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ABSTRACT We present the module of booster amplifier for coherent beam combining Master Oscillator
Power Amplifier (MOPA) system to operate with a narrow-linewidth seed laser. The goal was to achieve a
highly modular system, manifested in the ease of changing the number of Coherent Beam Combining (CBC)
channels. It uses a frequency tagging phase control scheme performed at acoustical frequencies, enabling a
simple piezo fiber stretcher as actuating and tagging element and a cheap microcontroller to perform all the
signal processing. The four-channel CBC system with the proposed booster module was built to verify our

assumptions and the whole system’s performance.

INDEX TERMS Coherent beam combining, frequency tagging, MOPA, piezo phase shifter.

I. INTRODUCTION
Stimulated Brillouin Scattering (SBS) is the main limiting
factor for a high power density narrow-line signal propagating
in the optical fiber [1]. The SBS threshold for a particular
fiber system and given linewidth can be increased typically by
the three most common approaches. The simplest method is
to use fibers with a larger core and mode field diameter, called
Large Mode Area (LMA) fibers, thus lower power density for
given optical power propagating in the fiber [2], [3]. The other
methods are based on the fact that Brillouin frequency shift
is temperature [1] and stress [4], [5] dependent. Hence, intro-
ducing the fiber’s temperature or stress gradient increases
the fiber system’s SBS threshold. The last possibility is to
use a broader seed laser spectrum or artificially broaden its
spectra by modulation [6], [7]. However, it is not applicable
for systems where narrow linewidth is a crucial parameter.
Nevertheless, increasing amplifier output power can meet
hard limits, and the whole system’s redesign may be required.
For example, above some level of the fiber system’s output
power, all the ways to raise an SBS threshold are insufficient.
In that particular case, an approach needs to be changed.
Instead of increasing the single fiber amplifier’s output
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power, a system with parallel amplifiers can be used. Such
a system output power can be close to the sum of powers of
each amplifier module working below its SBS threshold [8].
Each amplifier’s phase shift must be controlled and match
other channel phases to maintain the high efficiency of adding
all parallel output beams [9]. This method is the so-called
Coherent Beam Combining (CBC), typically used with high
power systems [10], [11], [12] or high peak power ultrafast
lasers [13], [14].

Il. THE PROBLEM DEFINITION

One of the main goals of our work is to develop a simple,
scalable, and cost-effective system for amplifying a narrow
linewidth laser source. Our seed laser was settled to be a
Diode-Pumped Solid-State Laser (DPSSL) developed in our
group with narrow linewidth Av < 100 kHz [15]. Reaching
tens of watts of output power implies the utilization of Master
Oscillator Power Amplifier (MOPA) configuration. The out-
put power of such a system is limited by the SBS threshold of
the last amplifying stage in the case of a narrow linewidth
source. Since the simplicity of the amplifier was our aim,
we have decided to use the most straightforward solution [2]
in our setup: dedicated for such applications LMA fibers.
It was commercially available ytterbium-doped double-
clad fiber PLMA-YDF-10/125-HI-8 as a gain medium and

© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

113284

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 11, 2023


https://orcid.org/0000-0001-5517-0267
https://orcid.org/0000-0003-3404-1057
https://orcid.org/0000-0002-0852-711X
https://orcid.org/0000-0002-9504-2275

P. R. Kaczmarek et al.: Scalable Acoustical Frequency Tagging Coherent Beam Combining Based on DSP

IEEE Access

matched passive LMA fiber as an output fiber. The chosen
way allows us to reach the Ytterbium Doped Fiber Amplifier
(YDFA) output power of 10 W relatively easily, which is very
hard to get in standard single-mode fiber for the wavelength.
In figure 1, a setup of amplifier and comparison of two
YDFAs based on standard and LMA fibers is presented.

FIGURE 1. Ytterbium-doped fiber amplifier: a) configuration, b) output
characteristics for standard and LMA active fibers.

