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Directly Emitting a High-Power Phase-Locked Laser
Array by an Internal Phase Sensing System
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Abstract—In this article, we experimentally presented a com-
pact, packaged high-power coherent fiber laser array based on an
internal phase sensing technique. In the experiment, a laser array
with three beamlets was utilized for experimental presentation.
The power output of each laser channel was increased to exceed
500 W. Owing to the exceptional system design and effective ther-
mal management, the internal phase sensing system maintained a
remarkable level of performance. When the dynamic phase noise
was compensated effectively by the stochastic parallel gradient de-
scent (SPGD) algorithm, the high-power laser array was combined
with phase-locked synchronization and directly emitted to the free
space. When the output combined power was increased from 3 W
to 1.5 kW, the phase deviation remained to be less than λ/27. In
addition, the phase control error, element expansion, and further
power scaling were fully discussed. This work may offer a practical
reference for designing the compact, high-power fiber laser array.

Index Terms—Fiber laser, laser array, coherent beam
combining, phase control, internal phase sensing.

I. INTRODUCTION

OWING to its high efficiency and excellent beam quality,
the high-power fiber laser is demanded in various appli-

cations, such as industrial processing and scientific research
[1], [2], [3]. In the past decades, extensive research has been
investigated to develop the high-power fiber laser, the output
power has been scaled to be dozens of kW [4], [5], [6], [7],
[8]. Nevertheless, the further power scaling of a monolithic
fiber laser remains a critical challenge due to the nonlinear
effects, transverse mode instability [9], [10], [11], and so on.
As a practical technique for obtaining a high-power laser, the
coherent beam combining (CBC) technique can scale the output
power while maintaining excellent beam quality [12], [13],
[14]. Nowadays, the number of combined elements has been
expanded to be 100 levels [15], [16], [17], [18], and the output
power has also been scaled to be over 10 kW [19], [20], [21].
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However, further power scaling and element expansion face
challenges.

Generally, phase locking is the key to a CBC system, which
needs to detect the feedback optical signal of the output laser to
actively lock the phase. In practical implementation, the laser
array is firstly combined and expanded to obtain a high fill factor
[22], [23]. Then, a beam splitter is usually set in the optical path
to sample the expanded laser array after they are emitted to the
free space, namely the external phase sensing technique [24],
[25], [26]. At last, some mature phase-locking techniques are
applied to lock the phase, such as the dithering technique [27],
[28], [29], the stochastic parallel gradient descent (SPGD) algo-
rithm [30], [31], [32], interference measurement [18], [33], [34],
and machine learning [35], [36], [37], [38], [39], etc. Despite that
the external phase sensing technique has exhibited impressive
performances for phase locking, further power scaling still faces
challenges. The emitted laser array will have a large cross section
as increasing the combined elements, requiring large aperture
optical devices to detect the optical signal. For one thing, these
devices would cause inconvenience, the CBC system will be
bulk [25], [40]. For another thing, long free-space propagation is
required to achieve beam reduction for fitting the small aperture
phase sensor [40], which would raise the practical difficulties for
phase locking. These problems prevent the CBC systems from
moving towards practical application. Fortunately, an internal
sensing technique has been put forward and utilized [24], [26],
[41]. In contrast to the external sensing technique, this technique
can lock the phase by the all-fiber architecture. Nonetheless,
the power scaling capacity is limited by the asymmetric fiber
couplers. Addressing the problem, in the previous work, we
proposed and experimentally demonstrated a compact internal
sensing technique, one can lock the phase before forming a
large cross-section laser array [25]. The power scaling capacity,
however, has not yet been experimentally demonstrated due
to certain challenges. On the one hand, the thermal effects in
the high-power CBC system can impact its performance and
pose practical difficulty in system design. On the other hand,
broadening of the laser seed’s spectral linewidth is necessary
to suppress stimulated Brillouin scattering (SBS) effect [23],
but this unavoidably reduces laser coherence length and subse-
quently diminishes CBC efficiency. This presents a challenge in
achieving phase locking. Therefore, the urgent necessity lies in
addressing these challenges and experimentally showcasing the
capacity for power scaling.

