary arm and
participates in interference of the 1st backward loop. For as
long as there is a 3-dB coupler in the 1st backward loop, the
control strategy keeps minimizing the interference signal. In a
more-layer condition, the backward light in the first backward
loop should be extracted by a circulator to prevent a lot of light
going back to the seed, and the control strategy is to maximize the
interference signal. The phase residue errors in the closed loops of
Figures 5A-E are A/29, \/30, \/27, A/28, and \/22, respectively.

The phase residue error is calculated by

VY max

=4 - 7

2 . )

where ¢, is the phase residue error, Vimse is the mean square
error, and Vmax is the max voltage of PD signal. The reason for
increasing the phase residue error of the 2nd backward loop is
that the backward light of beam 1 is too weak due to high
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FIGURE 4 | Experimental setup. PM, phase modulator; ISO, isolator; PD, photodetector.
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FIGURE 7 | Phases of the forward and backward loops during 100 s in the closed
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loop. (A) Phase of forward loop 1. (B) Phase of forward loop 2. (C) Phase of

forward loop 3. (D) Phase of the 2nd backward loop. (E) Phase of the 1st backward loop.

insertion loss of elements such as PM (see the max voltage of open
loop in Figures 5D,E; there is only ~50 mV voltage rise in the
same gain of PD, and the Vmax of the 2nd backward loop is
2.25 times higher than the Ist in the ideal case). Another reason
affecting the phase residue error is the power line interference of
the PD signal to increase Vmse. The frequency spectra of forward

PD 1, 2, and 3 and backward PD 1, 2 are shown in Figures 6A-E.
Figure 6F shows the average of them. There are peaks of 50 Hz
and its harmonic wave in the open and closed loops. But the phase
noise in the other frequency is suppressed in the closed loop still.

When the system is in the closed loop, each phase update in
the Gradient Descent Algorithm section represents the
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beams 18&2. (F) Interference fringe of beams 2&3.

FIGURE 8 | 40s long-exposure far-field patterns. (A) Open loop. (B) Closed loop. (C) Simulation. (D) Interference fringe of beams 1&3. (E) Interference fringe of

FIGURE 9 | Far-field patterns of different phases. (A) Experiment and simulation results of [0, r, 0] the phases of beams 1-3. (B) Experiment and simulation results
of [0, 0, n] phases of beams 1-3. (C) Experiment and simulation results of [r, O, O] phases of beams 1-3.

compensated phase. Summing up the value of the phase update,
the phase during the closed loop can be obtained. The phases
during 100s closed loop of forward and backward loops are
recorded and shown in Figure 7.

Based on the method in the Electric Control Method to
Compensate m-ambiguity section, m-ambiguity is compensated,
and the in-phase output of the three beams is obtained. The far-
field patterns are shown in the Figure 8. When the system is in the
open loop, the far-field pattern is blurred, as shown in Figure 8A.
When the system is in the closed loop, the far-field pattern is clear
and stable, as shown in Figure 8B, which is similar to the
simulation result under ideal conditions shown in Figure 8C

and shows the effectiveness of the structure. The interference
fringes after the correction of m-ambiguity, as described in the
Electric Control Method to Compensate m-ambiguity section of
beams 1&3, beams 1&2, and beams 2&3, are shown in Figures
8D-F, respectively.

As the 7 phase can be added electrically, different interference
patterns will be generated by injecting the 7 phase to the specified
beam. Figure 9 shows the far-field patterns with different phases
of 0 or 7. Figure 9A1 shows the pattern of far-field with [0, T, 0]
phases of beams 1-3, and the simulation result is shown in
Figure 9A2. Similarly, the phases of three beams in Figures
9B,C are [0, 0, ] and [m, 0, 0]. As the figures in the first row of
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Figure 9 are 40 s long-exposure pictures of the experiment, there
is longitudinal fuzzy due to the vertical vibration of the test bed.

CONCLUSION

In this article, we proposed a cascaded active phase-locking
method of an all-fiber structured laser array. The principle of
cascaded phase-locking is illustrated, and the gradient descent
algorithm is introduced. Three beams are coherently combined
by this method. The phase noise is compensated, and the phase
residue error is better than A/22. For the characteristic of the
principle, m-ambiguity needs to be compensated manually by
adding 7 voltage to the phase modulator by the phase
controller, according to the interference fringe of two beams
for now. Additionally, different far-field patterns can be
generated by injecting 7 phase in some channels. Compared
to our previous work, the structure increases the channel-
scaling ability and enhances the ability of electric control to
compensate m-ambiguity. The cascaded structure can also be
combined with non-cascade common port feedback phase-
locking to achieve group phase control to increasing
combining channel while maintaining the bandwidth of a
group. The fiber laser array presented has the potential to
be applied to generate structure light field and achieve a
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