In both cases, an amplifier was pumped by two 10 W
pumping lasers. The 976 nm pumping wavelength was cho-
sen to obtain the shortest active fiber length in the amplifier,
which is essential regarding the SBS threshold. Output fiber
length should also be minimized, which forces usage of a
co-propagating pumping scheme. As a seed laser, a single-
mode narrow line DPSSL was used. One can quickly notice
a saturation of above 6 W of output power for the standard
single-mode fiber, which is caused by exceeding the system’s
SBS threshold. LMA fiber amplifier does not show any SBS
sign, up to maximum pumping power of 20 W. Since the
mode field area for LMA fiber is approximately four times
higher, one can roughly estimate the SBS threshold to be
higher than 20W. It has proved that chosen straightforward
booster amplifier configuration is a proper way for a sin-
gle module fiber amplifier to reach 10 W of output power.
It gives a safe margin for using even DPSSL with twice
the narrower linewidth to the seed we used. To avoid the
SBS limit for the MOPA system and remain with the last
stage simple configuration, a CBC approach was used with
a phase synchronization of the parallel output beams. Unlike
the high-power or ultrashort pulse systems, there is no need to
align optical pathways accurately in each channel for narrow-
line lasers. The coherence length is large enough for the
differences, even as high as tens of meters or so. The only
thing that needs to be done is to have a control circuit able
to change each amplifier output phase fast enough to keep
all channel phase relations constant. The main reason for
the amplifier’s output phase instability is the change of its
optical length. This phenomenon can even control the output
phase without additional phase modulators necessary [16].
For designing a phase control system, there is the necessity
to determine what typical phase shift changes speed is.

We measured phase fluctuations of the amplifier model
described above in a standard Mach-Zehnder interferometer.
The setup for the measurement is depicted in figure 2. The
amplifier’s output beam was collected by a sample fiber and
then interfered in the fiber coupler with the reference beam.
On the scope, interference fringes were observed due to phase
changes in the amplifier’s arm of the interferometer.

Since an amplifier is made of optical fiber, optical length
changes can be induced by mechanical stresses, temper-
ature changes, or the amplifier’s pumping power [17].
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FIGURE 2. The Mach-Zehnder interferometer setup for measuring the
YDFA's output phase fluctuations.
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FIGURE 3. The signals recorded when testing phase fluctuations at the
amplifier output. a) signal when pump current is stepped on, b) signal
when the environment is unstable, c) signal when the pump current is
chaotically modulated by 0.5 A.

Figure 3 shows a couple of examples of signals recorded in
typical scenarios. Amplifier pumping power changes induce
the fastest and most significant phase changes. It is visible
in figure 3a recorded after turning on the amplifier pumping
power from O up to half of the maximum power. After the
pumping power step, a high density of fringes means phase
change as fast as 0.2 & rad/ms. However, two seconds after,
it decreases to the value of 16  rad/s.

Phase fluctuations for environmentally induced fiber
length changes are much slower, with a typical value of
4 m rad/s (figure 3b). Faster modulations were made by
pumping power rapid change. In figure 3c, chaotic variation
of pumping power with an amplitude of 1 W was depicted.
Such pumping power changes do not produce phase modu-
lation faster than 20 & rad/s. These results of measurements
allowed us to estimate requirements for the phase controlling
circuit bandwidth. We have settled the servo loop bandwidth
to 1 kHz for all controlling circuits, which will be several
times faster than observed changes.

Ill. PHASE SYNCHRONIZATION CONCEPT

The small phase control bandwidth required for the sys-
tem allows using of slow fiber phase shifters. On the other
hand, typical frequency tagging systems typically utilize
fast Electro-Optical Modulators (EOM) to tag each channel
with an individual Radio Frequency (RF) [11], [18], [19],
[20], [21]. It requires sophisticated RF electronics to make the
whole control circuit, and in the case of the narrow-linewidth
laser as a seed, it can significantly broaden the laser spec-
tra. Since the phase control bandwidth required is not high,
we have decided to apply slow phase modulators for fre-
quency tagging and phase actuation. Our choice was to make
a fiber stretcher based on the piezo tube. It was proven
that this kind of phase modulator has enough bandwidth to
efficiently control phase in a multi-dithering CBC system
[22], [23]. The fiber stretcher was made using a piezoelectric
ceramic tube of diameters outer 38 mm and 31 mm inner with
a height of 25 mm. The external diameter is big enough not
to introduce significant bending losses for the single-mode

