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Coherent beam combining (CBC) of fiber laser array is a promising technique to realize high output power while
maintaining near diffraction-limited beam quality. To implement CBC, an appropriate phase control feedback structure
should be established to realize phase-locking. In this paper, an innovative internal active phase control CBC fiber laser
array based on photodetector array is proposed. The dynamic phase noises of the laser amplifiers are compensated before
being emitted into free space. And the static phase difference compensation of emitting laser array is realized by interference
measurement based on photodetector array. The principle of the technique is illustrated and corresponding simulations are
carried out, and a CBC system with four laser channels is built to verify the technique. When the phase controllers are
turned on, the phase deviation of the laser array is less than λ/20, and ∼ 95% fringe contrast of the irradiation distribution
is obtained. The technique proposed in this paper could provide a reference for the system design of a massive high-power
CBC system.

Keywords: fiber laser, laser array, coherent beam combining, internal phase control
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1. Introduction
High-power fiber lasers have been widely used in opti-

cal communication, industrial processing, scientific research,
and many other fields.[1–8] As a promising technique to realize
high output power while maintaining near diffraction-limited
beam quality, coherent beam combining (CBC) of fiber laser
based on master oscillator power amplifier configuration has
drawn many interests in recent years.[9–15] To scale the output
power of a CBC system, increased power of single fiber laser
amplifier and array expansion are two main ways. However,
a single amplifier power improvement is limited by nonlin-
ear effects, thermal effects, and so on.[16–20] Hence, the array
number expansion of CBC system is emerging to become an
important method for power scaling.

In CBC systems, dynamic noises resulting from environ-
mental and thermal fluctuations always exist, which affect the
performance of the phase control and decrease the combining
efficiency. Hence, accurate compensation of dynamic noises,
especially piston phase noise, is highly required. As an impor-
tant technique of CBC systems, effective phase control meth-
ods have been deeply researched in the past decades, which
can be divided into two categories according to the feedback
structure of a detected signal. One is the external phase con-
trol method, which means that the feedback signals are sam-
pled after fiber laser beamlets output into the free space.[21–26]

When increasing the number of tiled combined beams, large-

aperture mirrors and lenses are needed to focus the laser array
to detect phase noise signals, which would lead to practical
difficulties. The other one is the internal phase control method,
whose feedback structures are completed before the beamlets
are emitted into the free space.[27–30] Based on the internal
phase control methods, large-aperture optical elements are not
needed and the phase control bandwidth could be further im-
proved by the cascaded control technique.[31]

As an innate disadvantage faced by the internal sensing
phase control technique based on spatial structure, static phase
difference exists in the system, resulting in the energy incon-
centration in the far-field. The static phase difference is caused
by the optical path difference among different emitting beam-
lets in the free space because phase-locking is completed be-
fore emitted. In 2021, Long et al. used a liquid crystal ar-
ray to compensate the static phase difference.[28] However,
the usage of liquid crystal makes the structure more com-
plex and induces another feedback phase control loop. To
meet the challenge in the internal phase control technique, the
new phase-locking methods based on photodetector array may
be helpful. By controlling the phase of each beamlet to be
consistent with the reference beamlet through the photodetec-
tor array, the phase-locking process can be completed.[32–35]

The arbitrary active phase control of output beamlets has been
demonstrated.[36]

In this paper, we propose and experimentally demonstrate
†Corresponding author. E-mail: surongtao@126.com
© 2024 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

074201-1

https://doi.org/10.1088/1674-1056/ad47af
mailto:surongtao@126.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B 33, 074201 (2024)

an innovative internal active phase control technique for a fiber
laser array based on spatial structure. The dynamic internal
phase noises are detected and compensated based on a spa-
tial structure, which is compatible with a high-power ampli-
fier and easy to expand the combined beamlets. The principle
is proposed, and corresponding simulations are carried out as
well. An experimental setting with coherently combing four-
channel beamlets is built up to prove the technique. The de-
tailed results indicated when the controllers are turned on, the
phase deviation of the system is less than λ/20, and ∼ 95%
fringe contrast of the irradiation distribution is obtained.