In this article, a compact, packaged high-power CBC system
was presented based on an internal phase sensing technique. We
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Fig. 1. Experimental setup of the compact laser system based on the internal
phase sensing technique. (SL: seed laser; EOM: electro-optic modulator; PA:
pre-amplifier; FS: fiber splitter; PM: phase modulator; VDL: variable delay
line; CFA: polarization-maintained cascaded fiber amplifier; CO: collimator;
SP: small beam splitter; BE: beam expander; LC: liquid crystal; L: lens; BS:
beam splitter; CCD: charge-coupled device; PD: photodetector.)

constructed an experimental setup with a three-channel fiber
laser array for experimental demonstration. The power output
of each laser channel could be increased to exceed 500 W.
Owing to the exceptional system design and effective thermal
management, the internal phase sensing system maintained a
remarkable level of performance. In the experiment, the SPGD
algorithm was implemented to lock the dynamic phase noise, the
phase deviation was less than λ/27 when the combined output
power was increased from 3 W to 1.5 kW. Consequently, the
phase-locked laser array could be directly emitted to the free
space. To further enhance the CBC performance, the phase
control error, element expansion, and further power scaling
capacity were fully discussed and analyzed. The experimental
results indicated that our technique would help build a compact,
packaged high-power laser array, which could provide a promis-
ing solution for obtaining the high-power lasers and their phase
control.

II. EXPERIMENTAL SETUP

Fig. 1 depicts the experimental configuration, wherein a
polarization-maintained single-frequency Yb-doped fiber laser
with a central wavelength of 1064 nm serves as the seed laser
(SL). The 40 mW laser power from the SL is coupled into
an electro-optic modulator (EOM), and the spectral linewidth
is broadened to be ∼10 GHz based on the phase modulation
technique for suppressing the SBS effect [23]. Then, the laser
from the EOM is coupled into a pre-amplifier (PA) to scale the
power to 400 mW, and then is split into eight channels by a
fiber splitter (FS), we choose three-channel lasers for experiment
demonstration. Subsequently, each channel laser is coupled into
a LiNbO3 phase modulator (PM) and an electric variable delay
line (VDL). The PMs have more than 100 MHz modulating
bandwidth and operate on 1064 nm, while the VDL could com-
pensate the optical path difference (OPD) with 30μm. Following
that, the output power of each laser channel is scaled to be about
560 W by a polarization-maintained cascaded fiber amplifier
(CFA). At last, the laser array from the CFAs is collimated by

Fig. 2. Schematic drawing of the laser array.

the collimators (COs). The diameter of each collimated beam is
about 10 mm, while the distance between the collimated beams
is 40 mm.

To lock the phase and avoid the large optical devices, the
feedback signal is detected by the internal phase sensing system,
which is circled with a blue dotted line in Fig. 1. The collimated
beams are sampled by a splitter (SP) array before they are
expanded to the large aperture beams. The reflectivity of SP is
99.9%. The sampled laser transmits through the programmable
liquid crystals (LCs) [25], which are used for compensating
the phase differences of the emitted laser array. The schematic
drawing of the sampled laser array is shown in Fig. 2(b). At
last, the sampled laser is focused by a lens (L1). The focused
laser is split into two parts by a 50:50 unpolarized beam splitter
(BS). One part is truncated by a pinhole with a diameter of
100 μm and detected by a photodetector (PD) for phase error
detection. The signal from the PD is used as the power in the
bucket (PIB) metric. It is sent into the field programmable gate
array (FPGA) controller (Controller 3) for extracting the phase
error information. Controller 3 can drive the PMs to actively lock
the phase. Another part is detected by a charge-coupled device
(CCD1) for visually observing the combination of the sampled
laser. The CCD1 is positioned at the focal plane of the L1.