113285



IEEE Access

P. R. Kaczmarek et al.: Scalable Acoustical Frequency Tagging Coherent Beam Combining Based on DSP

PM980 fiber. The piezo tube’s catalog resonance frequency
was 25 kHz, which allows operating as a linear phase shifter
with a bandwidth of almost 10 kHz. Seventy turns of HI980
Polarization Maintaining (PM) bend-insensitive fiber were
wound up on the tube. A device’s photo is shown in figure 4a
and its frequency amplitude response in figure 4b. The mod-
ulation coefficient is high due to the high number of fiber
turns on the tube. Such a high coefficient allows having an
increased depth of the phase modulation with relatively low
phase controlling signal amplitudes.

a)

FIGURE 4. Piezotube fiber stretcher. a) a photo of the device, b)
modulation coefficient frequency characteristics.

The phase modulator has a high Q resonance at a frequency
of 26 kHz and a flat response characteristic of 10 kHz with
a modulation coefficient of 0.9 & rad/V. With such a phase
modulator, we were able to develop and design the whole sys-
tem concept. The most common method for synchronizing all
the phases in CBC systems is a Stochastic Parallel Gradient
Descent (SPGD) algorithm. The main advantage is the low
bandwidth required for phase control and actuation circuits,
including the phase modulators [24]. The method requires
a single unit, shared by all the channels, and performing
phase shift control for all the channels and synchronizing
them [8], [25]. As the main disadvantage, one can con-
sider the system’s scalability since the time to convergence
strongly depends on the number of synchronized chan-
nels [26]. We assume high modularity of the designed system,
which enables easy system scaling by channel addition. This
requirement practically eliminates an SPGD approach to
making such a system (central synchronizing unit). An ideal
modular system should have as few elements common for all
the channels as possible. The frequency tagging CBC method
allows the system’s high modularity since each phase control
channel can be completely independent of the others. The
only common point for the system is, in this case, a photode-
tector and seed source. A typical frequency tagging system
uses RF EOM modulators for marking each channel with an
individual frequency [27]. Such a requirement is essential if
the system deals with fast phase changes. It requires wide
bandwidth of the phase control loop. For slow phase changes,
slow-speed phase modulators can be applied in such systems
as an actuator for aligning the phase of each channel. RF fre-
quency tagging requires using RF electronics and can broaden
the laser line in narrow linewidth laser systems. However,
knowing the bandwidth necessary for the phase control loop,
one can see that system’s channel spacing can be low for slow
phase changes. It allows considering a frequency tagging sys-
tem, operating fully with the PZT tube phase modulators. It is
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presented in [23] and [28]. This approach can significantly
simplify the phase control loop electronics and enable the use
of cheap digital signal processing units based on commonly
available microcontrollers. Especially the latest solution is
desirable regarding the flexibility of the system and its cost-
effectiveness.

The frequency tagging system principles of operation are
as follows. It maximizes the optical signal detected by a single
photodetector placed in the far-field pattern’s central point
(for tiled aperture systems). Each channel’s contribution to
the signal is determined by small phase modulation with a
unique frequency. Though systems using the same frequency
for all the channels are reported, they require a central unit
synchronizing the whole system [29]. Extraction of the phase
control signal is done by a lock-in amplifier scheme allowing
for channel-specific signal distinction. To optimize the phase
control characteristic, a PID controller has to be applied.
A single phase modulator can be used as an actuator for phase
correction and tagging tasks since all the signals are in the
same low-frequency range. In figure 5, a block diagram for
the phase control loop is shown. Almost all signal processing,
tagging and actuating, for our setup are done in the digital
domain.
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FIGURE 5. Block diagram of digital signal processing CBC system.