2. Principle and numerical simulation
Figure 1 shows the schematic drawing of the internal

sensing CBC phase control system, taking four beamlets as
an example. The seed laser (SL) is preamplified and then split
into two channels to form two sub-arrays using a fiber splitter
(FS), and each sub-array has two beamlets. In each sub-array,
the fiber laser is connected to a 1st phase modulator (1st-PM)
and coupled into a pre-amplifier to scale the output power.
Then, each sub-array is split into two beamlets by an FS. One
of the beamlets is coupled into a 2nd PM, which is employed
to compensate the phase difference between the two beamlets.

After passing through the amplifiers (AMP) for further power
amplification, the beamlets are collimated by the collimators
(CO). Following that, most power of the collimated laser is
reflected by a small beam splitter (SP) and transmitted into
free space to form emitting array via the laser emitting sys-
tem. Each beamlet is expanded by a beam expander (BE) to
obtain a high fill factor in the laser emitting system.

Phase control process can be divided into two steps. The
first step is to compensate the dynamic phase noises in the sub-
arrays. Collimated beamlets transmit through the small beam
splitter, and are focused by the lenses (L) to form far-field in-
terference pattern. The beam array with lower energy is used
to generate phase control signals, which is named sampled ar-
ray. PD1 & PD2 are employed to detect the phase noise signals
between the two beamlets in the sub-arrays. When controllers
1 & 2 are in the closed loop, the dynamic phase noises in the
subarray are compensated. The second step is to compensate
the dynamic phase noises between the two sub-arrays. One of
the two beamlets in each sub-array is split by the beam splitter,
and then reflected by the plane mirror (M) and converged into
PD3 by the lens to form phase control signals. By using con-
troller 3, the relative phase difference between the sub-arrays
can be compensated.

FS
1st PM

AMP CO

BE

BS

L
PD1

Optic

Electric
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Electric

BSBSBSBS

Emitting array

Sampled array

SL PA

Controller 2
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Controller 3

Controller 1

FS

M

CCD

2nd PM

Fig. 1. Schematic drawing of internal sensing phase control system. SL: seed laser; PA: pre-amplifier; FS: fiber splitter; PM: phase modulator;
AMP: amplifier; CO: collimator; SP: small beam splitter; BS: beam splitter; M: mirror; L: lens; PD: photodetector; BE: beam expander.

Owing to external static phase differences still existing in
the system, the energy distribution in the far-field could not be
concentrated in the central main lobe. To meet this challenge,
photodetector array could be used to detect and compensate
the static phase difference. The principle of the phase differ-
ence compensation based on photodetector is shown in Fig. 2,
taking two beamlets as an example. There is a static phase dif-
ference between the sampled array and the emitted array. As-
suming the phase difference between the two emitting beams
is ∆ϕ , this means

ϕa1 +ϕc1 = ϕa2 +ϕc2 +∆ϕ, (1)

where ϕai is the dynamic internal phase of the i-th laser chain
before the SP, and ϕci is the static external phase of the i-th

laser chain between the SP and wavefront of the beam array
from the collimators. When the controllers are all turned on,
the phases of the sampled array are locked:

ϕa1 +ϕb1 = ϕa2 +ϕb2, (2)

where ϕbi is the static external phase of the i-th laser chain be-
tween the SP and PD. ϕbi could be changed by adjusting the
position of the PD, as shown in the insert of Fig. 2. When the
position of the PD is adjusted, the optical paths of the beams
form the lens to the PD are changed. The phase control al-
gorithm will change ϕai to realize phase locking, here we can
obtain

ϕ
′
a1 +ϕ

′
b1 = ϕ

′
a2 +ϕ

′
b2, (3)

ϕ
′
a1−ϕ

′
a2 = ϕ

′
b2−ϕ

′
b1 = ∆ϕ

′. (4)
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Fig. 2. The schematic drawing of the phase difference compensation based
on photodetector.

