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Abstract: Adaptive fiber-optics collimator (AFOC) plays an important role in the coher-
ent beam combining (CBC) systems. To improve the control bandwidth, the frequency
characteristics of AFOC are measured, and an accurate transfer function model is es-
tablished. Through the analysis of this model, we find that the resonance and the inherent
response delay are the main limiting factors. To solve these two problems, an active res-
onance suppression method based on biquad filters and an improved control algorithm
named precise-delayed stochastic parallel gradient descent (PD-SPGD) is proposed. The
resonance suppression experiment shows that when the frequency is within 10 kHz, the
fluctuation in the AFOC’s amplitude-frequency characteristic is suppressed within +£3 dB by
the biquad filters, and the phase-frequency characteristic is compensated to be similar to a
pure delay element (with inherent response delay of about 88 us). The two-channel CBC
experiment shows that the algorithm’s iteration rate increased from 1.6 to 6 kHz and the
convergence time decreased from 5.63 to 1.83 ms when the biquad filters and PD-SPGD are
used together, which indicate that the AFOC’s actual control bandwidth is about 3.1 times
higher than before.

Index Terms: Coherent beam combining, adaptive fiber-optics collimator, biquad filters,
precise-delayed SPGD algorithm.

1. Introduction

Coherent beam combining (CBC) of fiber lasers is an important research topic in laser communi-
cations and beam projection applications [1]-[5]. In recent years, it has been demonstrated that
the coherent combined laser beam’s quality degrades seriously without tip/tilt control of the fiber
laser's wavefronts, even if all the beamlets are phase-locked [3]-[5]. The limited precision of as-
sembling, vibrations of mechanism and atmosphere perturbations usually produce the tip/tilt errors.
There are four main tip/tilt control instruments, including liquid crystal spatial light modulator [6],
fast steering mirror [7], active segmented mirror [8] and adaptive fiber-optics collimator (AFOC)
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[9]-[15]. Compared with other methods, AFOC has the advantages of precise control, small inertia
and convenience for packaging. Therefore, it has been widely used in the tip/tilt control loop of the
CBC applications and satisfactory results have been achieved [12]-[15].

In such a system, stochastic parallel gradient descent (SPGD) algorithm is usually employed as
the control strategy for both phase-locking and tip/tilt control. In the previous demonstrated CBC
system, piezoelectric-ring phase-modulator (PZT PM) and LiNbO3 PM are usually employed as the
phase-locking actuator. They both provides extremely high operational frequency bandwidth and
the maximum iteration rate of the SPGD algorithm that can be supported are dozens of kHz and
even hundreds of kHz respectively [12]-[15]. However, the iteration rates of SPGD algorithm in the
AFOC-based tip/tilt control loop mentioned are within 3 kHz [12]-[15], which is barely compatible
with the high correction bandwidth required for tip/tilt control in the atmospheric environment, for
the characteristic frequency of the turbulence-induced tip/tilt aberrations is close to 100 Hz [16].

There are two main reasons for the limited iteration rate. Firstly, as a typical bimorph-based
device, the operational frequency bandwidth of AFOC is restricted with resonances, where the
amplitude of the induced deviation can increase significantly up to a level where the device will be
broken [9]. Secondly, our recent research [17] shows that there exists an inherent response delay in
the tip/tilt control loop, which could lead to the fuzzy gradient estimation result during the high-speed
iteration process of SPGD. For the first problem, a passive damping structure have been added to
the AFOC by L. Beresnev et al. [9], where the viscouselastic materials is installed in contact with the
actuator’'s moving parts. However, this method will decrease the deviation range of AFOC by almost
two times [9], [10]. Therefore, it has limited effect on the devices which requiring large offsets. For
the second problem, our group proposed an improved control algorithm named precise-delayed
SPGD (PD-SPGD) recently [17]. It has been successfully applied in the adaptive single-mode fiber
coupling system, where a pint-sized AFOC with relatively flat amplitude-frequency characteristic
is employed as the actuator, and the iteration rate increases from 3 kHz to 8 kHz with PD-SPGD.
However, this algorithm has not been tried in CBC systems where the standard-sized AFOC with
greater driving force and offset is usually used, which is more susceptible to the resonance.