As for the emitted laser array, the diameter of each beamlet
is expanded to 38 mm with a beam expander (BE). They are
arranged in a regular triangle pattern, as shown in Fig. 2(a). The
distance between the adjacent beamlets is 40 mm. Thus, the fill
factor is calculated to be 95% with 38 mm/40 mm. Following
that, the high-power laser array is emitted to the free space by
the laser emitted system, which is circled with the purple dotted
line.

III. EXPERIMENT RESULTS AND DISCUSSION

A. Results of Emitting the Phase-Locked Laser Array

In our experiment, Controller 3 operated at a main frequency
of 50 MHz and performed the SPGD algorithm with the iteration
frequency of 1 MHz. The experiment was carried out in four
steps.

Firstly, Controller 2 was turned on to drive the VDL, and the
OPD of the laser array was compensated by the VDL according
to the [23]. As a result, the intensity signal detected by the
PD would be fluctuated to the maximum after optimizing each
VDL’s position. Secondly, Controller 3 was turned on, and the
internal phase noise was detected and locked by the PMs. Thus,
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Fig. 3. Normalized time domain signal detected by the PD (a) open loop, (b)
close loop, and (c) their power spectral densities.

Fig. 4. Irradiance distribution of the sampled laser array detected by the CCD1
when controller 3 was (a) turned off and (b) turned on.

the interference fringes of the emitted laser array could be locked
stably, and the external phase differences could be measured.
Thirdly, the external phase differences among the emitted laser
array were measured based on the interference measurement
[25]. Then, they were pre-compensated by the LCs, which were
droved by Controller 1. Fourthly, the coherent combination
of the emitted laser array was observed to present the CBC
performance.

The process of phase locking could be observed by the time
domain signal that was detected by the PD, as shown in Fig. 3.
When Controller 3 was turned off, the time domain signal
changed randomly due to environmental noise. The normalized
average value was around 0.34, as shown in Fig. 3(a). In contrast,
when Controller 3 was turned on and performed the SPGD al-
gorithm continuously, the time domain signal was stably locked
to be nearly the maximum. The normalized average value was
0.95, which was 2.8 times when Controller 3 was turned off,
as shown in Fig. 3(b). Thus, the phase difference among the
sampled laser was locked to be 2nπ, where n was an integer.
The corresponding residual phase error was calculated to be
λ/32. Furthermore, the power spectral density in the open loop
(Controller 3 was turned off) and closed loop (Controller 3 was
turned on) was calculated, as shown in Fig. 3(c). We can find
that the phase noise of below 900 Hz had been compensated
efficiently. In addition, the phase locking speed was calculated
to be approximately 2 milliseconds, while the locking range in
the experiment was estimated to be around 1 kHz.

Fig. 4 shows the intensity distribution in the far field of the
sampled laser array during the phase-locking process. When
Controller 3 was turned off, the irradiance distribution of the
combined beam had low contrast, and the brightness was weak,
as shown in Fig. 4(a). However, when Controller 3 was turned on,
the phase difference of the sampled laser array was compensated
to be zero by the PMs. As a result, the irradiance distribution
was locked stably as shown in Fig. 4(b). The visibility of the
interference pattern in the far field was ∼94%.

The above experimental results demonstrated the effective
phase locking. To evaluate the CBC efficiency, it is necessary to
detect the emitted laser array. In the experiment, a high reflection

Fig. 5. Schematic drawing of observing the emitted laser array.

Fig. 6. Irradiance distribution of the emitted laser array detected by the CCD2.
(a) Controller 3 and controller 1 were both turned off, (b) controller 3 was turned
on while controller 1 was turned off, and (c) controller 3 and controller 1 were
both turned on.

mirror (HRM) is set in the optical path to extract the high-power
emitted laser array, as shown in Fig. 5.

The reflectivity of the HRM is 99.9%. The reflected part is
directly emitted to the power collector for power collecting, the
total combined power was measured to be∼3 W. The transmitted
part is focused by another lens (L2) to form a far field, which
has a long focus length of 2 m. Then, the combined beam in the
far field is observed by another CCD2.