By adjusting the PD position appropriately to make ∆ϕ ′=

ϕa1−ϕa2+∆ϕ , and by substituting Eq. (4) into Eq. (1), we can
obtain

ϕ
′
a1 +ϕc1 = ϕ

′
a2 +ϕc2. (5)

Hence, the static phase difference between the two emitting
beams is compensated.

A simulation of CBC with two beams is carried out. The
focal length of the lens is set as 2 m, and the radius of the cir-
cular filter in front of PD is 50 µm. The relationship between
the phase difference (∆ϕ) and the center position of the bright
fringe can be obtained by assigning different phase differences
to the two beamlets. Fill factor F is defined as r/R, where r is

the diameter of a beam and R is the distance between the cen-
ter points of the two beams. The relationship between y and
∆ϕ is shown in Fig. 3 for F = 1, 0.8, and 0.6. It is worth em-
phasizing that phase mapping is represented by a simple lin-
ear function, which means that the static phase noise could be
compensated by adjusting the position of bright fringe, which
can be realized by moving the PD in the y direction. There are
two main factors of the adjustable limitation. The first factor is
the system parameter. According to the numerical simulation
results shown in Fig. 3, when the fill factor (F) of the laser
array is different, the phase shift generated by adjusting the
same distance of PD position is also different. For example,
when ∆ϕ changes π , the position of the main lobe in the inter-
ference fringe changes by 0.1 mm accordingly when F is 0.6.
However, the center position changes by ∼ 0.17 mm when F
is 1. The second factor is the adjustment accuracy of PD posi-
tion. The precision of PD position adjustment determines the
precision of phase difference compensation. When the adjust-
ment accuracy of the moveable platform reaches 0.01 mm, the
phase difference adjustment accuracy can reach λ/1. When
the adjustment precision of the displacement platform is fur-
ther improved, the precision of phase compensation can also
be improved accordingly. In the experiment, the external static
phase difference can be compensated by observing far-field in-
terference patter, as shown in Figs. 3(b) and 3(c). When the
phase difference is π/2, the position of PD can be adjusted so
that the phase difference is zero.

(a) (b) (c)Dϕ=π/2 Dϕ=0

↩ ↩ ↩    
↩.

↩.



.

.

 y
 ↼
m
m

↽

Dϕ ↼rad)

 F/
 F/.
 F/.

Fig. 3. Simulation results of two beamlets. (a) Fitting curve of the relationship between the phase difference and the center position of the bright fringe,
(b) the far-field pattern with ϕ/2 phase difference, (c) the far-field pattern with no phase difference.
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Fig. 4. The piston phase noise characteristics of fiber amplifiers: (a) time domain characteristics, (b) power spectral density.
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Fig. 5. Simulation results of the system with four beamlets: (a) electrical signal of PD, (b) far-field pattern of emitting array with external phase
difference, (c) far-field pattern of emitting array with no external phase difference.

According to the proposed principle, dynamic simula-
tions are carried out. The wavelength is set as 1064 nm. The
iteration time of the SPGD algorithm is 500 ns, and the total
simulation time in the real world is 15 s. The piston phase
noise is injected into the phases of each beamlet. The phase
noise is measured from a 50-W fiber amplifier using the co-
herence detection technique.[37] The total duration of the mea-
surement process is 40 s. The sampling rate is 6.25 kHz. Fig-
ure 4 shows the measured phase noise and its power spectral
density. The dynamic simulations are shown in Fig. 5. From
0 s to 5 s, the controllers are in the open loop. The controllers
are turned on at 5 s, the far-field pattern is shown in Fig. 5(b).
Distinct far-field pattern is obtained, but there are phase dif-
ferences existing. Adjusting the position of PDs at 10 s, the
phase difference is compensated as shown in Fig. 5(c).