In this paper, a more convenient and efficient active resonance suppression method based on
biquad filters [18] is proposed, which can make the AFOC’s amplitude frequency characteristic
almost completely flat when the frequency is within 10 kHz, and it will not decrease the deviation
range. In addition, the PD-SPGD algorithm is first applied to the tip/tilt control loop of the CBC system
to compensate for the inherent response delay of about 88 us. The rest of this paper is organized
as follows. Test experiment of AFOC’s frequency characteristics and the fitted transfer function
model is shown in Section 2. In Section 3, the influence of AFOC’s frequency characteristic on the
SPGD algorithm’s convergence performance is analyzed, and the principle of the active resonance
suppression method based on biquad filters and the PD-SPGD algorithm is proposed. In Section 4,
a resonance suppression experiment and a two-channel CBC experiment are conducted to verify
the effectiveness of both two methods mentioned above.

2. Current Situation
2.1 Frequency Characteristics of AFOC

Fig. 1 shows the structural scheme of frequency characteristics measurement system. The colli-
mated laser beam from AFOC is focused and then reaches on the photosensitive area of the position
sensitive detector (PSD) through a microscope objective. Chirp signals generated by the testing
instrument are amplified by high-voltage amplifier (HVA), and then applied to AFOC to produce the
corresponding displacement on the fiber tip. This displacement will eventually be converted to the
offset of the focal spot on the PSD, and then transfers to the testing instrument. The wavelength of
the fiber laser used here is A = 1064 nm, the beam diameter is D = 28 mm, the focal length of the
collimate lens and the focusing lens is fi = 150 mm and £, = 2 m respectively.

Here, the measured device is labeled as AFOC-1, and the test results of its X-direction are
shown in Fig. 2. The amplitude-frequency characteristic shows the first-order resonance peak
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Fig. 1. Structural scheme of frequency characteristics measurement system of AFOC.
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Fig. 2. Frequency characteristics measurement result of X-direction of AFOC-1.

appears around 2 kHz, and the induced deviation is amplified by about 11.2 dB. The phase-
frequency characteristic indicates that the induced deviation lagged about 131° when the frequency
is 2 kHz. The analysis presented below shows that these two characteristics together determine
the convergence performance of SPGD.

2.2 Transfer Function Model

In the traditional adaptive optics, the frequency characteristics of the piezoelectric fast steering
mirror (PFSM) can be represented by the combination of several biquad resonance elements [18].
Due to the piezoelectric ceramics are also used as driving units in PFSM and AFOC (bimorph used
in the AFOC is an assembly of two piezoelectric ceramics cemented together [9]), we try to use
this combination model to fit the frequency characteristics of AFOC. Here, Faroc(S) and Fom(s) are
used to represent the frequency characteristics of the measured result and the combination model.
The form of Fgm(S) is shown in formula 1:

Fem(s) = F1(s) - F2(s) - Fa(s)... (1)

Where each of these biquad resonance elements is shown in formula 2:

2
_ Sl slontl oo 6o @)

F(s) = =
k( ) 32/(,(),27k+2$pk5/(1)pk+1
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Fig. 3. The fitting results for AFOC’s amplitude-frequency characteristic.

TABLE 1
Fitting Parameters Used in the Combination Model

Elements w; (kHz) ¢ wp (kHz) &
Fi(s) 2.1 0.15 2.93 0.09
Fa(s) 2.55 0.12 2.93 0.10
F3(s) 3.238 0.19 9.00 0.49
Fa(s) 5.42 0.24 9.00 0.49

Where &, and &, are usually called damping ratio, wz and w,, are usually called natural reso-
nance frequency. G ,«(s) is the typical second order oscillation element and G 4(s) is the inverse of it,
which is commonly known as second order differentiation element. The combination model Fom(s)
is first used to fit the amplitude-frequency characteristic of AFOC, and we find that good matching
can be obtained by the Fcm(s) with four biquad resonance elements F(s). The amplitude-frequency
characteristics of Fg(s), Fcm(S) and Faroc(s) are shown in Fig. 3, and the fitting parameters are
shown in Table 1.