The main computation cost for the phase control loop
algorithm is Low Pass Filter (LPF) calculation. A choice
of the popular microcontroller based on the ARM core was
taken to meet the task. STM32F4 family microcontroller,
with Floating Point Unit (FPU) and dedicated Digital Signal
Processing (DSP) instructions set to perform one step of the
whole frequency tagging algorithm with a frequency over
200 kHz, was ideal for this solution. It limits marking fre-
quency to 100 kHz, which was enough regarding the phase
modulator bandwidth. A simple setup shown in figure 6 was
built to check all design requirements. The results of such
simulated operation of a two-channel CBC system are pre-
sented in figure 7. It is a simple Mach-Zehnder interferometer
with two phase modulators placed in the one of its arms.
One was dedicated to the phase fluctuations simulation driven
by the signal generator marked by a red signal in figures 6
and 7. The second one was an actuator for the evaluation
board-based version of the proposed frequency tagging phase
control loop denoted as blue signals. At the interferometer
output, two photodetectors were attached. The green one was
a signal used for the frequency tagging phase control system,
which drives the actuator to maximize its value. The second
photodetector (magenta color) is complementary, keeping a
minimum of the optical power under system operation.

While the first modulator changes the phase according to
the generator’s signal, the phase control loop maximizes one
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FIGURE 6. The setup for the model of simple two-channel CBC system for
validation of acoustical frequency tagging system.
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FIGURE 7. Two-channel acoustical frequency tagging CBC system
performance: a) synchronization on - simulation of phase changes in the
“holding” range of the system, b) phase modulation by 9 rad, c) fast
modulation 36x rad/s, d) high-speed modulation 216 = rad/s.

of the photodetector signals, minimizing the phase difference
between both arms. For small phase modulation, an actuating
signal follows the signal driving simulating modulator. The
digitally controlled synchronization loop’s advantage appears
when the actuating voltage reaches the limit for its output
circuits. Implementation of the step in actuator controlling
voltage gives the possibility to change the phase strictly by
a 27 rad. One can notice such phase jumps in actuating and
photodetector signals (figure 7a). During a jump, the setup is
temporarily out of synchronization state, which can be seen
as a sudden drop of photodetector voltage. After a while,
de-pendant on the LPF bandwidth, PID ratios, and the actu-
ator response time, the system goes back to the in-synchro
state. For evaluation purposes, cases with various depths and
speeds of the phase modulation were tested. For the instances
shown in fig. 7b-d, the phase change is more significant than
the loop’s lock range (determined by a range of voltages
driving the actuating phase modulator). CBC controller’s per-
formance, consistent with the speed of phase changes for the
values measured in the YDFA model, was sufficient. Even for
the phase changes as fast as 36 7 rad/s, a photodetector trace
and general performance of the loop were similar to the slow
phase changes performance (fig 7c and b, respectively). The
only difference was the number of phase jumps visible in the
signal. Just during the highest phase change speed recorded
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for turning on the ytterbium amplifier (fig 3a. and fig 7d.),
exceeding 0.2 7 rad/ms, a visible drop in the synchronization
quality was observed. Between the phase jumps, the photode-
tector signal was not maximized, and it was fluctuating. It is
still a kind of synchronization since the photodetector in a
loop has a significantly higher level than the second one but
with lower efficiency caused by phase matching error.

IV. THE ACTIVELY PHASE-CONTROLLED BOOSTER
AMPLIFIER MODULE

After testing the system stability, an entire amplifier module
designed for parallel multi-channel, frequency tagging CBC
was finally formed. The amplifier module consists of an input
phase modulator, optical state detection circuits, and an out-
put power amplifier. An STM microcontroller controlled the
whole module. It was responsible for: controlling and moni-
toring the temperature of pumping lasers (two 10W diodes),
detection of optical power levels in the system, general tem-
perature monitoring of critical components, user interface
(display and keyboard), and most important - implementation
of the digital phase stabilization algorithm by the frequency
tagging method. The schematic of the amplifier module is
shown in figure 8. The optical output power of the module
was 10 W, with 200 mW of minimum input power.
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FIGURE 8. Block diagram of universal amplifier module for scalable CBC
systems.