3. Experimental setup and result

Experimental setting of internal sensing phase control
system is shown in Fig. 6. The narrow linewidth seed laser
with central wavelength of ∼ 1064-nm fiber is connected to a
preamplifier and passes through a 1× 2 fiber splitter to form

two sub-arrays. Subsequently, each sub-array is coupled into
a 1st LiNbO3 phase modulator, which is employed to control
the phase of the sub-array and realize cascaded phase control.
Each sub-array is divided into two beamlets by a beam splitter,
one of which is connected to a 2nd LiNbO3 phase modulator,
which is employed to compensate the dynamic phase noises
in each sub-array. The output beamlets are connected to cas-
caded fiber amplifiers to scale the output power to be 500 mW.
The laser beams from the amplifiers are collimated by four
collimators, which are sparsely arranged in square. The diam-
eter of the collimators is 10 mm, and the distance between the
adjacent collimators is 40 mm. As for the beam expanders,
the diameter of output aperture is 38 mm, and the distance
of adjacent beam expanders is 40 mm. Hence, the fill factor
of emitted beams is calculated to be 95%.[38] A high fill fac-
tor could be obtained by the beam expanders. In the internal
phase control process, PD1 & PD2 are used to compensate the
internal dynamic phase noises in sub-array, while PD3 is used
to compensate the phase noises between the sub-arrays. Ac-
cording to the technique proposed in this paper, the external
static phase could be compensated by moving the position of
PDs carefully.

Laser beamlets

Electrical signals of controller 3

Electrical signals of controllers 1 & 2

Seed PA

FS

1st PM 2nd PM AMP

SP

L

BS
Controller 2

Controller 1Controller 3

BEs

Collimators

PD1

PD2

PD3

Fig. 6. Experimental setting of internal sensing phase control system.
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In the experiment, the phase control process could be ob-
served by the electrical signals from the PDs, as shown in
Fig. 7. When the phase controllers are turned off, the elec-
trical signals varied randomly along the time because of dy-
namic phase noises. The normalized voltage values of the
three PDs are about 0.51, 0.54, and 0.46 respectively. In con-
trast, when the phase controllers are in closed loops and ex-
ecuted the SPGD algorithm simultaneously, the normalized

voltage values are locked to be the maximums stably. The
values of the three PDs are around 0.91, 0.90, and 0.93 re-
spectively. With the definition of 2× (Vrms/Vmax)

1/2,[39] the
phase deviations are less than λ/21, λ/20, and λ/28 respec-
tively, and the time traces for calculating the phase deviations
are 8 s. According to the criterion of phase deviation to be
less than λ/20,[40] the dynamic phase noises in the system are
compensated effectively.
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Fig. 7. Electrical signals in open and closed loops from (a) PD1, (b) PD2, and (c) PD3.

To verify the phase control technique based on the phase
detector array proposed in this study, the 30-s long-exposure
irradiance distributions of sub-array 1 are shown in Fig. 8.

(a1) (a2) (a3)

(b1) (b2) (b3)

Fig. 8. The sub-array 1 irradiance distribution of (a1) sampled array in an
open loop, (a2) sampled array in a closed loop without compensation, (a3)
sampled array in a closed loop with compensation, (b1) emitting array in an
open loop, (b2) emitting array in a closed loop without compensation, (b3)
emitting array in a closed loop with compensation.