The phase-frequency characteristics of Faroc(s) and Fom(s) are shown in Fig. 4. We find that
there exists a pure delay element e~ (€-8¢ — 99)s petween the two. The phase-frequency characteristics
are well fitted when e~(88¢ —09)s js added in Fo(s).

In conclusion, the transfer function model of AFOC can be represented by the combination model
Fcm(s) with four biquad oscillation elements and an inherent response delay element g(8:8¢ — 05)s
as shown in formula 3. Here Faroc (S) is used to represent the final fitting model, and the fitting
errors between Faroc (S) and Faroc(S) are within 3 dB and 30° respectively when the frequency is
within 10 kHz, as shown in Fig. 5.

Faroc(8) = Fom(s) - @895 — Fy(s) - Fa(s) - Fa(s) - Fa(s) - e ®85)s 3)

3. Problems and Their Solution

3.1 Problems

In the CBC experiments, SPGD algorithm is usually used to calculate the appropriate control
voltages for AFOCs to realize the accurate adaptive correction of the tip/tilt errors, where the
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Fig. 5. Fitting errors of the AFOC’s frequency characteristics.

N-dimension control voltages U = {ug”), u(z”), cees uf{,’)} is updated by formula 4:
U = U AU [J0 g 0] (4)
Where y is the gain coefficient and AU = {Suﬂ”), 8u(2”), ...,Su%’)} is a set of N-dimension small-

amplitude random control voltage changes, denoted as perturbations. The perturbations in the form
U™ + AUM (positive) and UM — AU (negative) are applied between two sequential updates of
the control voltages. They are responsible for the corresponding changes in the performance metrics
(Jf) and J(,”)), so that the current optimization gradient direction can be detected. Obviously, the
responses of AFOCs to these perturbations determine the convergence performance of SPGD.

For further analysis, we simulated a set of such perturbations with unit amplitude, hereafter
referred to as Ug. The AFOC’s responses generated by the transfer function Foy(s), e~(8-8¢ —05)s
and Faroc(s) are discussed separately, and they are expressed as Ucn, Ugey and Ugoe. The
simulation results are as follows.

Fig. 6(a) shows Uy and U, with the iteration rate of 500 Hz. We can find that there are
oscillations in U, after each step changes of the input perturbations Uy The frequency spectrums
in Fig. 6(b) indicates that the high frequency components in Uy, (from 1 kHz to 3 kHz) are
amplified by the resonance around 2 kHz, which is answerable to the oscillations in the time
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Fig. 7. Perturbations Ugitn and the response Ugersy With the iteration rate of 500 Hz (a) and 2 kHz (b).

domain. It can be predicted that when the iteration rate of SPGD algorithm keeps increasing, the
oscillations in U,y will become more intense, and the convergence performance of SPGD algorithm
will gradually decrease.

Fig. 7 shows Uy and Ugery With the iteration rate of 500 Hz and 2 kHz respectively. It can be seen
that the phase-lagging between Uy, and Ugeyy Starts growing when the iteration rate is increased
to 2 kHz. The inherent response delay (to hereafter refer to as t,e) caused by e8¢ = 9)s s apout
88 us. Therefore, when the iteration rate is beyond 5.7 kHz, the response of Uy, will be partial
reversed. This will cause a completely untrusted gradient detection result.

In order to compare the influence of both oscillations caused by the resonance and phase-lagging
caused by 7,5, We calculated the Pearson’s correlation coefficients between the perturbations Uy,
and corresponding responses Ugn, Ugeny @and Uz, under a series of iteration rates. These three
calculated correlation coefficients are represented as p1, p2 and ps. The results are shown in Fig. 8.

It can be seen that the overall trend of both curves p; and p. is decreased with the increase
of iteration rate. The curve ps represent the influence of both resonance and 7,45 on the AFOC’s
response to Uy . This value is smaller than py and p, at any given iteration rate. When the iteration
rate is 2 kHz and t,e is not considered, the perturbations Ug;, and the corresponding response
U., are still relevant (p4 = 0.335). However, when 7.4 is considered, they are completely irrelevant
(03 = —0.051). Obviously, the SPGD algorithm is bound to diverge in this case. It can be concluded
that resonance and inherent response delay .. together determines the convergence performance
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Fig. 8. Correlation coefficients of the perturbations and the corresponding responses of AFOC.

of SPGD, and the effect of both these two will be extended gradually with the increase of the iteration
rate. Therefore, we need to solve both problems simultaneously.