The developed amplifier module block diagram was opti-
mized to be as simple as possible. It has an optical signal
input, an optical signal output, and an electrical photodetector
signal input. Nothing else was needed for its proper operation
in the CBC circuit. However, fabricating the module, one
additional factor had to be considered. The spectral width of
the seed laser was a crucial parameter. It determines the pre-
cision of the fiber length matching needed between all used
amplifier modules. Therefore, any differences in optical paths
should be significantly shorter than the coherence length of
the seeding light. Otherwise, a significant decrease of CBC
efficiency will occur manifested by decreasing of the far-field
pattern reduced contrast. However, in the case of narrow-line
DPSSL seed, even a couple of meter imbalances between
channels do not deteriorate the CBC system performance.

The software sets individual tagging frequency, taking
values from 4 kHz to 60 kHz range with exception for the
modulator resonance neighborhood. The lowpass filter in
the circuit was designed for 1 kHz, which forces at least a
2 kHz distance between the channels to avoid the crosstalk.
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The tagging frequencies harmonics overlapping with the
basebands of the other channels also have to be considered
during the channel operating frequencies selection. Since our
system can only work in such a high modulation bandwidth
and four channels, there was no need to use the modi-
fied multi-dithering technique with its limits [28]. However,
increasing the number of channels may require applying it to
maintain the required phase control bandwidth.

V. RESULTS AND DISCUSSION

The four-channel system in classical MOPA configuration
was built to verify the concept of the universal amplifier for
CBC. As a seed laser, a narrow line single frequency DPSSL
pigtailed into PM single-mode fiber was used. The next stage
was a typical YDFA based on standard single-mode PM fiber.
Its output power was higher than 1 W, driving four parallel
power stages described above. The output of the CBC system
was built in the tiled aperture scheme. We have decided to
use this setup instead of filed aperture scheme regarding the
system’s free space part’s simplicity and scalability. The setup
is presented in figure 9.

FIGURE 9. a) Four-channel tiled aperture CBC system, b) far-field pattern.

Each channel has an individual tagging frequency, pro-
grammed according to the rules mentioned above. According
to the phase shifter frequency response, the tagging frequency
has to be chosen at some distance from the resonant fre-
quency. It can be either below or above the resonance. Though
the fiber stretcher’s amplitude and phase response are not
linear, the phase control loop works well even for as high
tagging frequencies as 60 kHz. Since we decided to choose
a tiled aperture CBC scheme, a long focal length lens was
used to form the far-field pattern. The small amount of output
beam was outcoupled to the CCD camera and sampling pho-
todetector. Since it was only proof of concept work, we did
not maximize far-field CBC spatial efficiency. Therefore,
the Fill Factor (FF) for our head was not fully optimal,
especially the 2 x 2 symmetrical configuration [30], [31].
Figure 9b presents a far-field intensity pattern for the setup
with all 4 CBC amplifiers synchronized. The pattern was sta-
ble with the control loop closed. Sometimes a tiny trembling,
connected with phase jumps, was visible. The fringe contrast
was high, exceeding 95%, proving the system’s usability.