One can find that when the controller of sub-array 1 is in
an open loop, the irradiance distribution of sampled array and
emitting array had low contrast and the energy distribution is
dispersed, as shown in Figs. 8(a1) and 8(b1). When the con-
troller is in a closed loop, the dynamic internal phase noises in
the sub-array 1 are compensated and the irradiance distribution
is distinct and stable, as shown in Figs. 8(a2) and 8(b2). How-
ever, one can see that there is a static phase difference between
the two beamlets in the far-field interference pattern of emit-
ting array (Fig. 8(b2)), contributing to the energy disperse into
the sidelobe. By adjusting the position of PD1 in the phase
detector array, the static phase difference could be alleviated
as shown in Fig. 8(b3), and the far-field pattern of sampled ar-
ray after phase compensation is shown in Fig. 8(a3). One can

conclude that the phase control technique of the phase detector
array could compensate the static phase difference efficiently.

In theory, when the phase of ∆ϕ is changed by moving
PD carefully sampled array, the phase of ∆ϕ in the emitting
array would also be changed accordingly. As for evaluating
the fixed phase difference between the two beamlets, the in-
tensity difference between two sub-maximum fringes next to
the main maximum fringe can be exploited, as shown in Fig. 9.

The simulation of two-beamlets combination with differ-
ent phase errors in the sampled array is shown in Fig. 9(a). One
can find that the intensity difference of the two sub-maximum
changes with the phase difference, and the fitting curve is
shown in Fig. 9(b). The experimental optical intensity distri-
bution across cross-sections in sampled array with phase com-
pensated and uncompensated is shown in Fig. 9(c). The nor-
malized intensity difference is 0.088, and the phase changed to
1.22 rad according to the fitting curve. While the phase of the
emitting array changed by 1.16 rad calculated from Fig. 9(d).
There is a 0.06-rad phase mismatch which might be caused by
model error, system parameter error, and adjustment accuracy.

At last, the irradiance distribution of the whole emitting
array detected by a CCD is shown in Fig. 10. When the con-
trollers are in an open loop, the phase difference among dif-
ferent emitted beamlets changes severely, and the irradiance
distribution is dispersed, as shown in Fig. 10(a). When the
controllers are in a closed loop, the internal dynamic phase
noises are compensated, stable and distinct fringe could be
observed as shown in Fig. 10(b). However, there are exter-
nal fixed phase differences existed in the emitted array. The
external fixed phase difference could be compensated by the
detector array technique proposed in this paper, and the ad-
justment result is shown in Fig. 10(c). The energy distribution
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is concentrated in the central main lobe, and the fringe con-
trast is∼ 95% with the definition of (Imax−Imin)/(Imax+Imin),
where Imin and Imax are the adjacent minimum optical intensity
and maximum optical intensity on the irradiance distribution

pattern. At the phase control accuracy of this experiment, the
phase deviation is small, resulting in a high fringe contrast.
With the further reduction of the phase deviation, the fringe
contrast will increase accordingly.
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Fig. 9. Analysis of optical intensity distribution across cross-sections. (a) Simulation of two-beamlets combination with different phase errors, (b) fitting
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(a) (b) (c)

Fig. 10. The 30-s long-exposure irradiance distribution of the emitted array
when (a) the controllers are in an open loop, (b) the controllers are in a closed
loop without phase compensation, and (c) after phase compensation.

4. Conclusion

In this paper, we proposed an internal phase control tech-
nique based on spatial structure. The principle of phase dif-
ference compensation is illustrated, and corresponding simu-
lations are carried out. In the experiment, a CBC system is
built up to verify the proposed method, which is composed of
four fiber beamlets. When all controllers are turned on, the
dynamic phase noises in each fiber channel are compensated.
Following that, the static phase difference in the system could
be compensated by carefully adjusting the position of the pho-
todetector array. The experimental results reveal that the phase
deviation is less than λ /20, stable and distinct irradiation dis-
tribution of ∼ 95% fringe contrast is obtained. The feasibility
of the internal phase-locking technique without phase differ-
ence is verified. By using the cascaded phase control tech-

nique, the bandwidth could be further improved. In addition,
the feedback loop of spatial structure in the technique is com-
patible with the fiber amplifier. This work could provide a ref-
erence for the system design of a high-power CBC fiber laser
system.
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