3.2 Solution I: Active Resonance Suppression

As shown in Section 2.2, the transfer function model of AFOC can be represented by the combi-
nation model Fcu(s) with four biquad oscillation elements and an inherent response delay element
e (88— 05s Therefore, for each biquad oscillation element F(s), if there exists a biquad filter Fgr(5)
with the exact opposite frequency characteristics of F(s), then the resonance composition caused
by this oscillation element can be compensated by cascading Fgr«(S). The detailed form of Fgrk(S)
is shown in formula 5:

1 [sZ/wgk + 28548/ wpk + 1 } )

Fark(s) = =
5% = £ R/’ + 2648/ + 1

Furthermore, if there exists such four biquad filters Fgg(s) with the exact opposite frequency
characteristics of each F(s), then the transfer function of AFOC can be compensated to a pure
delay system. Here, Fj.(s) is used to represent the combination of the former m biquad filters,
as shown in formula 6. The frequency characteristics of FE(s) and the compensated system
Faroc(s) - Fge(s) obtained through simulations are shown in Fig. 9.

Fge(s) = l_[ Fer(8) (6)
k=1

Fig. 9(a) shows the amplitude-frequency characteristic of the combination of the former m biquad
filters, and Fig. 9(b) shows the amplitude-frequency characteristic of the AFOC after being com-
pensated by such filters. Fig. 9(b) indicates that as the parameter m (the number of filters used)
increases, the resonance peak of the compensated system gradually flattens out and moves toward
the high frequency direction. Fig. 9(c) and Fig. 9(d) shows the corresponding phase-frequency char-
acteristic. In Fig. 9(d), the curve tends to be linear as mincreases. It indicates that the compensated
system gradually tends to a pure delay system with an inherent response delay of a fixed value.

3.3 Solution II: Inherent Response Delay Compensation

Due to the inherent response delay in the compensated system is an approximate constant value,
it can be compensated by setting a precise time delay between the disturbed voltages and the
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Fig. 9. Amplitude-frequency characteristic of the biquad filters (a) and the compensated system
(b); Phase-frequency characteristic of the biquad filters (c) and the compensated system (d).

performance metrics in advance. This idea is originated from delayed-SPGD algorithm (D-SPGD),
which was proposed by T. Weyrauch et al. and had been successfully used to compensate for
the total time delay caused by the optical wave propagation in CBC experiments [14]. In previous
studies, we found that the D-SPGD algorithm could easily result in the inadequate compensation
or over compensation when dealing with the inherent response delay of AFOC’s control loop. We
need to set a controllable time delay in a more careful and precise manner [17].

In the proposed PD-SPGD algorithm, the sampling rate of the performance metrics is set to many
times (hereafter refer to as K) of the iteration rate, and these metrics captured during the several
historical iterations (hereafter refer to as M) are recorded in the controller memory. Therefore, we can
get a sequence of performance metrics at each iteration (n), represented here as J(()m, Jﬁ”), e, Jm
Then, we can take a specific selection from these metrics to perform the gradient estimation, and
update the control voltages from U™ to U™ as shown in following formula:

U = U 4 yaue-an [y gl 7)
AN = int<—”e$’ + “”9"/4>, p = int<K Trep T Tpga/4 TW"/4> (8)
Tepgd Tpgd

Here, AU"—2" s the random perturbations disturbed in the iteration (n-An). J,ﬂ") and J;(ﬂK/z are

the selected metrics that corresponding to the disturbed voltages U"=2n 4 AU(-47) gnd U(-4n) —
AU=2N_The newly added two parameters An and p are defined as the integral-delay parameter
and the precise-delay parameter respectively. The operator “int < >” used in formula 8 denotes
integer conversion. In addition, to ensure that all these metrics are sampled during the period
between the disturbed voltages change and the corresponding metrics response, parameter M is
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usually set to An + 1. Parameter K is usually set to an integer bigger than 10, to provide enough
compensation accuracy of PD-SPGD algorithm.