Fig. 6 shows the intensity distribution of the emitted laser
array during the phase-locking process. When Controller 3 and
Controller 1 were both turned off, the phase of each emitted
beamlet changed randomly due to the phase noise. The irra-
diance distribution of the combined beam had low contrast,
and the brightness was weak as well, as shown in Fig. 6(a). In
comparison, when Controller 3 was turned on while Controller
1 was still turned off, the phase noise could be compensated by
the PMs. Therefore, the irradiance distribution of the combined
beam was locked stably as shown in Fig. 6(b). However, the
irradiance distribution was anomalistic due to the static phase
differences among the emitted laser array. Finally, Controller 3
and Controller 1 were both turned on, and the phase differences
of emitted laser array were compensated to be zero. As a re-
sult, the irradiance distribution was promoted effectively with a
prominent central lobe, as shown in Fig. 6(c). To give the CBC
efficiency, we calculated the power in the bucket (PIB) ration of
the emitted laser array, which served as a representative measure
of CBC efficiency. Based on our calculations from Fig. 6(c),
we determined that the PIB ratio was approximately 52.7%.
Consequently, the achieved CBC efficiency was also measured
at 52.7%, slightly below the ideal theoretical calculation of 55%.
This indicated that there was a minor loss in CBC efficiency dur-
ing experimentation, it could be attributed to factors such as pitch
and pointing errors, along with other potential perturbations like
mechanical effects.
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Fig. 7. Normalized time domain signals detected by the PD with different
output power (a) 150 W, (b) 300 W, (c) 750 W, and (d) 1.5 kW. (a1)–(d1) open
loop, (a2)–(d2) close loop, and (a3)–(d3) their power spectral densities.

Fig. 8. The irradiance distributions of the emitted laser array detected by the
CCD2 with different output power (a) 150 W, (b) 300 W, (c) 750 W, (d) 1.5 kW.
(a1)–(d1) Controller 3 and controller 1 were both turned off and (a2)–(d2)
controller 3 and controller 1 were both turned on.

B. Results of Emitting the High-Power Phase-Locked Laser
Array

To present the power scaling capacity of our system, the
combined output power was continuously increased. The output
power was measured to be 150 W, 300 W, 750 W, and 1.5 kW,
respectively. The time domain signals detected by the PD were
shown in Fig. 7. One can find that the internal phase sensing
system worked well as increasing the output power, and the
time domain signals could be always stably locked to be the
maximum, as shown in Fig. 7(a2) to (d2). The normalized
average value was 0.92, 0.93, 0.94, and 0.92, respectively.
The corresponding residual phase error was calculated to be
λ/31, λ/30, λ/31, and λ/27. That meant the CBC system kept a
significant performance with a total output power of 1.5 kW. We
can also find that the phase noise almost remained unchanged
as increasing the power, which was mainly under 900 Hz, as
shown in Fig. 7(a3) to (d3). In other words, the total output
power can be further scaled. However, we can find that there are
several separated peaks in close loop’s power spectral densities,
the frequency was about 20 Hz, 50 Hz, and 75 Hz, respectively.
We deduce the 20 Hz peak was caused by the tilt error, while the
other peaks were caused by the power source signal interference.
We would optimize our system to avoid these affects in the near
future.

The intensity distributions of the emitted laser array were
given as well, as shown in Fig. 8. One can see that the intensity

Fig. 9. Irradiance distributions of the laser from different CFAs with different
combined output power. (a) The 1st CFA, (b) 2nd CFA, (c) 3rd CFA. (a1)–(c1)
1 W, (a2)–(c2) 750 W, and (a3)–(c3) 1.5 kW.

distributions all had a prominent central lobe with high fringe
contrast and brightness, as shown in Fig. 8(a2) to (d2). The
PIB ratios were calculated to be ∼52.3%, ∼52.5%, ∼51.0%,
and ∼47%, respectively. Accordingly, the CBC efficiency was
∼52.3%, ∼52.5%, ∼51.0%, and ∼47%, respectively. Owing to
the advantages of the internal phase sensing technique, the phase
control performance could be kept well when scaling the output
power. The combined power of the phase-locked laser array was
scaled to 1.5 kW, which may help build a compact and packaged
high-power laser.