A fiber pigtailed photodiode takes the input signal for
phase synchronization from the middle of the far-field pat-
tern. Since the mode field diameter of the used fiber was
significantly smaller than the central lob of the pattern, it has
acted as a pinhole, allowing a good quality signal for the tiled
aperture CBC system.
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In figure 10, a set of photodetector signals recorded under
the 2 x 2 CBC system operation is presented. The whole
system works to maximize the photodetector signal and
tries to find a ‘“common phase”. It is a so-called self-
synchronous mode [32]. However, it can also work with
one of the channels without active phase stabilization and
act as a reference channel which is called self-referenced
mode. For stable environmental conditions, only occasional
phase jumps were observed. The recovery after phase jump
typically takes less than 5 ms with a maximum (fig. 10a.)
of 12 ms. Figure 10bc presents a long-timescale signal.
In any case, there were no more than 50 phase jumps for
such a long period. We directed the air conditioning blow
directly to the optical table with our setup to simulate the
volatile environment. It has also introduced vibrations and
movement of all loose fibers on the table. During increased
phase fluctuations in all the channels, the average frequency
of the phase jumps was increased and reached approxi-
mately 2 Hz. Even though in the worst-case scenario, which
assumes 10 ms jumps, over 98% of the system operation
time keeps stable power on all four channels phase locking.
In addition to phase jumps temporarily throwing the system
out of balance, it is also another essential factor informing
how accurately the system stabilizes the phases. This mea-
sure is known as residual phase control error. Figure 10c
shows the time domain photodetector signal observed with
phase control off and then on. Without phase control, the
signal randomly oscillates between 0 and maximum. When
phase control is enabled, the photodetector signal has a value
above 0.9 maximum most of the time, exept phase jumps.
It means the residual phase control error is slightly better
than A/20 [23].
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TABLE 1. Different CBC systems comparison.

> Cost
Scalability . Line
Config effectiveness o Ref.
; : widening
Modularity ~ RF electronics
Acoustical limited high small to .
. this work
frequency tagging  excellent none none
. moderate moderate [81,[12],
Classical SPGD none
none none [25], [26]
Classical very good low [10], [11],
LOCSET possible yes [18]
Differential phase low low
yes [16]
control none yes
Heterodyne low, costly poor
. none [17]
detection none yes a lot
PRBS modulated good low
: extreme [20]
LOCSET possible yes
o limited low
Multidithering : yes [21]
possible yes
potentially
Two PZT moderate
. good small [23]
multidithering
none none
poor high
M-LOCSET - small [28]
possible none
Single frequenc 00r low
g e P s [29]
dithering none yes
Interferometric none low
. none [31]
hill climb none none

VI. CONCLUSION

Table 1 shows a comparison of selected CBC systems pre-
sented to date. The comparison is based on three main
aspects. The first is the scalability of the system and its
modularity. The scalability issue is well described in the liter-
ature and needs no further explanation. Modularity, however,
is the ease of adding more CBC channels without modifying
the rest of the system. As a rule, CBC systems based on
the SPGD method or derivatives are not modular, requiring
a single controller common to all channels. On the other
hand, systems based on frequency tagging, like presented
in this works, are scalable. To present moment, however,
no publication has raised this advantage directly. We have
built our system with this approach from the beginning. Each
CBC channel is entirely independent of the others, and the
only common element in the phase synchronization system
is the single photodetector.

The second major differentiating factor between the CBC
systems described in the literature and ours is their cost-
effectiveness. It is related with two main components. The
type of phase modulators used - systems operating at high
frequencies require expensive fiber-pigtailed electro-optical
modulators and the need for RF electronics. Here, systems
operating at low frequencies (acoustic or low ultrasound) are
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the most cost-effective. They allow low-cost piezoelectric
fiber-stretcher phase modulators and low-cost analog elec-
tronics, because most of the signal processing can be done
digitally with standard microcontrollers.

The last criterion is the chosen technique’s suitability for
spectrally narrow light sources. It is closely related to the
modulation bandwidth needed for phase stabilization leading
to laser linewidth broadening.

For the cases where modularity and scalability go together
with narrow spectral linewidth requirements, both SPGD
methods and classical RF frequency tagging systems could
be troublesome. We have proposed a novel, cost-effective
approach to make an easily scalable acoustical frequency
tagging CBC modular system. Our module of YDF amplifier
for CBC has been tested in the 2 x 2 CBC setup, proving the
design assumptions. The results are promising, and there is
a field for further optimization. Especially the recovery time
after phase jump could be shortened, by the signal processing
parameters optimization. Channel spacing and its connection
to the LPF bandwidth, regarding the system scalability, can
also be improved in the future by applying the modified
multi-dithering technique proposed in [28].
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