4. Experiment
4.1 Resonance Suppression Experiment

In this experiment, the measurement system described in Fig. 1 is used to test the effectiveness of
the active resonance suppression method. Here, a Xilinx Spartan 6 series FPGA chip with analog
input/output cards are used to implement four cascaded digital biquad filters Fpgr*(s) that are
expected to have the same frequency characteristics of Fge?(s). The filters are inserted between the
controller and HVA. The tested frequency characteristics of the filters Fpgr*(s) and the compensated
system Faroc(S)-Foer(s) are shown in Fig. 10.

Fig. 10(a) shows that when the frequency is within 10 kHz, the amplitude-frequency characteristic
of the compensated system Faroc(S)-Fosr?(S) is almost completely flattened, and its fluctuations
are suppressed in 3 dB. In Fig. 10(b), it can be seen that the phase-lagging of Faroc(S)-For*(S)
is compensated to —51° at 2 kHz, and the characteristic curve also almost overlap with the in-
herent response delay module e8¢ ~05s The results indicate that the compensated system
Faroc(s)-Foer*(s) has been successfully transformed into a pure delay system with inherent re-
sponse delay of about 88 us.

4.2 Two-Channel CBC Experiment

A two-channel CBC experiment using active resonance suppression method and PD-SPGD algo-
rithm is conducted. The structural scheme is shown in Fig. 11, which is basically the same as the
CBC system we represented before [4]. The special part in this structure is that the tip/tilt control
voltages is only applied to the X-direction of AFOC-1 (the direction which we measured and filtered
before), and the filters Fpgr*(s) are inserted between the controller and HVA. In addition, the laser
beam emitted by AFOC-2 is well overlapped with the pinhole placed in front of the photodetector.
The wavelength of the fiber laser is 1064 nm, the beam diameter is 28 mm, and the focal length of
the focusing lens is 2 m.

Here, SPGD algorithm with iteration rate of 20 kHz and 1.6 kHz is employed as the control strategy
for phase locking and tip/tilt control separately. The iteration curve of the normalized performance
metrics J and the long-exposure far-field intensity distributions acquired by the camera are shown
in Fig. 12. The operation status contains four different steps: (I) two control loops didn’t perform
any correction; (Il) only the phase locking control was performed; (1) both phase locking and tip/tilt

Vol. 10, No. 6, December 2018 7105513



IEEE Photonics Journal Control Bandwidth Promotion of AFOC

Focusing
lens Beam
Spliter

AFOC-2

Fiber spliter PZT-PM2

Fiber Laser

@1064 nm PZT-PMI |
: Camera
| 'y =
I | I
: : | I?I Photo-
! ip/ti I detect
! : U v L Filters Tiptilt | | detector
| | Controller :
I | |
Phase Locking| .~ I
Controller
Fig. 11. Structural scheme of the two-channel CBC experiment.
: . t— Step III —¢— Step IV —
™~ k— Stepl —%— Step I
Q
£ 09 r
g Mean=0.41 Mean=0.71
o 0.8 F MSE=0.029 | MSE=0.0039 "'0.98
g
- e R
g 07 40.974 -
< Mean=0.99 | Mean=0.99
g 06 MSE=0.0046 | MSE=0.0029
o)
g ost :
=
E 04 ]
z
0.3 1 1 1 1
0 5 10 15 20 25 30 35 40

Time (s)

Fig. 12. Structural scheme of the two-channel CBC experiment.

control were performed, whereas the filters were not used; (V) filters were used on the basis of the
precious step.

By means of only correcting piston errors with PZT-PMs in step (l1), the average of Jwas increased
by 73%. When the static tip/tilt errors were corrected in step (lll), the average of J was increased
by 39%. When the filters were used in step (IV), the average of J did not show a significantly
change, and there was no clearly difference in the corresponding long-exposure far-field intensity
distributions. However, the corresponding MSE and the dithering range of J were decreased by
37% and 38% in step (IV). This result indicates that the stability of the closed-loop performance
metrics J has improved by the biquad filters.