C. Analysis of the Phase Control Error and Discussion

Here, we presented a high-power phase-locked laser array
via the internal phase sensing technique. The combined output
power could be scaled from 3 W to 1.5 kW. The above results
indicated that the phase control kept a significant performance
when increasing the power. However, we should note that the
intensity distributions of the combined beams degraded when
the power was 1.5 kW, as shown in Fig. 8(d1) and (d2). In
this case, the CBC efficiency decreased to 47%. In addition, the
corresponding residual phase error also decreased from λ/30 to
λ/27. Therefore, to further scale the output power, the phase con-
trol error should be analyzed. In the experiment, the water-cool
system was optimized to achieve efficient thermal management.
In addition, the experiment was carried out in a clean room with a
sealed housing, and the surface contamination of optical devices
was avoided. Besides, the phase was detected by utilizing several
separated beam splitters. The optical devices were heated up by
only 4 °C, and the temperature was under 25 °C. Hence, the
possible thermal effects of the CBC system could be avoided
in a high-power status. We deduce that the phase control error
and combined intensity distribution degradation were mainly
caused by the beam quality degradation of the CFAs. To verify
our deduction, we detected the intensity distribution of the beams
from the CFAs, the results were shown in Fig. 9. Fig. 9(a1) to
(c1) represent the intensity distributions of the 1st, 2nd, and 3rd
beamlets in a 1 W level, respectively. Fig. 9(a2) to (c2) represent
the intensity distributions of the 1st, 2nd, and 3rd beamlets when
the combined output power was 750 W, while Fig. 9(a3) to (c3)
represent the intensity distributions when the combined output
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Fig. 10. Results of analyzing the tilt errors. In the x axis direction (a1) the tilt
errors, (a2) the spectra analyses, and (a3) the frequency histogram and its fitting
curve; In the y axis direction (b1) the tilt errors, (b2) the spectra analyses, and
(b3) the frequency histogram and its fitting curve.

power was 1501 W. We can find that the intensity distributions
of the 1st, and 3rd beamlets degraded after the power was
over 500 W, as shown in Fig. 9(a3) and (c3). The peak power
decreased to 0.86, and 0.6 times that of Fig. 9(a2) and (c2),
which influenced the phase control.

Meanwhile, the COs were fixed in the optical platform, which
could be influenced by the dynamic environmental vibration and
the water-cooling system, resulting in beam pointing error and
influencing the phase control. Hence, to measure accurately the
tilt error, we open only one laser channel, and a high-speed
camera was placed at the focal plane of the L1 to record the
changing of the focal spot. The high-speed camera worked at
1000 fps and recorded the intensity data with a time of about
12 s. Then, one can get the tilt error from the two-dimensional
pattern data according to the reference [18]. The detailed results
are shown in Fig. 10. The tilt errors of the x axis and y axis
are shown in Fig. 10(a1) and (b1), respectively. The y axis was
defined as the direction of gravity. One can find that the tilt
error rules were almost the same as each other. However, the
maximum of the tilt errors in x axis was 8 μrad, while that
was 12 μrad in y axis. The average tilt errors were 1.5 μrad
and 2.3 μrad, respectively. We can find that the tilt errors in
y axis were larger than that in x axis. The reason was that the
mechanical vibration was usually induced in the y axis. Then, we
calculated the corresponding spectra of the tilt errors, as shown
in Fig. 10(a2) and (b2). As we can see, the main frequencies were
both below 20 Hz, which verifies our deduction about the peaks
in Fig. 7. At last, the frequency histograms of the tilt errors and
their fitting curves were given as well, as shown in Fig. 10(a3)
and (b3). One can see that the tilt errors were both in normal
distributions, the mean values were both ∼0, while the standard
deviations were only 1.9 μrad and 2.0 μrad, respectively.