In a follow-up experiment, the phase locking control and the filters is always performed, and
the PD-SPGD algorithm is used to compensate for the inherent response delay of about 88 us in
the tip/tilt control loop [17]. The iteration rate of PD-SPGD algorithm set up here is 6 kHz and the
sampling rate is 60 kHz, thus 744y = 166.7 us and K = 10. To compensate for 88 us response
delay, we can figure that An = 1 and p = 8 (the closest integer number to 129.7/166.7 and
1297/166.7). Another key parameter M is equal to 2 in this case, so the recorded metrics can be
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expressed as J{", J\", ..., J{7) at each iteration (n), and the selected metrics of PD-SPGD are J"

and Jﬁ’;). Convergence iteration n.,, is used to evaluate the corrective performance, which is equal
to the iterations needed for the normalized performance metrics J to reach the 90% of the whole
convergence process, and it is about 0.971 in this experiment.

As shown in Fig. 13, the SPGD algorithm (with the filters) diverged at the iteration rate of 6 kHz,
whereas the PD-SPGD algorithm (with the filters) converged and n.,,, can be counted as 11 by
ten sets of data. This result indicate that the inherent response delay becomes the main reason
for the limited iteration rate of SPGD when the resonance is suppressed, and the iteration rate is
successively increased to 6 kHz when the inherent response delay is compensated by the PD-
SPGD. However, as a typical blind optimization algorithm, the higher control bandwidth of SPGD
depends on the shorter convergence time, which is determined not only by the iteration rate, but
also by the iterations required to converge. Our previous experiments show that the PD-SPGD
algorithm (with appropriate parameter setting) can improve the iteration rate without interfering too
much with the convergence iteration n..,,. This conclusion is reconfirmed in Fig. 14, which shows
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the averaged iteration cure of the SPGD algorithm and the PD-SPGD algorithm with iteration rate
of 1.6 kHz and 6 kHz. Each curve is obtained by averaging ten sets of data, and the convergence
iteration ng,,, can be counted as 9 and 11. Therefore, the actual convergence time is 5.63 ms and
1.83 ms for SPGD and PD-SPGD algorithm respectively. Results from this experiment indicate that
the actual control bandwidth of AFOC will be 3.1 times higher than before by the biquad filters and
the PD-SPGD algorithm.

5. Conclusions

In this paper, we have demonstrated a novel adaptive optical device, AFOC, which is widely used
in the tip/tilt control loop of the CBC system. A frequency characteristics measurement experiment
of AFOC is firstly conducted, and the accurate transfer function model is established. By analysis
of this model, we find that the oscillations caused by the resonance and phase-lagging caused
by the inherent response delay t,y together determine the SPGD algorithm’s performance. To
solve these two problems, an active resonance suppression method based on biquad filters and an
improved control algorithm named PD-SPGD is proposed. The resonance suppression experiment
tells that the amplitude-frequency characteristic of AFOC has been completely flattened by the
biquad filters, and its fluctuations are suppressed in +3 dB when the frequency is within 10 kHz.
At the same time, the AFOC’s phase-frequency characteristic is also compensated to be similar
to a pure delay element (with inherent response delay of about 88 us). At the end, a two-channel
CBC experiment is conducted. The result shows that the algorithm’s iteration rate increased from
1.6 kHz to 6 kHz and the actual convergence time decreased from 5.63 ms to 1.83 ms when the
filters and the PD-SPGD algorithm are performed simultaneously, which indicate that the actual
control bandwidth has been 3.1 times higher than before. Obviously, the AFOCs with higher control
bandwidth give the CBC system the ability to cope with stronger atmospheric turbulence. In the
experiments, we also find that the high frequency noise in the control loop will be easily amplified
by the biquad filters. As a practical matter, another low pass filter is needed to set between the HVA
and the biquad filters, to suppress the high frequency noise that independent of the control voltages
in the control loop.

References

[1] T. Fan, “Laser beam combining for high-power, high-radiance sources,” IEEE J. Sel. Topics Quantum Electron., vol. 11,
no. 3, pp. 567-577, May 2005.
[2] S. Mcnaught et al., “Scalable coherent combining of kilowatt fiber amplifiers into a 2.4-kw beam,” IEEE J. Sel. Topics
Quantum Electron., vol. 20, no. 5, pp. 174-181, Sep. 2014.
[38] T. Weyrauch et al., “Deep turbulence effects mitigation with coherent combining of 21 laser beams over 7 km,” Opt.
Lett., vol. 41, no. 4, pp. 840-843, Feb. 2016.
[4] C. Geng, W. Luo, Y. Tan, H. Liu, J. Mu, and X. Li, “Experimental demonstration of using divergence cost-function
in SPGD algorithm for coherent beam combining with tip/tilt control,” Opt. Exp., vol. 21, no. 21, pp. 25045-25055,
Oct. 2013.
[5] X. Wang et al., “350-W coherent beam combining of fiber amplifiers with tilt-tip and phase-locking control,” IEEE
Photon. Technol. Lett., vol. 24, no. 19, pp. 1781-1784, Oct. 2012.
[6] M. A. Vorontsov, “Adaptive photonics phase-locked elements (APPLE): System architecture and wavefront control
concept,” Proc. SPIE, vol. 5895, 2005, Art. no. 589501.
[7] C. Wilcox, J. Andrews, S. Restaino, S. Teare, D. Payne, and S. Krishna, “Analysis of a combined tip-tilt and deformable
mirror,” Opt. Lett., vol. 31, no. 6, pp. 679-681, 2006.
[8] P. Yang, R. Yang, F. Shen, X. Li, and W. Jiang, “Coherent combination of two ytterbium fiber amplifier based on an
active segmented mirror,” Opt. Commun., vol. 282, no. 7, pp. 1349-1353, 2009.
[9] L. Beresnev and M. Vorontsov, “Design of adaptive fiber optics collimator for free-space communication laser
transceiver,” Proc. SPIE, vol. 5895, 2005, Art. no. 58950R.
[10] M. Vorontsov, T. Weyrauch, L. Beresnev, G. Carhart, L. Liu, and K. Aschenbach, “Adaptive array of phase-locked
fiber collimators: Analysis and experimental demonstration,” IEEE J. Sel. Topics Quantum Electron., vol. 15, no. 2,
pp. 269-280, Jan. 2009.
[11] L. Beresnev et al., “Design of a noncooled fiber collimator for compact, high-efficiency fiber laser arrays,” App. Opt.,
vol. 56, no. 3, pp. B169-B178, Jan. 2017.
[12] C. Geng et al., “1.5 kW incoherent beam combining of four fiber lasers using adaptive fiber-optics collimators,” IEEE
Photon. Technol. Lett., vol. 25, no. 13, pp. 1286—-1289, Jul. 2013.

Vol. 10, No. 6, December 2018 7105513



IEEE Photonics Journal Control Bandwidth Promotion of AFOC

[13] D.Zhi, P.Ma, Y. Ma, X. Wang, P. Zhou, and L. Si, “Novel adaptive fiber-optics collimator for coherent beam combination,”
Opt. Exp., vol. 22, no. 25, pp. 31520-31528, Dec. 2014.

[14] T. Weyrauch et al., “Deep turbulence effects mitigation with coherent combining of 21 laser beams over 7 km,” Opt.
Lett., vol. 41, no. 4, pp. 840-843, Feb. 2016.

[15] F. Li, C. Geng, G. Huang, Y. Yang, X. Li, and Q. Qiu, “Experimental demonstration of coherent combining with tip/tilt
control based on adaptive space-to-fiber laser beam coupling,” IEEE Photon. J., vol. 9, no. 2, Apr. 2017, Art. no.
7102812.

[16] J. W. Hardy, Adaptive Optics for Astronomical Telescope. New York, NY, USA: Oxford Univ. Press, 1998.

[17] G. Huang, C. Geng, F. Li, Y. Yang, and X. Li, “Adaptive SMF coupling based on precise-delayed SPGD algorithm and
its application in free space optical communication,” IEEE Photon. J., vol. 10, no. 3, May 2018, Art. no. 7904212.

[18] M. Fan, L. Huang, M. Li, and C. Rao, “High-bandwidth control of piezoelectric steering mirror for suppression of laser
beam jitter,” Acta. Phys. Sin., vol. 65, no. 2, 2016, Art. no. 024209.

Vol. 10, No. 6, December 2018 7105513




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