Subsequently, the CBC efficiency loss was further analyzed
according to the above data. We carried out the numerical simu-
lation according to the tilt errors, the calculated CBC efficiency
was∼54%, which meant the tilt errors would cause the 2% CBC
efficiency loss. That meant there was still a 2% CBC efficiency
loss due to other errors. To conclude, the CBC efficiency loss
was mainly caused by the beam quality degradation of the CFAs,
the tilt errors, and other error, such as polarization inconsistency.

Based on the preliminary experiment, the power scaling ca-
pacity of the internal phase sensing technique has been demon-
strated. The internal phase sensing CBC system demonstrated
remarkable performance enhancement in response to the in-
creased output power. Owing to its exceptional system design
and effective thermal effects management, a total 1.5 kW laser
array with phase locked could be directly emitted to the free
space, providing a promising strategy for developing efficient
and packageable high-power laser sources with excellent beam
quality. We should note that the reason for not using plane
mirrors to reduce the lens aperture size in the sampled laser array
is to simplify the system [25]. To further scale the output power,
there are two methods available. Firstly, the output power of
each laser channel can be enhanced. Nowadays, output power
of the polarization-maintained fiber amplifier (CFA) has been
scaled to be 5 kW [42], which could be utilized in our system.
Secondly, expanding the combined beam elements to achieve
higher output power is feasible. Recently, the phase locking of
nineteen-channel kW fiber laser amplifiers has been presented in
the experiment [21]. Moreover, the phase locking of more than
100 beam elements has been demonstrated as well [15], [16],
[18]. Hence, the coherent combination of the 100-channel level
kW fiber laser amplifiers is feasible. However, we should note
that there are still some challenges. The phase control bandwidth
would decrease when increasing the beam number, while the
tilt errors could severely decrease the CBC efficiency as well
[15]. Thus, one should address the challenges in two steps.
For one thing, when combining a laser array with hundreds of
elements, the whole laser array should be divided into several
sub-arrays, each sub-array is detected and compensate the phase
noise independently. In this way, the cascaded internal phase
control technique can be applied for locking the phases of the
whole laser array and improving the control bandwidth [43].
However, the tilt error can have a significant impact on the
long-term locking stability when dealing with a large number
of fibers in a 2D array. Based on our previous research [25],
it is deduced that the locking stability of this high-power CBC
system may be limited to several dozen hours. Therefore, it is
crucial to ensure compactness and adhere to strict constraints
on pitch and pointing to maintain optimal CBC efficiency. For
another thing, some tip/tilt control techniques could be used for
decreasing the tip/tilt errors, such as the adaptive fiber-optics
collimator (AFOC) or a fast piezo steering mirror (FPSM) [44].
Owing to that the caliber of the laser emitting system can be
freely designed, our technique is also helpful for building a
large aperture high-power laser array, which is beneficial to a
wide of applications, such as laser communications [45], and
energy transmission [32].

IV. CONCLUSION

In summary, we experimentally presented a compact, pack-
aged kW laser source in a CBC architecture based on the internal
phase sensing technique. In our experiment, a three-channel fiber
laser array was utilized for experimental demonstration. The
emitted power of each laser channel could be increased to be over
500 W. Owing to the exceptional system design and effective
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thermal effects management, the internal phase sensing CBC
system demonstrated remarkable performance enhancement in
response to the increased output power. The SPGD algorithm
was implemented to lock the dynamic phase noise, the phase
deviation was less than λ/27. The CBC efficiency was ∼47%
when the combined output power was 1.5 kW. In addition,
the phase control error, element expansion, and further power
scaling capacity were discussed and analyzed. This work could
offer a promising reference for obtaining the high-power laser.
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